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Figure 1. Free induction decay for ceftazidime and
cefazolin sodium hydrates.

spectroscopy.® NMR is also utilized to determine
the molecular mobility of water in the solid state,®
and to examine the various mechanisms by which
solids interact with water.!®!' However, there
have been few studies in which, the molecular
mobility of water in API hydrates was determined
using NMR. This may be because H-NMR, even
high resolution IH.NMR, cannot separate the
peaks of the water protons from those of the

Table 1. Water Content of API Hydra't.es
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Figure 2. Free induction decay for quinidine sulfate
and scopolamine hydrobromide hydrates.

protons in other components, which prevents
specific determination of water mobility. Although
the preparation of API hydrate samples using }7O-
labeled water allows to specifically determine the
mobility of the water molecules by 170-NMR,
unaffected by the other components, this
approach requires high cost and much labor.
Thus, determination of the molecular mobility of

Number of H20 per

Number of HaO per Spin-Spin Relaxation

AP] Hydrate Molccule Specified in JP Molecule Determined by KF of H 0
Cefazolin sodium 5 4.67 Lorentzian
Ceftazidime 5 5.04 Lorentzian
Amoxicillin 3 2.94 - Lorentzian
Ampicillin 3 2.96 Lorentzian
Berberine Chloride Not specified 2.67 Gaussian
Quinine hydrochloride 2 131 Gaussian
Scopolamine hydrobromide 3 2.32 Gaussian
Saccharin sodium 2 1.15 Gaussian
Pipemidic acid 3 29 Gaussian
Sulpyrine 1 0.98 Gaussian
Quinidine sulfate 2 1.95 Gaussian
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Figure 3. DSC thermograms for four antibiotic
hydrates.

hydration water in API hydrates using NMR
holds some challenges.

However, it is possible to determine the mole-
cular mobility of hydration water in API hydrates
by spin—spin relaxation measurement, if the spin—
spin relaxation time (T'p) of the water protons is
significantly different from that of the API protons.
Furthermore, the spin-lattice relaxation time (T';)
of the water protons may be a useful indicator of
water mobility, if the ratio of water protons to API
protons is sufficiently large, or if the water protons
have a correlation time (z.) corresponding to the T

minimum, such that the T'; of the water proton is ,'

sensitively reflected in the measured T, value
without being affected by spin diffusion between
the water and the API protons. Moreover, even if
the ratio of water protons to API protons is not
particularly large, and even if water proton does
not have a . corresponding to the T} minimum, it
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Figure 4. DSC thermograms for API hydrates show-
ing two endothermic peaks.
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Figure 5. DSC thermograms for API hydrates show-
ing a single endothermic peak.

may be possible to compare the molecular mobility
of hydration water in API hydrates based on
measured T, values, if both of the T of the API
proton and the ratio of water protons to API
protons are similar for all of the API hydrates
compared.

The purpose of this study was to examine the
possibility of determining the molecular mobility
of hydration water in API hydrates by NMR
relaxation measurement. Spin-lattice relaxation,
which reflects motions of MHz order, and spin—
spin relaxation, which reflects slower motions,
were measured for the 11 API hydrates listed in
the Japanese Pharmacopeia (JP) using pulsed -
NMR, which allows more simplified measure-
ments than high-resolution 'H-NMR. Further-
more, the ease of evaporation of the hydration
water was determined under nonisothermal and
isothermal conditions using DSC and water vapor
sorption isotherm analysis, respectively, and the
relationship between the ease of evaporation and
the measured values of T, and Ty was examined.

EXPERIMENTAL

Materials

phosphate 2 H,0 was from
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Figure 6. Water sorption isotherms for four antibiotic hydrates.

NMR Relaxation Times

The free induction decay (FID) of protons in AHI
hydrates was obtained using ‘& pulsed N
spectrometer (25 MHz, JNM-MU25, JEOL™,
Tokyo, Japan). FID was obtained at 10, 20, 30, and
40°C. The 90° pulses were 2 us in duration. The
“golid echo,” with an echo delay of 10 p.s, was used
in the detection stage of all measurements, in
order to overcome the effects of the dead-time.?
Measurement was repeated four times with a
recycling time over five times of the T, value
measured as described below.

