Diagnostica, Stamford, CT). The exposure of aminophos-
pholipids on the outer leaflet of the PLI membrane was
also quantified with annexinV, a placental-derived protein
that also binds to the anionic phospholipids. The binding
of Fg and VWF was detected with the corresponding poly-
clonal antibodies (Dako A/S, Denmark) previously conju-
gated with FITC according to standard procedures.
Nonspecific membrane immunofluorescence was deter-
mined by use of the corresponding isotype of immunoglo-
bulin-FITC and immunoglobulin-PE.

Flow cytometry analysis. Immunolabeling of PLTs
with antibodies was performed with dual-color analysis.
Briefly, after collection, 2.5-uL, aliquots of PC were added
to polypropylene tubes loaded with 50 uL of phosphate-
buffered saline {PBS}. Samples were first incubated with
saturating concentrations of anti-CD41a-PE in the dark,
without stirring, for 15 minutes at room temperature, fol-
lowed by the addition of FITC-conjugated antibodies and
another incubation for 15 minutes. Samples were then
diluted with 1 mL of PBS and analvzed.

Blood samples were analyzed with a flow cytometer
{FACScan, Becton-Dickinson, Mountain View, CA) at an
excitation wavelength of 488 nm. Fluorescence and scat-
ter signals were calibrated with 2-ym Calibrate beads
{(Becton-Dickinson). FITC and PL fluorescence was
detected with a 530/30- and 575/26-nm bandpass filter,
respectively, and overlap in the emission spectra of FITC
and PE was corrected. Blood samples were diluted so that
the flow rate through the laser beam was less than 3000
cvents per second. PLTs were differentiated from red cells
and white cells (WBCs) by their specific membrane immu-
nofluorescence. llistograms composed from fluorescence
data were obtained in the logarithmic mode with 5000
cells analyzed in each sample. Mean fluorescence intensi-
ties corresponding to antibody binding (GPlbo, GPllb-
lIa, and GPIV) were calculated with the computer soft-
ware (LYSYS 11 1.1 conversion software, Becton Dickinson)
in an arithmetic mode on a personal computer (H-P 217,
Hewlett-Packard, Palo Alto, CA). For study of CDG2P,
CD63, VWE Fg, and FVa, the results were expressed as the
percentage of positive PLTs for these antibodies; an ana-
lytical marker was set in the green fluorescence channel
to define 2 percent of the PLT population with the highest
membrane {fluorescence at the baseline level. This marker

was used as a threshold to determine the proportion of

PLTs exhibiting immunofluorescence above this level in all
subsequent samples. Procedures for flow cytometry meth-
ods have been published elsewhere.'*"?

Perfusion studies

Preparation of perfusates. Blood for perfusions was
obtained from healthy volunteers who had not aken
drugs affecting PLIs in the preceding 10 days. The blood
was anticoagulated with citrate-phosphate-dextrose (final
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citrate concentration, 19 mmol/L). PLT and WBC deple-
tion was performed by filtration through a filter (RC100
KLE, Pall Newquay, Cornwall, UK)." Samples taken from
the PC on different days were incorporated into thromb-
ocytopenic blood at volumes aimed 1o increase the PLT
count in the perfusate to 150 x 10° per L with a final vol-
ume of 20 mL. To avoid hemodilution in blood samples,
hematocrit was adjusted to obtain above
37 percent,

Perfusion experiments. Perfusions were carried out
at 37°C in annular chambers according to Baumgartner.
Enzymatically denuded New Zealand rabbit aorta seg-
ments were mounted inverted on the central plastic rod
of the perfusion chamber. Blood was recirculated through
the chamber for 10 minutes at a shear rate of 800 per sec-
ond with a peristaltic pump (Renal Systems, Minneapolis,
MN). At the end of each perfusion, the arterial segments
were rinsed with 20 mL of PBS (pH 7.2), removed from the
rod, and fixed with the same buffer containing 2.5 percent
glutaraldehyde. The fixed segments were histologically
processed as previously described.”

PlTsinteracting with subendothelium were evaluated
according to methods described elsewhere.® Briefly, PLIs
or groups of PLTs were classified as: contact (C), PLTs
attached but not spread on the subendothelium; adhesion
(A}, PLTs that had spread on the subendothelium surface
including small aggregates of less than 5 um in height; and
thrombi (T), PLT aggregates of more than 5 um in height.
The results are expressed as percentages of the surface of
the vessel examined. The percentage of the total covered
surface was obtained by adding %C + %A + %T.

values

Statistical analysis

Dala are expressed as mean + SEM, excepl were expressly
indicated values. Statistical evaluation of differences
among groups of studies was performed with a ttest. A p
value of not greater than 0.05 was considered significant.

RESULTS

Evolution of PLT counts

This study includes data from at least eight different
healthy donors. PLT counts performed on nonilluminated
(UN-1) concentrates remained in the initial range
throughout the storage period. Humination of PCs
resulted in a very mild decrease in PLT counts (Table 1).

Biochemical characterization of PLTs by flow
cytometry analysis '

Presence of major PLT glycoproteins and adhesive
ligands. Flow cytometry studies indicated that the pres-
ence of GPIbe remained stable during the storage on UN-
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{ PLTs (Fig. 1). Significant reductions of this glycoprotein
were observed in concentrates exposed to PRT at 12.3 | per
mL, but not at 6.2 ] per mL, on Day 5 of storage. Modifica-
tions in GPlIb-1Ila or GPIV levels along storage did not
reach values of significance when PCs had been exposed
to PRT treatment at either dose level {Fig. 1). Binding of
VWF and Fg to PLTs was not significantly modified either
by illumination treatment (PRT 6.2 and PRT 12.3} nor by
storage conditions (0, 3, and 5 days; Fig. 2).

Interestingly, levels of fibronectin seemed to be more
elevated when PLTs were exposed to PRT 12.3 (p £0.05},
but not in samples treated with 6.2 } per mL. The normal
level tended to be restored toward the end of the storage
interval.

Expression of activation-dependent antigens. Flow
cytometry studies revealed a progressive and significant

TABLE 1. Modification of PLT counts along the
storage time

PLT count {x10%ul)

Variable Day C Day 3 Day &

UN-1 134535 1349 = 41 1378 = 47
PRT 6.2 1206 = 32* 1143 = 36" 1172 = 43"
UN-1 1012 =19 1026 + 29 1008 = 32
PRT 12.3 1012+ 20 949 = 31* 922 ~ 34*

* p<0.05 vs. UN-I samples.

increase in the main PLT activation markers (P-selectin
and LIMP) during storage (p <0.05). A similar pattern of
increase was also observed in PCs not subjected to illumi-
nation (UN-I). Exposure of concentrates to PRT 6.2 or
PRT 12.3 was associated with an increase in percentages
of PLTs expressing these activation markers (Tig. 3). Levels
of P-selectin and LIMP found in studies with 6.2 | per mL
were consistently below those observed with the higher
illumination intensities, suggesting a pattern of UV dose-
dependent activation marker expressions.

Apoptosis and expression of procoagulant activities.
UN-I PLTs maintained similar annexinV binding levels
during the storage. No significant differences were
observed. A significant increase in annexinV binding was
detected when flow cytometric procedures were applied
to PLTs from concentrates that had been exposed to 12.3 ]
per mlL, but not for samples treated with 6.2 ] per mL
(Fig. 4.

The presence of FVa on the surface of UN-I and illu-
minated PLTs significantly increcased during storage.
Although more elevated levels of FVa were observed on
PRT-treated samples, no significant differences could be
found between treated and untreated groups (Fig. 4).