The FID signals obtained between 2.6 and 100 ps
that showed only Gaussian-type decay were fitted
to Eq. (1) to calculate the T’; of proton. FID signals
obtained for quinidine sulfate and pipemidic acid
hydrates showed a small diversion from Gaussian
behavior (beat signal) in the final stage of
relaxation, suggesting Abragam-type relaxation.'®
However, T was calculated according to Eq. (1) for
the purpose of comparison among API hydrates.
The FID signals that show both Gaussian and
Lorentzian decay patterns were fitted to Eq. (2)
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oxX

representing the summation of the Gaussian and
Lorentzian equations.

1(;) = Ipexp [— (—;,—2) 2] (6))
1) =1Io [PG exp (‘ (T:(G))z) +Puexp (‘ thE))]

2

where I(t) and I, are signal intensity at time ¢
and time 0. Tz and Tz, are T3 for Gaussian
decay and Lorentzian decay, respectively, and
Pg and Py, are the proportion of protons that
show Gaussian decay and Lorentzian decay,
respectively. _

The T, of proton in API hydrates was deter-
mined at 30°C by the inversion recovery method.
T, was calculated according to Eq. (3).

1) =1 (1 ~2exp (— Til)) 3)
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Figure 7. Water sorption isotherms for API hydrates
showing a single endothermic peak in DSC thermo-
gram.

New Castle

Differential Scanning Calorimetry (DSC)

Modulated temp:
performed usin,

ature DSC experiments were
a commercial system (2920;
DE) attached to a refrigerated
cooling accessory. The conditions were as follows:
modulation period of 100 s, a modulation ampli-
tude of +£0.5°C, and an underlying heating rate of
1°C/min. Temperature calibration was performed
using indium. Samples (approximately 10 mg)
were put in a pan without a lid. Nitrogen gas was
flowed at 30 mL/min.
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Water Sorption Isotherm

Water sorption isotherms wdre measured grav-
imetrically at 25°C using the gutomated sorption
analyzer from VTI Corp®’. (FL). Prior to water
sorption and desorption, safnples were dried at
60°C and reduced pressure, until the partial
vapor pressure became less than 0.0. Equili-
brium water content was measured at ascending
partial vapor pressures ranging from 0.10t0 0.95,
then at descending partial vapor pressures
ranging from 0.95 to 0.00 in steps of 0.10 or
0.05. Equilibrium was regarded to have been
achieved once the change in sample weight was
less than 0.001 mg over 10 min. The limit
duration for measurement at a partial vapor
pressure was 10 h for scopolamine hydrobromide
and 5 h for the others.

RESULTS

NMR Relaxation Times

Figures 1 and 2 show representative examples of
the time courses of spin-spin relaxation observed
for the 11 API hydrates. Of the four antibiotic
hydrates, all exhibited both Gaussian-type decay
and Lorentzian decay, as exemplified by ceftazi-
dime and cefazolin sodium hydrates (Fig. 1). The
other seven API hydrates exhibited only Gaus-
sian-type decay, as exemplified by quinidine
sulfate and scopolamine hydrobromide hydrates
(Fig. 2).

In order to calculate the proportion of water
protons to API protons, which is required to obtain
the Ty of the water protons by curve-fitting of
decay patterns, the number of water molecules
per API hydrate molecule was measured by the
Kar] Fischer method. The results are shown in
Table 1, in which the values specified in the JP are
also noted for the purpose of comparison. The
measured water contents were consistent with
those specified in the JP for pipemidic acid,
sulpyrine, and quinidine sulfate hydrates, as well
as all antibiotic hydrates except for cefazolin
sodium hydrate. In contrast, quinine hydrochlor-
ide, scopolamine hydrobromide, and saccharin
sodium hydrates showed smaller water contents
than those specified in the JP.

The time courses of spin—spin relaxation show-
ing both Gaussian decay and Lorentzian decay
observed for the four antibiotic hydrates were well
fitted to Eq. (2) using the proportion of water
protons calculated from the measured water
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Figure 8. Water sorption isotherms for API hydrates showing two endothermic peaks

in DSC thermogram.

content, as shown by the regression curve in
Figure 1. Therefore, all of the water protons in the
molecule are considered to show Lorentzian
decay, and the Gaussian decay is attributed to
the drug protons. The T of the Lorentzian decay
was calculated according to Eq. (2), and the results
will be discussed below. For cefazolin sodium
hydrate, better curve-fitting was obtained by
regression analysis using a slightly larger value
for the proportion of water protons than that
calculated from the measured water content. This
suggests that a small number of the drug protons
exhibit Lorentzian decay; however, it is possible
that the water content of the sample used for NMR
measurement was different from that of the
sample used for Karl Fischer measurements.
The seven API hydrates other than the anti-
biotic hydrates did not exhibit Lorentzian decay,
indicating that all water protons and drug protons
in the molecule showed Gaussian decay. The Ty of
the water protons was calculated according to
Eq. (1), assuming that the T3 of the drug protonsis
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similar to that of the water protons. The results
will be discussed below.

DSC Thermograms

Figures 3-5 show DSC thermograms measured
for the 11 API hydrates. The four antibiotic
hydrates, which exhibited Lorentzian decay upon
spin—spin relaxation, showed a single endother-
mic peak due to water evaporation, as shown in
Figure 3. In contrast, the API hydrates that did
not exhibit Lorentzian decay showed two
endothermic peaks (Fig. 4), or one peak (Fig. 5).
The temperature at which an endothermic peak
due to water evaporation is observed may be
considered to represent the ease of evaporation of
hydration water under nonisothermal conditions.
The onset temperature was determined as a
parameter for approximate comparison of ease of
evaporation among the API hydrates, along with
ease of evaporation under isothermal conditions as

DO 10.1002/jps
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Figure 9. Correlation between onset temperature
and T for four antibiotic hydrates.

determined by water vapor sorption analysis.
Onset temperature is known to depend on various
factors, such as the heating rate, the shapes of the
pan and lid, the surface area of the sample, and
the flow rate of nitrogen gas. In this study,
controllable factors such as the heating rate and
the flow rate of nitrogen gas were kept constant,
and a pan without a lid was used. The onset
temperatures obtained will be discussed below.

Water Vapor Sorption Isotherm

Figures 6-8 show water sorptior:’ isotherms
observed for the four antibiotic hydrates, the
other three API hydrates that exhibited a single
endothermic peak due to water evaporation, and
the four API hydrates that exhibited two peaks
due to water evaporation, respectively. The y-axis
represents the number of water molecules per API
hydrate molecule, calculated from the water
content measured by the Karl Fischer method,
assuming that all water molecules present in the
sample were evaporated during the drying process
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Figure 10. Temperature dependence of T, for cefta-
zidime (circle) and pipemidic acid (triangle) hydrates.
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(60°C, reduced pressure) prior to the sorption and
desorption processes.

The water sorption isotherms (Fig. 6) observed
for the four antibiotic hydrates, which exhibited
Lorentzian decay upon spin-spin relaxation,
indicate that during the desorption process, the
water content decreased with decreasing humid-
ity in the range 90-0% RH, with a significant slope
in the water content versus humidity plot.

Among the three API hydrates that did not
exhibit Lorentzian decay and showed a single
endothermic peak due to water evaporation,
pipemidic acid and sulpyrine hydrates gave water
desorption isotherms in which the water content
was constant over a wide humidity range, as
shown in Figure 7. Quinidine sulfate also showed
a flat line in the water content versus humidity
plot, though it was observed only at high
humidities.

The water desorption isotherms observed for
the other four API hydrates (except berberine
chloride), which did not exhibit Lorentzian decay .
and showed two endothermic peaks due to water
evaporation, indicated that the water content
remained approximately constant at two levels

(Fig. 8).

DISCUSSION

The molecular mobility of hydration water in API
hydrates was found to vary over a wide range;
some, such as ceftazidime hydrate, contain
hydration water that shows Lorentzian decay
upon spin—spin relaxation, while others contain
hydration water that shows Gaussian decay.