Evaluation of adhesive and aggregating activities in
perfusion systems with circulating blood

Perfusion studies performed with UN-
1 PLTs on Day 0 resulted in a PLT cov-
erage equivalent to 25.7 £ 1.7 percent
of the perfused subendothelial surface
{mean = SEM, n=8). Similar studies
with PLTs exposed to 6.2 } per mL {ill-
uminated) resulted in a mild decrease
of the surface covered by PLIs
(5.19+2.2%, p<0.05) (Fig.5A). PLT
storage did not modify PLT deposition,

== UN-|
~2 | (12.3 J/ml)

A) GPlba
—8—=UN-|
200 o e2dm) )
. 0
SR S T R b
Days
B) GPlib-llla
—== UN-|
<O [ (6.2 J/ml)
” 200

150

MFI

100 100

in either treated (illuminated) or non-

Da)S/s 4 s treated (UN-1) samples. Exposure of
PLIs to PRT 6.2 did not have a delete-
rious effect on PLT functions. In fact, a
slight increase in PLT reactivity toward
—=— UN- & yrows

the subendothelium was observed on
Day5 of storage when compared to
values of the respective nontreated
concentrates  (Fig.5). In contrast,
exposure of PCs to more elevated illu-
mination intensities caused alter-
ations in the abilities of PLIs to

~0 | (12.3 J/mi)

€ T T ¥ T ¥ ¥ T

Days

Fig. 1. Flow cytometry studies of presence of GPlba (A) and GPHDb-{1Ia (B) on nonillumi-
nated (UN-1, B) PLTs and illuminated (I, ) PLIs with 6.2 (left) and 12.3 (right) } per mL

for 5 days of storage (mean £ SD, n=8, *p < 0.05).
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interact with the subendothelium. The
alterations observed seemed to follow
a light dose-dependent relationship.
Reductions of adhesive and aggregat-
ing capacities of PLIs were noted in
PCs exposed to PRT 12.3 on Day5s
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fusion models confirmed that PLTs in
PCs treated with the low energy 6.2/
mL} preserved adhesive and cohesive
function to levels compatible with those
observed in the respective nontreated
controls. Overall our data indicate that
PLT function was well preserved in PCs
treated with this new technology with

—m— UN-|
<51 (12.3 Jimi)

the energy of 6.2 ] per mL.

Da:s ! ° Riboflavin is a naturally occurring
compound and essential human nutri-
ent. Previous studies indicated that this
nutrient could be effective for pathogen

= UN-

reduction when exposed to visible or UV
light, suggesting that riboflavin could
act as a uselful photosensitizer for the
inactivation of pathogens. Recent stud-
ies have confirmed that the pathogen
reduction strategy of riboflavin plus UV
light (Mirasol PRT} was effective in
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reducing bacterial and viral contamina-
tion in PCs.”* Having confirmed the
elficacy of the procedure for pathogen
inactivation, the major question
remaining is whether this PRT could
affect functional aspects of the treated
PCs. This study has focused on the func-
tional aspects of PLIs exposed to the
riboflavin plus UV PRT.

PLI storage lesions have been dem-
onstrated in PCs collected by different
procedures as PLT-rich plasma, buffy

Fig. 2. Results of flow cytometry studies showing the binding of VWF (A), Fg (B), and
fibronectin (C) on nonilluminated {UN-1, @) and illuminated (I, ) PLTs with 6.2 (left)
and 12.3 (right) ] per mL for 5 days of storage (mean +SD, n =8, *p <0.05).

(Fig. 5B). An exhaustive analysis of the different interac-
tion classes (%C, %A, and %T) is provided in Fig. 5.

DISCUSSION

Inactivation of pathogens in blood products with photo-
chemical procedures is a promising strategy to improve
blood safety. Current strategies for pathogen reduction in
blood products, however, could have a deleterious effect
on PLT integrity and [unctions. In this study, we have eval-
uated the impact of a new technology for pathogen reduc-
tion based on riboflavin and UV light exposure on
functional characteristics of PCs. Flow cytometry studies
revealed changes in antigens and activation indicators
that were compatible with those observed in standard PCs
used routinely for transfusion, Functional studies in per-

60

Days

coat (BC), and apheresis and seem to
develop very early during the prepara-
tion of PCs.**"* The extent of activation
and the subsequent deterioration upon
storage, however, differs significantly
depending on separation procedures.
Comparative studies with flow cytome-
try techniques indicate, in general, that
PLTs collected by the PLT-rich plasma method showed
greater alterations, apheresis procedures could induce
moderate changes, and PCs procured from BC show lesser
activation,™ 142

Alterations in PLTs harvested through apheresis pro-
cedures seem to depend highly on cell separator technol-
ogy. Modifications in shear stress, biocompatibility of
surfaces, and recollection of the PLTs may result in vari-
able degrees of PLI activation and thereby affect the
quality of the component. In these studies, the Trima
Accel of Gambro BCT was used for PLT separation.. {nter-
estingly, PLIs collected by this cell separator showed ley-
els of activation markers such as P-selectin in a range
similar o those found in PLTs obtained by the BC
method™'** and in any case comparable to those of
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Fig. 3, Graphs showing percentage of PLIs positive for P-selectin (A) and LIMP (B)
measured by flow cytometry on nonilluminated (UN-1, &) and illuminated (I, ) PLTs
with 6.2 (left) and 12.3 (right) ] per mL for 5 days of storage (mean £ 5D, n=8%p <0.05}.
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Fig. 4. Graphs showing procoagulant activity measured by annexinV binding (A) and
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916 TRANSFUSION Volume 45, June 2005

61

other cell separators with technical
improvements to reduce PLI activa-
tion,”

In this study, exposure of PCs to
Mirasol PRT treatment caused a very
mild decrease in PLT counts. Similar
reductions have been reported with
other PRT technologies.” The Mirasol
technology used in our studies seemed
to have a minimal impact on major PLT
glycoproteins. Analysis of our flow
cvtometry data showed a steady pres-
ence of major membrane GPs. GPlbo
and GPilb-Illa, perfectly compatible
with observations from other studies
with BC PLIs™ or with PLTs separated
by apheresis procedures.” PLT activa-
tion markers (P-selectin and LIMP)
showed a tendency to increase along
storage in both the control and the
Mirasol-treated groups. This tendency
was more evident in PCs that had been
exposed to the highest energy (12.3}/
mL). Observations of these studies are
comparable to those reported for other
photochemical inactivation proce-
dures.**** Under our experimental con-
ditions, the PRT procedure also
increased the binding of ligands such as
fibronectin, or VWE but not Fg, whose
levels were very similar in treated and
nontreated PCs and consistently stable
during the 5-day storage period.

Careful attention was paid to mod-
ifications of annexin V binding to PLTs
stored as concentrates. Annexin V binds
to negatively charged phospholip-
ids.** In nucleated cells, an enhanced
binding of annexinV is an indicator of
apoptosis.** Loss of membrane asym-
metry and a subsequent hinding of
annexinV is observed in PLIs exposed
to strong activators.™ An excessive
binding of annexinV can also be
observed in PLTs that have become
“apoptotic” because of prolonged con-
servation,” In our study, an increase of
hinding of annexin V was found in PLTs
that had been exposed to the higher
ilhunination energies. Interestingly,
exposure of PCs to 6.2 | per mL resulted
in very moderate exposure of negatively
charged phospholipids. These would
indicate the existence of a threshold in
illwumination energies from 6.2 to 12.3 ]
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Fig. 5. Bar diagrams showing the percentage of coverage surface
(CS) by PLTs classified in percentage of contact (filled bars),
adhesion (dashed bars), and thrombi formation (open bars),
performed by nonilluminated PLTs (UN-I) and illuminated
PLTs (I) at 6.2 (A} and 12.3 | per mL (B} for 5 days storage {mean
+SEM, n=8, *p <0.05 vs. UN-1).

per mL that may have a critical impact on PLT quiescence,
Nevertheless, studies from our group have demonstrated
that loss of adhesive and aggregating properties in PLTs
subjected to prolonged storage might be partially com-
pensated by the development of procoagulant activity.***
Interestingly, this procoagulant activity is the direct result
of the exposure of negatively charged phospholipids and
revealed by an increased anncexin V binding to the PLIs or
their derived microparticles.

Perfusion models have been successfully used for the
assessment of mechanisms of action of blood compo-
nents and for the evaluation of the dynamic and shear-
induced PLT ftunctionality in circulating blood. These
techniques have been applied to fll the gap between
experimental and clinical investigations in transfusion
medicine.” Only a few studies have been published in
relation to the effect of separation methods or storage on
PLIs, however."* ™ Qur group has developed extensive
experience in the evaluation of in vitro hemostatic effec-
tiveness of PCs in perfusion models.!'™*** In this study,
we have found that illumination of PLTs at 6.2} per mL
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was followed by a milder deterioration on their adhesive
and aggregating functions when results were compared
with higher illumination equivalent to 12.3] per mL,
where PLT interaction was decreased.