Hydration Water Showing Lorentzian Decay

All of the water molecules present in the four
antibiotic hydrates were found to exhibit Lor-
entzian decay, because the proportion of Lorent-
zian decay was consistent with the proportion of

" water protons calculated from the water content

measured by the Karl Fischer method (Fig. 1). The
finding that the water molecules in the antibiotic
hydrates showed Lorentzian decay rather than
Gaussian decay suggests that water molecules are
held in voids in the crystal, rather than being
firmly trapped in the crystal lattice. These water
molecules may evaporate through channels
formed in the interior of the crystal.’® Hydration
water that requires more energy to be released

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 9999, NO. 9999, 2007
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may exhibit a higher onset temperature of the
endothermic peak due to water evaporation in
DSC. -

The T4 values determined based on Lorentzian
decay is related with t, by Eq. (4), such that a
smaller value of T'; represents a larger t. (lower
mobility).

1y +1)
'172 = _—5,_-6—_ (3T¢ +

51,
1+ wit?

+ 2t, )
1+ 4wic?
(4)

where y, axy, I, r, and ki are the gyromagnetic ratio,
resonance frequency, spin quantum number, spin
distance, and the Plank’s constant divided by 2.

As shown in Figure 9, T; increased as the onset
temperature (Fig. 3) decreased, indicating that
hydration water which evaporates at lower
temperatures has greater molecular mobility as
determined by T.. This correlation between T'»
and the ease of evaporation under nonisothermal
conditions may be explained by assuming that
hydration water with a greater T3 (higher
mobility) can escape through channels at a lower
temperature.

In order to gain further insight into the
correlation between ease of evaporation and the
molecular mobility of the hydration water,
the ease of evaporation under isothermal condi-
tions was evaluated by water sorption isotherm
measurement. Each of the four antibiotic hydrates
exhibited a desorption isotherm showing
decreases in water content associated with
decreases in humidity (Fig. 6). As discussed
below, the crystal form of ampicillin hydrate
appeared to be altered during the drying process
prior to the measurement of water sorption
isotherms. Therefore, the isotherm obtained for

ampicillin could not be compared with the NMR
and DSC data. However, such detrimental effect
of predrying was not observed for the other three
antibiotic hydrates. The negative water content
observed after the desorption process for ceftazi-
dime may be due to chemical degradation
occurred under high-humidity conditions or
incomplete evaporation of hydration water during
predrying. Compared to amoxicillin hydrate,
cefazolin sodium hydrate, which has a larger T,
value, exhibited a greater slope in its water
content versus humidity plot. Furthermore, cefa-
zolin sodium exhibited rapid dehydration when
humidity was decreased below 20% RH, whereas
amoxicillin did not exhibit rapid dehydration until
humidity was decreased below 10% RH. These
findings suggest that the ease of evaporation of
hydration water under isothermal conditions is
correlated with molecular mobility as determined
by T, which supports the conclusion obtained
based on DSC measurement. For ampicillin, the
slope of the water content versus humidity plot
was greater than that of amoxicillin hydrate
despite its lower molecular mobility as deter-
mined by T and higher onset temperature. This
suggests that the drying conditions prior to the
sorption and desorption processes were inade-
quate, which may result in destruction of the
crystalline structure. Thus, the isotherm obtained
for ampicillin could not be compared with the
NMR and DSC data.

As exemplified by ceftazidime hydrate (Fig. 10),
T, increased significantly with increasing tem-
perature, indicating that T reflects the increases
in molecular mobility associated with increases in
temperature. Thus, molecular mobility can be
considered to correlate with T>. As shown in
Figure 11, antibiotic hydrates with smaller T,

cefazolin sodium
ceftazdime
amoxiciliin
ampicillin
0" 100 200 300 400 500 800 S
"S-K
® temperature dependence of T2 O T2

Figure 11. Correlation between T and temperature dependence of Ty for four anti-

biotic hydrates.
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values showed a smaller change in T; with
temperature change. This finding suggests that
lower values of Ty reflect a smaller scale of
molecular motion, with lower activation energies.