The results on Day 5 in PCs treated with 6.2 | per mL
are in favorable contrast with previous experience from
our group. We have previously communicated that adhe-
sive and cohesive functions of PLTs tend to decrease with
storage time.”* Although results from perfusion experi-
ments with PCs exposed to higher levels of energy
showed a progressive reduction in adhesive and cohesive
functions of PLIs on the 5th day, those frem PCs treated
with 6.2 ] per mL did not show such a decay. We hypothe-
size that specific conditions produced during the PRT at
low energy might delay the deleterious effect of storage
that we have consistently observed with other PCs. In any
case, if as we postulate, results from perfusion studies can
be extrapolated to the clinical outcome, modifications
observed with energies equivalent to 6.2 ] per mL should
not have significance for the transfusion practice.

In summary, our studies in dynamic systems with cir-
culating blood indicate that PLT function is well preserved
in concentrates exposed to low energy (6.2 ] per mL) and
still reasonably preserved in those that had been exposed
to higher energy (12.3] per mL). Our results combined
with those from recently published studies indicate that
6.2] per mL would preserve a favorable compromise
between pathogen reduction and functional capacities in
the exposed PCs. Ultimately, controlled clinical trials
should answer to what extent the experimental observa-
tions provided by this study will translate into transfusion
efficiency in the clinical thrombocytopenic patient.
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ARTICLE INFO ABSTRACT
Keywords: Background: Mirasol pathogen reduction technology (PRT) treatment uses riboflavin (vita-
Pathogen reduction min By) in combination with ultraviolet light (UV) to inactivate pathogens in platelet con-
M{HSO‘ i . centrates (PCs). This treatment has been reported to increase glycolytic flux, which could
i‘\’“mctho_“d’.‘a‘ function result from damage to mitochondria and/or increased ATP demand.

poptosis

Design: Triple-dose PCs were collected by the Trima Accel™ device. Immediately after
splitting, single units were designated to Mirasol-PRT treatment (M), gamma irradiation
(X) or remained untreated (C). Platelet (PLT) mitochondrial transmembrane potential
(Ayr) was evaluated (JC-1 assay) as well as mitochondrial enzymatic activity (MTS assay).
LDH release, p selectin expression, glucosefoxygen consumption and lactate production
rates were quantified and compared among study groups during 7 days of storage.
Results: Immediately after PRT treatment, no significant changes were found in JC-1 signal,
MTS activity, and LDH release indicating that PRT treatment did not alter functional/struc-
tural cell or mitochondrial integrity as evidenced by LDH release comparable to untreated
study groups. In parallel to significantly higher p selectin expression, treated PLTs exhib-
ited significantly accelerated oxygen and glucose consumption rates associated with
increased acidity due to higher lactate production rates throughout storage. Despite larger
cell populations with depolarized Ay particularly at days 5 and 7, mitochondrial reduction
activity of M units as measured by the MTS assay was maintained and appeared to be up-
regulated relative to untreated and irradiated controls.
Conclusion: Mirasol-PRT treated PLTs increased both glycolytic flux as well as respiratory/
enzymatic mitochondrial activity. An increased demand for ATP due to increased « granule
degranulation may be the driving force for these observations.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Due to advances in blood donor screening and testing,
virus transmission rates have been reduced by more than
10,000-fold in the past two decades {1]. Current concerns
regard missing detection in case of unrecognized or emerg-
ing agents and the “window period” during which an in-

* Corresponding author, Tel.: +49 221 478 4868/3877; fax: +49 221 478
3155.
E-mail address: susanne.picker@uk-koeln.de (S.M. Picker).
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fected individual may be test negative but still are
capable of disease transmission. Also of concern are bacte-
rial contamination rates of blood products, especially
room-temperature-stored platelets (PLTs), meanwhile
recognized as one of the greatest risks for blood transfu-
sion, directly after clerical errors [2]. Thus, important
health benefits may accrue with the introduction of patho-
gen reduction technologies (PRT) that target nucleic acids
to preclude transcription and translation of pathogens’ ge-
netic material, thereby reproduction, activation, and
growing.
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Recently, a new PRT technology, the Mirasol™-PRT
system (Navigant, Lakewood, CO, USA) using riboflavin
(vitamin B,) in combination with ultraviolet (UV) light
(265-370 nm) has been shown to be effective (>3-6 log
reduction) against a broad variety of pathogens [3-7]. As
a naturally occurring essential dietary nutrient, riboflavin
is considered as being non toxic [8-14].

Human PLTs, although terminally differentiated and
enucleated, are not completely free of nucleic acids. Mes-
senger RNA is detectable in the cytosol and functional pro-
teins of the respiratory chain are coded by mitochondrial
DNA. PLTs, like nucleated cells, use glucose as a major en-
ergy source for biologic energy in the form of ATP. Two
metabolic pathways are responsible for ATP production:
anaerobic glycolysis occurring in the PLT cytosol and aero-
bic oxidative phosphorylation of the glycolytic product
pyruvate. The latter occurs in PLT mitochondria and is
estimated to contribute approximately 80% of total ATP
production in resting PLTs [15,16]. Oxidative phosphoryla-
tion is able to produce 19-fold more ATP than anaerobic
glycolysis, which delivers a total net of two ATP plus two
lactate molecules per metabolized glucose molecule, Previ-
ous work had indicated that UV light increases the glyco-
lytic flux in favor of anaerobic glycolysis resulting in
higher lactate levels and subsequently lower pH values
[2,7,17,18], which could affect PLT viability during storage

[19]. Increase in glycolytic flux could either be explained as
a result of alteration in PLT ATP consumption rate or im-
paired mitochondria-based oxidative phosphorylation,
which has to be counterbalanced by an increase in anaero-
bic glycolysis to maintain sufficient ATP levels. Reduced
mitochondrial function could also be related to the occur-
rence of apoptosis [20], even in enucleated cells {16,21},
which may have direct consequences for a prolonged stor-
age of PRT treated PLTs.

For these reasons, we evaluated PLT mitochondrial
integrity and enzymatic characteristics as well as meta-
bolic status after Mirasol-PRT treatment to determine if
changes in PLT metabolism were due to direct damage to
PLT mitochondria or altered metabolic activity during
storage.

2. Materials and methods
2.1. Preparation of PLT concentrates (PCs)

After written informed consent and passing eligibility
criteria based on German blood banking requirements for
PLT donation [22], a total of 12 triple-dose collections
was performed using the TRIMA ACCEL™ apheresis collec-
tion device, version 5.0 (Gambro BCT, Lakewood, CO, USA).
The collection targets per procedure were at least
8.5 x 10" PLTs in at least 510 mL autologous plasma to
facilitate the division of the product into three aliquots
(bags). The whole collection units averaged a volume of
714+13mL and a PLT concentration of 1267+
117 x 10°/L (corresponding to a mean collection dose of
9.0 x 10") and were kept undisturbed for two hours at
ambient temperature prior to splitting and subsequent
processing to allow dissociation of any PLT aggregates.
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All units were leukodepleted by the process-controlled
leukoreduction system of the collection device. Immedi-
ately after splitting, the sifigle units were designated to
Mirasol-PRT treatment (M) or 30-Gy-gamma irradiation
(X) or remained untreated (C) to serve as controls. In order
to ensure the same storage conditions for all units, the 1-L
ELP™ bag (extended Life Platelet, Gambro BCT) was used
for storage of all three types of PCs.

2.2. Treatment with the Mirasol-PRT system

Mirasol-PRT treatment was performed on day 0 as de-
scribed previously [2,23-26].

2.3. Sampling and storage of PLT concentrates

After the addition of riboflavin but before illumination,
day-0 samples were taken aseptically from the illumina-
tion bag of M units, in parallel with samples taken from
the other units, immediately prior to gamma irradiation
{X) and storage (C). All 36 single units were then stored
at 22+2°C on a flatbed agitator (Helmer Laboratories,
Noblesville, IN, USA) running at 50 to 60 agitations per
minute for 7 days. Additional samples were taken asepti-
cally on storage days 1 (to examine the immediate effects
of treatment), 5, and 7 (to examine longer-term effects).
Day 0 was defined as the day of collection. Analyses were
completed within 4 h after sampling.

2.4. Blood gas analysis and metabolic parameters

Unit pH, pO,, pCO,, HCO3, and base excess (BE), as well
as lactate and glucose contents were measured using an
automated blood gas analyzer (Rapidlab 1260, Siemens
Medical Solutions Diagnostics mbH, Fernwald, Germany)
immediately after sampling. Unit pH, pO;, and pCO, were
analyzed at 37 °C and standardized to 22 °C. The overall
rates for lactate production and glucose consumption
{nmoL per 10" cells per storage time in hours) were calcu-
lated with a total PLT count normalized to the initial PLT
dose obtained on day 0 after sampling using an automated
cell counting system (Sysmex K1000, Sysmex, Hamburg,
Germany).

2.5. Expression of membrane bound p selectin

In resting PLTs p selectin is stored in « granules and be-
comes detectable on PLT surface only after PLT activation.
Flow cytometric analysis of p selectin expression was per-
formed as described recently [17].

2.6. MTS reduction assay

The MTS assay was performed as described by Li et al.
[16] and the manufacturer’s instructions (Promega, Madi-
son, W1, USA). Mitochondria-based dehydrogenase en-
zymes of viable, metabolically active cells produce
“reducing equivalents” such as NAD(P)H that convert the
tetrazolium salt of the MTS assay into an aqueous, soluble
formazan product quantified by the absorbance at 490 nm
in a 96-well spectrophotometric plate reader (Tecan
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SPECTRA, Tecan Deutschland mbH, Crailsheim, Germany).
Because at death, cells rapidly lose their reduction ability,
the production quantity of the formazan product is directly
proportional to the number of living cells in culture.

2.7. JC-1. assay

Disruption of the PLT mitochondrial function has been
shown to precede PLT apoptotic cell death [21,27,28]
Mitochondrial function can be quantitatively assessed by
measuring changes in the PLT mitochondria transmem-
brane potential (Ay/) using the JC-1 (J-aggregate-forming
lipophilic cationic fluorochrome 5,5',6,6'-tetrachloro-
1,1'3,3'-tetraethylbenzimidazolylcarbocyanine iodide) as-
say (BD™ MitoScreen, BD Biosciences Pharmingen, San
Diego, CA, USA). In case of polarized Ay indicating healthy
cells with intact oxidative phosphorylation, JC-1 is rapidly
taken up into the mitochondria and forms aggregates (red
fluorescence emission at 590 nm in FL2 channel). In mito-
chondria undergoing a transition from polarized to depo-
larized Ay (due to altered function or apoptosis), JC-1
leaks out of the mitochondria and forms monomers in
the cytoplasm (green fluorescence emission at 525 nm in
FL1 channel).

The PMT values of the detectors in the FL1 and FL2
channels of the flow cytometer used (FACScan with soft-
ware CELLQuest Pro, Becton Dickinson, San Jose, CA, USA)
were set at 554V and 672V, the FL1-FL2 and FL2-FL1
compensations at 1.2% and 31.9%, respectively. The ratio
of the geometric mean fluorescence intensity (MFI) be-
tween FL1 and FL2 was calculated for each sample ana-
lyzed. Calcium ionophore A 23187 (Serva Electrophoresis
GmbH, Heidelberg, Germany) served as positive control
in each assay due to its ability to induce Ay depolarization
to nearly 100%. :

2.8. Statistical analysis

The results of cell quality tests are expressed as
mean +standard deviation. Statistical analysis was con-
ducted comparing all three types of units with the Krus-
kal-Wallis test (SPSS 15.0 for Windows, SPSS Software
GmbH, Munich, Germany). In case of significant differences
(p <0.05), post-hoc paired comparisons were made with
the Mann-Whitney-U-test. Here, according to Bonferroni

correction, a p value <0.017 was related to a significance le-
vel of 5%.

3. Results

Apheresis procedures were well tolerated by all study
subjects. All units’ bacterial cultures were negative after
16-days of incubation under aerobic and anaerobic condi-
tions, respectively.

3.1. Contamination with rest cells, PLT count, LDH release, p
selectin expression

Contaminating white blood cells, red blood cells and
citrate averaged mean values of 0.46 +0.47 x 10%/unit,
0.81 £0.17 x 10%/unit, and 0.68 + 0.02 mmoL/unit, respec-
tively. Units’ volume and PLT dose ranged from 228.7 mL
to 245.9 mL and from 2.3 x 10"*to 3.6 x 10", respectively
without proving statistical significance between study
groups. Immediately after PRT treatment, no significant
changes neither for PLT dose nor for LDH release were ob-
served compared to untreated or irradiated units (Table 1),
which remained consistent until the end of storage (M:
152 £15 UJL, C: 165+ 31 UJL, X: 162 +21 U/L). The per-
centage of PLTs expressing p selectin on their surface in-
creased progressively throughout storage in all types of
units, significantly more pronounced after PRT treatment.

3.2. Mitochondrial function and integrity

The results of the MTS and JC-1 assay suggest, that after
PRT treatment, PLTs maintain mitochondrial enzymatic
activity and structural integrity at the same level as those
observed in untreated and irradiated controls with the
exception of larger cell populations with depolarized Ay
on day 1 (Table 1). During storage, C and X units main-
tained their initial values for Ay, while M units demon-
strated an 8% decrease in cell populations with polarized
Ay and a 5-fold increase in cell populations with depolar-
ized Ay (Fig. 1). Analysis of MFI ratios suggests that for all
types of units Ay decreased by approximately 50% during
7 days of storage. This may indicate storage-related
reduction of mitochondrial integrity in all units, however
significantly more pronounced in M tnits relative to con-
trols (C, X) by the end of storage. In contrast to C and X

Table 1

Immediate effects of Mirasol-PRT treatment on mitochondrial function and integrity,

Parameter M = Mirasol-PRT treated (n=12) C =Untreated controls {(n=12) X =Gamma irradiated (n=12)
Day 0 Day 1 Day 0 ' Day 1 Day 0 Day 1

PLT count (x10%L) 2.84+032 2.48 £0.35 295032 2.69£0.28 297+035 2.74+0.29

pH at 22°C 7.33£0.07*° 7.41+0.06* 7.25+0.05¢ 7.52 £0.06° 7.25+0.10° 7.53 +0.06¢

Mitochondria membrane

Polarization (%) 966+ 1.8 955+2.7 96.5+23 974+£13 96.6+2.0 97.3+14

Depolarization (%) 1.83+1.63 143 £ 0.44™ 2221219 0.80 £0.20° 2.00+1.69 1.01£0.31°

MTS reduction activity (OD490) 0.865 £0.195 0.936£0.152 0.854 £0.141 0.819x0.131 0.869 £ 0.148 0.889+0.108

LDH release (UL} - 106.1 £12.0™° 104.3 £+ 13.8*° 12231 16.1° 1245+ 14.7° 126.7 £ 9.4¢ 1308 +12.1¢

P selectin expression (%) 2854153 38.4+13.8%0 16.8£5.1 156 +7.8° 17.0+6.5 16.0£7.9°

Significant compared £o6.
* Untreated units (C).
® Gamma irradiated units (X).
© PRT treated units (M).
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Fig. 1. Measurement of mitochondrial membrane potential by JC-1 staining assay. (A) Subpopulation percentages for PLTs with polarized and depolarized

mitochondrial membranes were calculated. Untreated and irradiated units were summarized as CONTROLS. (B) The ratio of mean
(MFI) between FL2 and FL1 was calculated. The JC-1 signal decreased in all types of units, more pronounced after PRT treatment.

fluorescence intensity
Significant differences

('p <0.001) could be found between treated and control units by storage day 5.

units (maintaining initial values), M units exhibited a 12%
increase in mitochondrial reduction activity at the end of
storage relative to day O (Fig. 2). Thus, the results of the
MTS assay suggest that, regardless of Ay depolarization,
the mitochondrial enzymatic activity was ongoing, even
up-regulated after PRT treatment.