Spin-lattice relaxation time (T,) is known to
reflect molecular mobility, similarly to T,, but
increases with decreasing T (with decreasing
molecular mobility) in the slow motional regime.
The T, values of water protons in the presence of
drug protons cannot be determined due to spin
diffusion, but an approximate determination of
T, for water protons is possible if the proportion
of water protons is large. For example, in
N&zI’{PO4' 12H20 and NazHPO4‘2H20, water
protons are predominant (24/256 and 4/5,
respectively). NagHPO,-12H;0 exhibits slower
spin—spin relaxation (larger T3) (Fig. 12), and
faster spin—lattice relaxation (smaller T'y) (Fig. 13)
compared to NapgHPO,-2H,0, which indicates that
both T; and T reflect the molecular mobility of
hydration water. For the antibiotic hydrates
examined, however, correlations between T, and
T, were not observed, as shown in Figure 14. This
finding indicates that for API hydrates containing
a significant amount of drug protons, such as
antibiotic hydrates, the molecular mobility of the
hydration water is not reflected in T).

Hydration Water Showing Gaussian Decay

As mentioned previously, all of the API hydrates
other than the four antibiotic hydrates exhibited
only Gaussian decay (Fig. 2). The value of T did
not vary significantly among the API hydrates, as
. shown in Figure 15. Furthermore, the onset
temperatures of the single endothermic peaks

1400
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Figure 12. Free

induction decay for Na,HPO,
12H,0 and 2H.0. :
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Figure 13. Spin-lattice relaxation for Na,HPO,
12H,0 and 2H,0. '

due to water evaporation for quinidine sulfate,
pipemidic acid, and sulpyrine hydrates (Fig. 5), as
well as each of the two peaks due to water
evaporation observed for quinine hydrochloride,
scopolamine hydrobromide, saccharin sodium,
and berberine chloride hydrates (Fig. 4), were
not correlated with T,. These findings indicate
that the molecular mobility of hydration water
that shows Gaussian decay is too low to be
reflected in T;. No correlation between T; and
molecular mobility is supported by the finding
that changes in T associated with changes in
temperature were much smaller than those
observed for the antibiotic hydrates that exhibited
Lorentzian decay, as exemplified by pipemidic
acid (Fig. 10). Such low molecular mobility may be
attributed to water molecules firmly trapped in
the crystal lattice, rather than water molecules
trapped in voids in the crystal.

For quinidine sulfate, pipemidic acid, and
sulpyrine hydrates, a single endothermic peak
was observed in DSC (Fig. 5). The water content
versus humidity plots showed a flat line at a
certain number of water molecules. Pipemidic acid
and sulpyrine showed a flat line at three and one
water molecule(s) per hydrate, respectively, and
evaporation of these water molecules was
observed only under very low humidity (Fig. 7).
These findings indicate that water molecules are
firmly trapped in the crystal.

For quinine hydrochloride, scopolamine hydro-
bromide, saccharin sodium, and berberine chlor-
ide hydrates, two endothermic peaks were shown
in DSC (Fig. 4). The water content versus
humidity plots for these hydrates (except for
berberine chloride) showed flat lines at two levels
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Figure 14. Correlation between T, and T for four antibiotic hydrates.

of water content (Fig. 8), suggesting the presence
of two water populations: molecules that evapo-
rate at high humidity, and others that evaporate
at lower humidity (below 10% RH). This seems to
be consistent with the observation of two
endothermic peaks in DSC. The endothermic
peak observed at a high temperature and the flat
line observed at a low humidity may be attribu-
table to hydration water with strong hydrogen—
bonding interactions, while the one observed at a
lower temperature and higher humidity may be
attributable to hydration water with week inter-
actions. The presence of hydration water with
week interactions is also supported by the finding
that the water contents as measured by the Karl

Fischer method were smaller than those specified
in the JP (Tab. 1).

CONCLUSION ’

It was found that spin—spin relaxation time, T, is
a useful parameter that can indicate the mole-
cular mobility of water of hydration which has
relatively high mobility and shows Lorentzian
decay upon spin—spin relaxation. For these water
molecules, molecular mobility as determined by
T, is correlated with ease of evaporation both
under nonisothermal and isothermal conditions,

berberine chioride | EENERWE S i AP AT

sulpyrine N R TR e

saccharin sodium

scopolamine
hydrobromide

quinine hydrochloride (SR TR e
quinidine sulfate

pipemidic acid

o lower onset temperature

60 80 100 °C
Mus

@ higher onset temperature aTve

Figure 15. Correlation between onset temperature and T2 for API hydrates that show

Gaussian decay.
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such that water molecules with greater ease of
evaporation have higher T'; values.