3.3. Metabolic parameters and blood gas analysis

M units demonstrated a significantly higher rate in
glucose consumption and lactate production relative to
controls (C, X) associated with a significantly more pro-
nounced decrease in sample pH (and subsequent lower
levels of bicarbonate and BE). Blood gas analysis showed
a storage-related increase in pO, and decrease in pCO; in
all units. Applying the formula of Kilkson [29], lower pO,
levels of M units indicated increased oxygen consumption
yielding significant differences to the counterparts (C, X)
until day 5 of storage {Table 2). Thus, apart from accelera-
tion in anaerobic glycolysis, there was also an accelerated
oxidative glucose metabolism performed in M units,

4. Discussion

During storage, PRT treated {7,17,30,31] or UV stressed
[23.32] PLTs have the capacity to undergo apoptosis [16]
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and lose their functionality and structural integrity as mea-
sured by reduced in vitro aggregation, loss of membrane
transport capacity, release of LDH, and morphologic
changes summarized as the “PLT storage defect (PSD)"
[33.34] that may contribute to transfusion reactions [35].
The molecular basis underlying and regulating these
events is unknown. This is especially true for the relation-
ship between the PSD and the programmed cell death
(apoptosis). Both, the apoptotic process and the PSD lead
to PLT activation and microvesiculation with enhanced
phosphatidylserine (PS) expression, thus PLT-dependent
thrombin-generating capacity [36,37]. Inadequate meta-
bolic support or the accumulation of bioactive substances
such as cytokines can trigger caspase-mediated cell apop-
tosis through an extracellular signaling pathway and have
been reported to contribute to PSD, suggesting that PSD
and apoptosis may be related to each other [37,38]. Mean-
while, there is an abundance of data suggesting that mito-
chondria play a critical role in apoptosis by releasing
cytochrome c and other proteins required for the activa-
tion of the caspase signaling system. These observations
led us to investigate, whether Mirasol-PRT treatment could
affect mitochondrial function or energy metabolism/de-
mand, thus increase PSD.

Overall, the results of this study suggest that Mirasol-
PRT treatment did not induce significant cell lysis and that
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Fig. 2. Assessment of mitochondrial enzymatic activity by the MTS reduction assay. The OD readout at 490 nm was normalized to the concentration of each
tested aliquot. Higher values after PRT treatment were observed relative to controls without proving statistical significance among study groups.

mitochondria of PRT treated PLTs retained functional
integrity despite increased transmembrane depolarization.
Apart from acceleration of PLT activation and glycolytic
flux, Mirasol-PRT treatment appeared to result in an up-
regulation of mitochondrial function, especially in terms
of respiratory activity. Nevertheless, relative to untreated
and irradiated controls, PRT treated PLTs demonstrated
an increased PSD and failed with acceptance criteria for
glucose consumption rate (<0.50 mmol/10'2 cells/h) and
pH at 22 °C(>6.85) at storage day 7, while lactate produc-
tion rate remained acceptable (<0.110 mmol/10'? cells/h)
until the end of storage.

The mitochondrial Ay is indicative for oxidative mito-
chondria-based ATP generation. Energy released during
the oxidation reactions in the mitochondrial respiratory
chain is stored as a negative electrochemical gradient
across the mitochondrial membrane and the Ay is referred
to as being polarized. Collapse of the Ay results in a depo-
larized Ay indicative either for a loss of mitochondrial
integrity or a disequilibrium of the prevailing ATP/ADP ra-
tio. Depolarization of the Ay is often one of the first events
occurring early during apoptosis and may even be prerequi-
site for cytochrome c release. Expressed as MFI ratio of FL2
over FL1, to include partially depolarized PLTs, lower values
occurred by the end of storage in all units, particularly after
PRT treatment. Unlike us, Li et al. [24] were not able to de-
tect any significant differences of the Ay between treated
and untreated units throughout storage. Data discrepancies
may be due to variable flow cytometer settings and varia-
tions of the FL2 signal based on intercellular heterogeneity
within a cell population. For untreated control PLTs at day
1.Lietal. [24]reported a range in FL2 fluorescence intensity
from 205 to 701 (mean 423 +129), while our FL2 values
ranged from 228 to 417 {(mean: 335 + 64).

As reported previously [16,24], MTS reduction activity
remained stable for both, treated and untreated counter-
parts during 7 days of storage. Moreover, MTS reduction
activity seemed to be slightly elevated after PRT treatment.
Given the fact that MTS activity is related to mitochondria-
based dehydrogenase activity [39], PRT treatment did not
affect mitochondrial function in this regard. Moreover, as
seen from the lower pO, levels of M units, oxygen con-
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sumption was elevated after PRT treatment relative to un-
treated controls. Together with lactate/glucose rate ratios
<2 this was indicative for an ongoing oxidative metabo-
lism. Apart from this, M units demonstrated an elevated
anaerobic glycolytic flux as evidenced by the increase in
glucose consumption, lactate production and subsequent
higher acidity according to previous reports on UV light-
based PRTs [7,17,26,30,31,40]. Dekkers et al. also described
a storage-related decline in pH accompanied by an in-
creased glycolytic flux and suggested the pH decrease as
the result rather than the cause of PSD [41].

Cellular demand for ATP is a driving force for regulation
of energy delivery. Thus, alterations in PLT ATP consump-
tion rate could explain why PLTs increased ATP producing
processes after PRT treatment. As seen from the higher p
selectin expression in stored M units, PRT treatment was
associated with increased « granule degranulation. Secre-
tion of intracellular PLT granules is an energy-dependent
process and requires ATP [42]. Since mitochondria play a
crucial role in energy delivery by oxidative phosphoryla-
tion, PRT treated PLTs might have up-regulated both mito-
chondrial function and glycolytic flux to counterbalance an
increased ATP demand upon increased o granule degranu-
lation. Furthermore, an increased ATP demand/consump-
tion would disturb the ATP/ADP equilibrium between the
mitochondrial and the cytosolic compartment and there-
fore probably explain the changes in the Ay observed in
stored M units relative to untreated/irradiated controls.

An unimpaired and even up-regulated respiratory func-
tion might be beneficial for PLT behaviour after transfusion
in vivo. Here, clot retraction, a decisive marker for appro-
priate PLT function depends on sufficient ATP levels that,
in fact, may profit from an ongoing oxidative metabolism.
Furthermore, there is an abundance of data demonstrating
the role of “oxygen burst” upon PLT activation [43-47]. PLT
function inhibitors like ADP receptor antagonists were
shown to impair mitochondrial metabolism, which
emphasizes the critical role of intact mitochondrial activity
for appropriate PLT function in vivo [48-50].

From the results of our study we conclude that
Mirasol-PRT induced increase in glycolytic flux and
mitochondria-based oxidative phosphorylation may be



S.M. Picker et al.{ Transfusion and Apheresis Science 40 (2009) 79-85

7.27+0.18°
41.1+£9.0
10.1£0.9°
6.0+1.7¢
22.2+5.0°
28+9¢
40+ 12°
045+0.19

Day 7

741£0.11°
92+1.2°

16.7+3.1¢
48 + 16°
32+8°

0.66 £ 0.16¢

304+6.9
123+14

Day 5

7.53 +0.06°
247113
16.3£2.2
15.6 £ 1.0°
93 +2.6°
40+ 27°¢
17 £13°¢
0.75+0.27°

Day 1

18.8 £0.9°

13.2+4.1
126%22
1.02+0.12

X=Gamma irradiated (n = 12)
359+7.1°

Day 0
7.25+£0.10°

7.29+0.16°
40.6 9.9
104+ 0.8°
63+ 1.6°
21.7 +4.5°
28 + 6°
36+ 10°
047 +0.22

Day 7

7.43 +0.09°
33.3+6.2°
11.9+1.2
93+1.1°
16.3 £ 2.8°
46+ 16°
31+10°
0.58 £0.15¢

Day 5
A x (130-p0z) + 760 + C, where A is the oxygen transport rate (mL/m?/day/atm) for the applied

Day 1

7.52 £ 0.06°

245+113

16.6+2.3

15.6 £0.9°
92 +256°
45 * 29°
20+17°

0.77 £0.28°

C=Untreated controls (n=12)

Day 0
7.25+£0.05°
13323
35.8+£4.2°
18.9£1.0°
125+14
1.02+0.10

650031
40.7 +24.8
83 +19%
12+0.8%®
41.8 £+6.6%°
67 £16%°
71 2830
057 +0.14

Day 7

6.97 +£0.15%>
235+5.0°
12.7+09
3.9+1.2%
30.1 £4.0%°
92 +243b
63 +13%°
0.94 +£0.26*°

Day 5

ption rate. OCR oxygen consumption rate was calculated as
gnificant compared to.

169+7.8
169+2.8
12.7 £ 0.7
140 +£1.6%
91 £ 4630
43 £16%
1.09 £0.23*®

Day 1
7.41 £0.06>®

M = Mirasol-PRT treated (n=12)

Day 0
7.33 £0.07%®

126 %36
24.7 £3.72b
154 £0.9%®
13.6+15
1.09+0.14

{mmol/L)
Base excess (—mmolL/L)

LPR {(nmoL/10%cells/hr)

3
® Gamma irradiated units (X).

? Untreated units (C).
€ PRT treated units (M).

Blood gas and metabolic analysis of PLTs treated with Mirasol-PRT (M), 30 Gy gamma irradiation (X), or remaining untreated (C) throughout 7 days of storage.

LPR lactate production rate. GCR glucose consum
storage bag, and C the absolute total cell number. Si

Parameter

pHat 22°C

pO, {(mm Hg) at 22 °C
pCO, (mm Hg) at 22 °C
GCR (nmoL{10"%cells/hr)
OCR (nmoL{min/10° PLTs)

Table 2
HCO:

the result of changes in the balance between ATP demand
and supply, in favor of demand. According to prior authors
[51], the question is whether additional components of
the PLT storage medium such as acetate or amino acids
may counterbalance the increased ATP demand after PRT
treatment, thus reduce acceleration of PSD observed with
these PLTs. Overall, the clinical significance of our findings
for the behaviour of Mirasol-PRT treated PLTs in vivo re-
mains to be evaluated in appropriate clinical trials. It was
shown recently that plasma rescue to an optimal pH [52]
or challenge with thrombin [53] improved morphology
scores, stabilized osmotic recovery, and completely re-
stored PLT secretory responses as measured by « granule re-
lease, with little change in the formation of apoptotic cells.
Provided that PS exposure was not markedly enhanced,
such PLTs had normal post-transfusion recoveries and sur-
vival rates [52]. ‘
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Certain glycan motifs in glycoproteins are involved in several biological events and diseases. To
understand the roles of these motifs, a method is needed to identify the glycoproteins that carry them.
We previously demonstrated that liquid chromatography—multiple-stage mass spectrometry (LC—MS®)
atlowed for differentiation of oligosaccharides attached to Lewis-motifs, such as Lewis x {Le*,
Galf1—-4{Fuca1-3)GIcNAc) from other glycans. We successfully discriminated Le*-conjugated oligosac-
charides from other N-linked oligosaccharides derived from mouse kidney proteins by using Lewis-
motif-distinctive ions, a deoxyhexose {dHex) + hexose {Hex)} + N-acetylhexsosamine (HexNAc) fragment
{m/z 512), and a Hex + HexNAc fragment {m/z 366). In the present study, we demonstrated that this
method could be used to identify the Le*-conjugated glycoproteins. All proteins in the mouse kidney
were digested into peptides, and the fucosylated glycopeptides were enriched by lectin-affinity
chromatography. The resulting fucosylated glycopeptides were subjected to two different runs of
LC—MS" using a Fourier- transform ion cyclotron resonance mass spectrometer (FTICR—MS) and an
ion trap-type mass spectrometer. After the first run, we picked out product ion spectra of the expected
Le*-conjugated glycopeptides based on the presence of Lewis-motif-distinctive ions and assigned a
peptide + HexNAc or peptide + {dHex}HexNAc fragment in each spectrum. Then the fucosylated
glycopeptides were subjected to a second run in which the peptide-related fragments were set as
precursor ions. We successfully identified y-glutamyl transpeptidase 1 (;~-GTP1), low-density lipoprotein
receptor-related protein 2 {LRP2), and a cubilin precursor as Le*-conjugated glycoproteins by sequencing
of 2—5 glycopeptides. In addition, it was deduced that cadherin 16, dipeptidase |, H-2 class |
histocompatibility antigen, K—K alpha precursor (H2—K{k}), and alanyl (membrane) aminopeptidase
could be Le*-conjugated glycoproteins from the good agreement between the experimental and
theoretical masses and fragment patterns. The results indicated that our method could be applicable
for the identification and screening of glycoproteins carrying target glycan-motifs, such as Lewis
epitopes.

Keywords: liquid chromatography/multiple-stage mass spectrometry « specific detection « database
search analysis ¢ Lewis x-conjugated oligosaccharides

Introduction

Glycosylation is one of the most common post-translational
modifications of proteins.'* Certain glycan motifs on glyco-
proteins are involved in several biological events, including cell
adhesion,* differentiation and development. They are also
known to be closely associated with some diseases, such as
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tumors and hepatic diseases.? ® Glycomics, the study of all
glycoconjugates in a cell type or in an organism, is crucial to
understanding the mechanisms of glvean-mediated biological
events and diseases.™ Mass spectrometry (MS) and multiple-
stage mass spectrometry (MS") in combination with several
types of chromatography are known to be the most powerful
tools of structural glycomics.” ™ There are (wo major ap-
proaches to mass spectrometric glycome analysis. One is mass
spectrometric glycan profiling, which is achieved by online or
off-line liquid chromatography/mass spectrometry (LC—MS$)
of oligosaccharides enzymatically or chemically released from
proteins, " This technique has advantages for conducting a
detailed structural analysis and a quantitative analysis of

Journal of Proteome Research 2009, 8 3415-3429 3415
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oligosaccharides,™ ™" but it does not provide any information
on protein sources that carry the glycans of interest, The other
approach is the mass spectrometric mapping ol proteolytic
digests. This method enables us Lo characterize glycan siruc-
tures based on fragment ions,®™ *' and to deduce the peptide
sequence from b- and y-ions that arise from the peptide
backbone.”? In addition (o these approaches, glycomics require
more advanced methods that can identify target proteins
carrying a glycan motif of interest; that is to say, a technique
for focused glycomics.

Lectin and immunological-based approaches have been
widely used for the specific detection of target glycans and
glycoproteins.™ ™ ** There have been numerous reports on the
use of MS in combination with affinity chromatography and
Western blotting with lectins or glyco-epitope-specific anti-
bodies.* ™ In a previous study, we demonstrated that LC—MS®
is also usclul for the analysis of target glycans in a complex
mixture.® Several glycan motifs often yield motif-specific ions
by MS", along with common glycan-related ions such as the
N-acetylhexosamine (HexNAc) fragment (m/z 204) and hexose
(Hex) + HexNAc {ragment (m/z 366).7""! For example, Lewis-
motifs that consist of fucose (Fuc), galactose (Gal) and N-
acelylglucosamine (GleNAe) vield a distinctive ion at m/z 512
that corresponds to the B-type ion of deoxyhexose (dHex) +
Hex '+ HexNAc. This B-type ion subsequently provides the
product ion at m/z 366 ({Hex + HexNAc|™) by MS/MS/MS.
Using these Lewis-motil-distinctive ions, we successfully dif-
ferentiated the oligosaccharides bearing the Lewis-motifs from
many other oligosaccharides in mouse kidneys.* This method
could be used to differentiate the Lewis-conjugated glycopep-
tides from a proteolytic digestion of proteins. Furthermaore, the
protein sources of the Lewis-motif-conjugated glycopeptides
could be identified by further MS" of peptide-related ions.