In contrast, for hydration water that has low
mobility and shows Gaussian decay, T, was found
not to correlate with ease of evaporation under
nonisothermal conditions, suggesting that mole-
cular motion that determines the ease of evapora-
tion is not reflected in T; in this case, T, cannot be
used as a parameter to indicate molecular
mobility.

The water molecules in the API hydrates
studied were found to have wide-ranging mole-
cular mobilities, from low molecular mobility that
could not be evaluated by NMR relaxation times,
such as the water molecules in pipemidic acid
hydrate, to high molecular mobility that could be
evaluated by NMR relaxation times, such as the
water molecules in ceftazidime hydrate.
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Factor Promotes the
Translocation of Protein

Kinase Cuv in Neutrophilic
Differentiation Cells

TOSHIE KANAYASU-TOYODA,' TAKAYOSHI SUZUKI,' TADASHI OSHIZAWA,'
ERIKO UCHIDA.* TAKAO HAYAKAWA,? anp TERUHIDE YAMAGUCHI"™*

' Division of Cellular and Gene Therapy Products, National Institute of Health Sciences, Tokyo, Japan
2National Institute of Health Sciences, Tokyo, Japan

Previously, we suggested that the phosphatidylinositol 3-kinase (PI3K)-p70 Sé kinase (p70 S6K) pathway plays an important role in
granulocyte colony-stimulating factor (G-CSF)-dependent enhancement of the neutrophilic differentiation and proliferation of HL-60
cells. While atypical protein kinase C (PKC) has been reported to be a regulator of p70 $6K, abundant expression of PKCuwas observed in
myeloid and lymphoid cells. Therefore, we analyzed the participation of PKCu in G-CSF-dependent proliferation. The maximum
stimulation of PKCu was observed from 15 to 30 min after the addition of G-CSF. From 5 to |5 min into this lag time, PKCu was found to
translocate from the nucleus to the membrane. At 30 min it re-translocated to the cytosol. This dynamic translocation of PKCu was also
observed in G-CSF-stimulated myeloperoxidase-positive cells differentiated from cord blood cells. Small interfering RNA for PKCt
inhibited G-CSF-induced proliferation and the promotion of neutrophilic differentiation of HL-60 cells. These data indicate that the

G-CSF-induced dynamic translocation and activation processes of PKCu are important to neutrophilic proliferation.

J. Cell. Physiol. 21 1: 189-196, 2007. © 2006 Wiley-Liss, Inc.

Hematopoietic cell differentiation is regulated by a complex
network of growth and differentiation factors (Tenen et al,,
1997; Ward et al,, 2000). Granulocyte colony-stimulating factor
(G-CSF) and its receptors are pivotal to the differentiation of
myeloid precursors into mature granulocytes. In previous
studies (Kanayasu-Toyoda et al., 2002) on the neutrophilic
differentiation of HL-60 cells treated with either dimethyl
sulfoxide (DMSO) or retinoic acid (RA), heterogeneous
transferrin receptor (Trf-R) populations—transferrin
receptor-positive (Trf-R™) cells and transferrin receptor-
negative (Trf-R7) cells—appeared 2 days after the addition of
DMSO or RA. The Trf-R* cells were proliferative-type cells
that had higher enzyme activity of phosphatidylinositol 3-kinase
(PI3K) and protein 70 S6 kinase (p70 S6K), whereas the
Trf-R™ cells were differentiation-type cells of which Tyr705 in
STAT3 was much more phosphorylated by G-CSF. Inhibition of
either PI3K by wortmannin or p70 S6K by rapamycin was found
to eliminate the difference in differentiation and proliferation
abilities between Trf-R* and Trf-R™ cells in the presence of
G-CSF (Kanayasu-Toyoda et al., 2002). From these results, we
concluded that proteins PI3K and p70 S6K play important roles
in the growth of HL-60 cells and negatively regulate neutrophilic
differentiation. On the other hand, the maximum kinase activity
of PI3K was observed at 5 min after the addition of G-CSF
(Kanayasu-Toyoda et al., 2002) and that of p70 S6K was
observed between 30 and 60 min after, indicating a lag time
between PI3K and p70 S6K activation. It is conceivable that any
signal molecule(s) must transduce the G-CSF signal during the
time lag between PI3K and p70 S6K. Chung et al. (1994) also
showed a lag time between PI3K and p70 $6K activation on
HepG2 cells stimulated by platelet-derived growth factor
(PDGF), suggesting that some signaling molecules also may
transduce between P13K and p70S6K.