In this study we demonstrated a method for the identifica-
tion of Lewis x (Le%, Galfl-4(Fucal-—-3)GlcNAc)-conjugated
glycoproteins in tissue by LC—MS". Our method consists of two
different runs of LC--MS$" using a Fourier-transform ion
cyclotron resonance mass spectrometer (FITCR~MS) and ion
trap-type mass spectrometer (IT-MS). After the first run, we
sorted out the product ion spectra of expected Le¥-conjugated
glycopeptides based on the presence of Lewis-motif-distinctive
ions and assigned a peptide + HexNAc or peptide + (dHex-
JHexNAc fragment in each spectrum. Then the fucosylated
glycopeptides were subjected to a second run in which the
peptide-related fragments were set as precursor ions (Figure
1). As a model tissue, we used a mouse kidney in which we
previously confirmed the presence of the Galffl —4{(Fucal —3)GleNAc
molil (Lewis x and y) as well as the absence of the
Galp1—3(Fucal —4)GleNAc motil (Lewis a and b) and
Fucol —2GalB1-3/4GleNAc motif (blood group H).*¢

Experimental Section

Materials. Trypsin (Trypsin Gold, mass spectrometry grade),
Aleuria aurantia lectin (AAL)-immobilized agarose column and
Peptide-N-glycosidase F (PNGase F) were purchased from
Promega (Madison, WI}, Honen (Tokyo, Japan) and Roche
{Mannheim, Germany), respectively. Murine kidneys (MRL/
Mpi-Ipr/ipr} were purchased from Japan SLC Inc. (Hamamatsu,
lapan;.

Sample Preparation. Murine kidney cells were fltrated by a
cell strainer {70 qam; BD Biosciences, San Jose, CA} and solubilized
in lysis buifer (7 M urea, 2 M thiourea, 2% CHAPS, and 30 mM
Tris-HCl containing a protease inhibitor mixture (\Wako, Tokyo,

3418  Journal of Protleome Research « Vol 8 No. 7, 2009
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Japan} by vortexing at 4 °C. After quantifying the proteins, cold
acetone (final concentration, 80%(v/v)) was added to the protein
solution (500 g protein). The precipitated protein was dissolved
again in 100 gl of 0.5 M Tris-HCI, pH 7.0, and precipitated with
an 8-fold volume of acetone. The precipitated protein was
dissolved in 810 ¢L of 0.5 M Tris-HCI {pH 8.6) containing 8 M
guanidine-HCl and 5 mM EDTA, and the mixture was incubated
with 6.0 «L. of 2-mercaptoethanol at room temperature for 2 h.
Freshly prepared 0.6 M sodium monoiodoacetate (135 ul) was
added to the solution, and the mixture was incubated at room
lemperature for 2 h in the dark. The reaction mixture was desalted
with a PD10 column (GE Healthcare Bio-Sciences, Uppsala,
Sweden), and the solution containing proteins was freeze-dried.
The carboxymethylated proteins were dissolved in 500 ol of
bicarbonaie buffer {pH 8.5) and incubated with 2 ug of trypsin at
37 °C for 16 h. After deactivation of trypsin by boiling for 3 min,
a 10-fold volume of phosphate buffered saline (PBS) was added
to the reaction mixture.

Lectin Affinity Chromatography. The sample solution was
applied to the AAL-immobilized agarose column (1.45 mg of
lectin, 1.5 x 1.0 cm) and washed with 2.5 ml. of cold PBS at 4
°C (approximately one drop/s). The absorbed glycopeptides
were eluted with PBS containing 0.2 M fucose (2.5 mL}, and
the fraction was desalted with a C18 cartridge (Micro Trap, 8.0
% 1.0 mm; Michrom BioResources, Auburn, CA). The absorbed
glycopeptides in the cartridge were eluted with 2 mL of 0.1%
trifluoroacetic acid containing 45% acetonitrile, and the fraction
was dried, resuspended in 0.1% formic acid, and then analyzed
by LC—-MS™.

PNGase F Treatment. Fucosylated glycopeptides enviched
by lectin affinity chromatography were treated with 10 units
of PNGase F in 50 ul. of 50 mM phosphate bulfer (pH 8.0} at
37 °C for 48 h to release N-linked oligosaccharides. After
terminating the reaction by boiling, the reaction mixture was
evaporated to dryness, resuspended in 0.1% formic acid, and
then analyzed by LC-MS/MS.

Online Liquid Chromatography/Mass Spectrometry
(LC—MS). Chromatographic separation of the fucosylated glyco-
peptide was performed using the Paradigm MS4 HPLC system
(Michrom BioResources). The fucosylated glycopeptides were
dissolved in 25 gL of 0.1% formic acid, and 2 ub. of the sample
solation was injected inlo 2 ul. capillary loop. The analylical
column was a reversed-phase capillary column (Magic C18, 50 x
0.2 mm, 5 sm; Michrom BioResources). The mobile phase was
0.1% formic acid conaining 2% acetonitrile (A buffer) and 0.1%
formic acid containing 90% acetonitrile {B buffer). The fucosylated
glycopeptides were cluted at a flow rate of 2 wl/min with a
gradient of 5-63% of B buffer in 90 min.

Mass spectrometric analysis of fucosylated glycopeptides was
performed using a FTICR/IT-MS (LTQ-FI; Thermo Fisher
Scientific, Waltham, MA} equipped with a nanoclectrospray ion
source (AMR, Tokyo, Japan). The conditions {or FTICR—MS and
IT—MS were as follows: an electrospray voltage of 2.0 kv in
positive ion mode, a capillary temperature of 200 °C, a tube
lens offset of 140 V. a collision energy of 35% for the MS®
experiment, maximum injection times (FTICR~MS and I'T-MS;}
ol 1250 and 50 ms, respectively, a resolution of FTICR—MS of
50 000, a scan time of approximately 0.2 s, dynamic exclusion
of 18 s, and an isolation width of 3.0 u (range of precursor ion
1.5},

First Run, The mass spectrometric mapping of fucosylated
glycopeptides was performed by a sequential scan: full mass
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Figure 1. Strategy for the identification of Le*-conjugated glycopeptides by LC—~MS. The fucosylated glycopeptides were subjected to
two different runs. In the first run, fucosylated glycopeptides were analyzed by {a) a full mass scan using the FTICR—MS, (b) data-
dependent MS/MS, (¢} MS/MS/MS of the Le*-motif-distinctive ion {m/z512), and {d} data-dependent MS/MS/MS., {e, f} On the basis of
the presence of the product ion at m/z 512, which subsequently yielded the ion at m/z 366 by the MS/MS/MS, MS/MS and MS/MS/MS
spectra of Le*-conjugated glycopeptides were picked out from all the acquisition data. {g) Peptide-related ions were ascertained in the
MS/MS/MS spectra. (h) The peptide-related ions were listed as precursor ions. In the second run, the fucosylated glycopeptides were
identified by a full MS scan using the (i) FTICR-MS, (j} data-dependent MS/MS, (k) MS/MS/MS of the peptide-related ions listed as
precursor ions, {I) data-dependent MS/MS/MS, (m) MS/MS/MS/MS of the peptide-related ions, and {n) data-dependent MS/MS/MS/
MS. {o} Product ion spectra were submitted to database search analysis with a static modification of Cys with carboxymethyl {58.0 u}
and possible modification of Asn with HexNAc (203.1 u) and dHex + HexNAc {349.1 u). MS?, MS/MS; MS®, MS/IMS/MS; MS4, MS/MS/
MS/MS. (p) Carbohydrate structures were deduced from the oligosaccharide-related ions in the MS/MS and MS/MS/MS spectra.

MS/MS, MS/MS/MS of the LeX-motif-distinctive fon (m/z miz 366 by the MS/MS/MS, the MS/MS and MS/MS/MS

512) generated in data-dependent MS/MS, and MS/MS/MS
of the most intense ions generated in data-dependent MS/
MS by MS" using IT-MS. Based on the presence of the
product ion at m/z 512 that subsequently yielded the ion at

spectra of expected Le-conjugated glycopeptides were
picked out from all the acquisition data. Peptide-related ions
were ascertained in the MS/MS/MS spectra, and were listed
as precursor ions for the second run,

Journal of Proteome Research « Vol 8 No.7,2008 3417
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Second Run. Peptide sequencing was performed in a se-
quental scan: a full mass scan using FTICR-MS (m/z
1000-2000), data-dependent MS/MS, MS/MS/MS of the pep-
tide-related ions listed as precursor ions, data-dependent MS/
MS/MS, MS/MS/MSIMS of the peptide-related ions, and data-
dependent MS/MS/MS/MS using 1T MS.

Protein Identification by Database Search Analysis. The
spectra data obtained by the data-dependent collision-induced
dissociation (CID)s and predominant CIDs ol peptide-related
ions were subjected 10 database search analysis with the
TurboSEQUEST algorithm (BioWorks 3.1; Thermo Fisher Sci-
entific) by using the NCBInr database (Mus musculus, 28~11-06).
The static modification of carboxymethylation (58.0 u) at Cys,
and the possible modification of HexNAc (203.1 w) and dHex
+ HexNAc (349.1 u) at Asn were used as the modified
parameters ol database search analysis. The SEQUEST criteria,
known as cross correlation (Xcorr) scores, were set to 1.5/2.0/
2.5 {charge states of +1/+2/+3) for the protein identifications.
DTA files were generated for spectra with a threshold of 10 jons
and a TIC of 100. Precursor and fragment ion mass tolerance
in the MS" specua for database search analysis were set 10 2.0 u
and 1.0 u, respectively.

Resuits

Sorting out the Product Ion Spectra of the Le*-Con-
jugated Glycopeptides by the First LC—-MS/MS/MS Run.
Proteins from mouse kidney cells were carboxymethylated and
digested with uypsin. In the mass spectrometric mapping of
the proteolytic digest, we often fail to acquire glycopeptide ions
due to their lower ionization efficacy compared to coeluted
unmodified peptides. To prevent interference by peptides in
the ionization of glycopeptides, fucosylated glycopeptides
including Lewis-motif-conjugated glycopeptides were enriched
by affinity chromatography with an AAL-immobilized agarose
column. The fucosylated glycopeptides were desalted by a C18
cartridge and injected into an LC—MS system equipped with
FTICR—MS for a MS scan (/2 1000—-2000). The most intense
ions on the MS scan were subjected to data-dependent MS/
MS and MS/MS/MS, and an additional MS/MS/MS was
performed when a dHex + Hex + HexNAc fragment (m/fz 512)
was delected on the MS/MS scan (Figure 1, first run). Figure
2A, B and C show the total ion chromatograms (TIC) obtained
by the FTICR-MS scan of the fucosylated glycopeptides, the
extracted ion chromatogram (EIC) of the dHex + Hex + HexNAc
fragment acquired on the data-dependent MS/MS scan, and the
EIC of the Hex + HexNAc fragment (m/z 366) that arose from
the fragment at m/z 512 by the MS/MS/MS, respectively. We
presumed that the Le¥-conjugated glycopeptides had been eluted
around the peaks appearing in Figure 2C.

Assignments of the Peptide-Related lons Derived from
the Expected Le*-Conjugated Glycopeptides. We picked out
dozens of product ion specira, and 22 precursors were deter-
mined to be the lLe®-conjugated glycopeptide-derived mass
spectra based on the presence of Let-motif-distinctive ions. The
clution positions of the glycopeptides are indicated in Figure
2C. In our previous report, most of the N-glycosylated peptides
yiclded peptide-related ions, such as ipeptide + HexXNAc +
nH* and [peptide + {dHexjHexNAc + nHi®', which provided
peptide fragment b- and y-ions by further CID, and subsequent
database search analvsis successfully revealed the peptide
sequences of the glycopeptides.®” In the present study, there-
fore, we examined the peptide-related lons in the product fon
spectra of the glycopeptides 1--22 {or peptide sequencing.
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Figure 2. LC—~MS" of fucosylated glycopeptides. (A) Total ion
chromatogram ({TIC, m/z 1000—2000) of fucosylated glycopep-
tides. (B} Extracted ion chromatogram {EIC) of the ion at m/z512
produced by data-dependent MS/MS. (C) EIC of the product ions
at m/z 366 produced from the product ion at m/z 512 by MS/MS/
MS. Expected Le*-conjugated glycopeptides were designated as
glycopeptides 122,

Figure 3A shows the integrated mass spectrum of the
expected Let-glycopeptides cluted at 4143 min. On the basis
of an m/z spacing pattern that included m/z 67.69 (HexNAc¢*"),
miz 54.02 {(Hex®') and 48.69 (dHex?"), intense ions at miz
1067.105, 1134.803, 1189.505, and 1237.508 were assigned to
triply charged ions of glycopeptides differing in glycosylation.
Two intense ions, glvcopeptides 12 {m/z 1237.508) and 13 (m/z
1134.803), were further subjected to MS/MS and MS/MS/MS,
and yielded identical peptide-related ions at m/z 1650 (Figure
3B, C}. This result indicates that glycopeptides 12 and 13 are
glycoforms containing Le®motifs, and implies that the carbo-
hydrate heterogeneity of a peptide of interest could be deduced
from the integrated mass spectra.

Figure 4A indicates the MS/MS spectrum of glycopeptide 8.
The presence of a dHex + Hex + HexNAc¢ fragment {m/z 512)
suggests that this glycopeptide is one of the Let-conjugated
glycopeptides. The most intense fragment {m/z 1681.0) was
further subjected to MS/MS/MS and provided a series of doubly
charged Y-fons with an i/ z spacing pattern, including m/z 161
{HexNAc*") and m/z 81 {Hex*'). It was revealed that ihe
fragment at m/z 906.2 was our desired product ion, [peptide
+ HexNAc + 2HPY (Pigure 4B).

Figure 5A and B show the MS/MS and MS/MS/MS spectra of
glveopeptide 15, respectively. The triply charged ion (m/z 1414.4)
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in the MS/MS spectrum of glycopeptide 13 (m/z 1135.4).

on the MS/MS scan was further subjected to MS/MS/MS and
yielded a Y-ion series that included [peptide + 2HexNAc + 3Hex
+ dHex + 2ZHI* (mlz 1764.3), [peptide + 2HexNAc + 2Hex +
dHex+ 2HP* (m/z 1683.5), [peptide + 2HexNAc + dHex + 2H|™
(/2 1520.2) and {peptide + 2HexNA¢ + 2HPT (in/21447.0). The
fragment detected at m/z 1346.3 was assigned to our larget ion,
[peptide + HexNAc + 2HP.

Alternative MS/MS and MS/MS/MS spectra of a Le™
conjugated glycopeptide (glycopeptide 17) are shown in
Figure 6A and B, respectively. The fragment at miz 15154
on the MS/MS scan vielded Y-ion series that included
[peptide + 2HexsNA¢ + 3Hex + 2HPP (/2 1659.6), {peptide
+ 2HexNAc + 2Hex + 2HIP (m/z 1578.3), and [peptide +

%4

Figure 3. Integrated mass spectrum and MS/MS/MS spectra of glycopeptides 12 and 13. (A} Integrated mass spectrum of the expected
Le*-glycopeptides eluted at 41-43 min. (B} MS/MS/MS spectrum acquired from the most intense ion (m/z 1673.4) detected in the
MS/MS spectrum of glycopeptide 12 {m/z 1237.8). (C) MS/MS/MS spectrum acquired from the most intense ion (m/z 1601.0) detected

2HexNAc¢ + 2H} (mn/z 1416.5) on the MS/MS/MS scan. We
deduced that the fragment at 1315.0 on the MS/MS/MS scan
could be [peptide + HexNAc + 2H]*,

Finally we assigned oul peplide + HexNAc, peptide +
{(dHex)HexNA¢, and the peptide fragment from the product
ion spectra of Le*-conjugated glycopeptides 122 {Table 1),
These peptide-related jons were listed as precursor ions in
the second run, in which the listed ions were predominantly
submitted to CID (Figure 1, second run).

Peptide Sequencing of the Expected Le*-Conjugated
Glycopeptides by the Second LC-MS/MS/MS/MS Run and
Database Search Analysis. In the second run and subsequent
database search analysis with modified parameters, including
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