Protein kinase C (PKC) is a family of Ser/Thr kinases involved in
the signal transduction pathways that are triggered by
numerous extracellular and intracellular stimuli. The PKC

© 2006 WILEY.LISS. INC

family has been shown to play an essential role in cellular
functions, including mitogenic signaling, cytoskeleton
rearrangement, glucose metabolism, differentiation, and the
regulation of cell survival and apoptosis. Eleven different
members of the PKC family have been identified so far. Based on
their structural similarities and cofactor requirements, they
have been grouped into three subfamilies: (1) the classical or
conventional PKCs (cPKCa, B), B2, and v), activated by Ca?*,
diacylglycerol, and phosphatidyl-serine; (2) the novel PKCs
(nPKCS, €, 1, and 8), which are independent of Ca®* but still
responsive to diacylglycerol; and (3) the atypical PKCs (aPKC{
and J\), where PKCA is the homologue of human PKCu.
Atypical PKCs differ significantly from all other PKC family
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members in their regulatory domains, in that they lack both the
calcium-binding domain and one of the two zinc finger motifs
required for diacylglycerol binding (Liu and Heckman, 1998).
Romanelli et al. (1999) reported that p70 S6K is regulated by
PKCZ and participates in a PI3K-regulated signaling complex.
On the other hand, Selbie et al. (1993) reported that the tissue
distribution of PKCU is different from that of PKCw/A, and that
PKCu/A appears to be widely expressed. If the p70 S6K could be
activated by aPKC, the regulation of p70 S6K activation would
seem to depend on the tissue-specific expression of PKCu
and/or PKCL. In neutrophilic lineage cells, the question is which
aPKC participates in the regulation of p70 S6K on G-CSF
signaling. ‘

In this study, we show that G-CSF activated PKC., promoting its
translocation from the nucleus to the cell surface membrane
and subsequently to the cytosol in DMSO-treated HL-60 cells.
We also show the translocation of PKCu using
myeloperoxidase-positive neutrophilic lineage differentiated
from cord blood, which is a rich source of immature myeloid
cells (Fritsch etal., 1993; Rappold etal., 1997; Huang etal., 1999;
Debili et al., 2001; Hao et al.,, 2001). We concluded that PKC.
translocation and activation by G-CSF are needed for
neutrophilic proliferation.

Materials and Methods
Reagents

Anti-p70 Sé6K polyclonal antibody was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-PKCu polyclonal antibody and
monoclonal antibody were purchased from Santa Cruz Biotechnology
and from Transduction Laboratories {Lexington, KY), respectively.
Anti-PKC{ polyclonat antibody was purchased from Cell Signaling
Technology (Beverly, MA). Anti-myeloperoxidase antibody was
purchased from Serotec Ltd. (Oxford, UK). GF 109203X, and G& 6983
were obrained from Calbiochem-Novabiochem (San Diego, CA).
Wortmannin was obtained from Sigma Chemical (St. Louis, MO).
Anti-Histon-H| antibody, anti-Fc'y receptor lla (CD32) antibody, and
anti-lactate dehydrogenase antibody were from Upstate Cell Signaling
Solutions (Lake Placid, NY), Lab Vision Corp. (Fremont, CA), and
Chemicon International, Inc. (Temecula, CA), respectively.

Cell culture

HL-60, Jurkut, K562, U937, and THP- | cells werekindly supplied by the
Japanese Collection of Research Bioresources Cell Bank (Osaka,
Japan). Cells were maintained in RPM| 1640 medium containing 10%
heat-inactivated FBS and 30 mg/L kanamycin sulfate at 37°C in
moisturized air containing 5% CO,. The HL-60 cells, which were ata
density of 2.5 x 10° cells/ml, were differentiated by 1.25% DMSO. Two
days after the addition of DMSO, the G-CSF-induced signal
transduction was analyzed using either magnetically sorted cells or
non-sorted cells.

Magnetic cell sorting

To prepare Trf-R™ and Trf-R™ cells, magnetic cell sorting was
performed as previously reported (Kanayasu-Toyoda et al,, 2002),
using an automatic cell sorter (AUTO MACS; Miltenyi Biotec, Bergisch
Gladbach, Germany). After cell sorting, both cell types were used for
Western blotting and PKCu enzyme activity analyses.

Preparation of cell lysates and immunoblotting

For analysis of PKCt and PKC{ expression, a PYDF membrane blotted
with 50 pg of various tissues per lane was purchased from BioChain
Institute (Hayward, CA). Both a polymorphonuclear leukocytes
(PMNs) fraction and a fraction conaining lymphocytes and monocytes
were isolated by centrifugation (400g, 25 min) using a Mono-poly
resolving medium (Dai-Nippon Pharmaceutical, Osaka, japan) from
human whole blood, which was obtained from a healthy volunteer with
informed consent. T-lymphocytes were further isolated from the
mixture fraction using the Pan T Cell Isolation Kit (Miltenyi Biotec)
according to the manufacturer’s protocol. T-lymphocytes, PMNs,
HL-60 cells, Jurkut cells, K562 cells, and U937 cells (1 x 107) were
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collected and lysed in lysis buffer containing 1% Triton X-100,

10 mM K,;HPOL/KH,PO, (pH 7.5), { mM EDTA, 5 mM EGTA,

10 mM MgCl,, and 50 mM B-glycerophosphate, along with 1/100 (v/v)
protease inhibitor cockeail (Sigma Chemical) and 1/100 (v/v)
phos'ghatase inhibitor cockail (Sigma Chemical). The cellular lysate
of 10° cells per lane was subjected to Western blotting analysis. Human
cord blood was kindly supplied from the Metro Tokyo Red Cross Cord
Biood Bank (Tokyo, Japan) with informed consent. Mononuclear cells,
isolated with the Lymphoprep™'" Tube (Axis-Shield PoC AS, Oslo,
Norway), were cultured in RPMI 1640 medium containing 10% FBS in
the presence of G-CSF for 3 days. Cultured cells were collected, and
the cell lysate was subjected to Western blotting analysis.

A fraction of the plasma membrane, cytosol, and nucleus of the
DMSO-treated HL-60 cells was prepared by differential centrifugation
after the addition of G-CSF, as described previously (Yamaguchi et al.,
1999). After the cells that had been suspended in 250 mM sucrose/
10 mM Tris-HCI (pH 7.4) containing 1/100 (v/v) protease inhibitor
cockrail (Sigma Chemical) were gently disrupted by freezing and
thawing, they were centrifuged at 800g, 4°C for 10 min. The
precipitation was suspended in |0 mM Tris-HClI (pH 6.7) supplemented
with 1% SDS. It was then digested by benzon nuclease at 4°C for | hand
used as a sample of the nuclear fraction. After the post-nucleus
supernatant was re-centrifuged at 100,000 rpm (452,000g) at a
temperature of 4°C for 40 min, the precipitate was used as a crude

-membrane fraction and the supernatant as a cytosol fraction. Western

blotting analysis was then performed as described previously
(Kanayasu-Toyoda etal., 2002). The bands that appeared on x-ray films
were scanned, and the density of each band was quantitated by Scion
lmage (Scion, Frederick, MD) using the data from three separate
experiments.

Kinase assay

The activity of PKCy was determined by phosphorous incorporation
into the fluorescence-labeled pseudosubstrate (Pierce Biotechnology,
Rockford, IL). The cell lysates were prepared as described above and
immunoprecipitated with the anti-PKCu antibody. Kinase activity was
measured according to the manufacturer’s protocol. In the analysis of
inhibitors effects, cells were pretreated with a PI3K inhibitor,
wortmannin (100 nM), or PKC inhibitors, GF109207X (10 M) and
G66983 (10 1L.M) for 30 min, and then stimulated by G-CSF for |5 min.

Observation of confocal laser-scanning microscopy

Upon the addition of G-CSF, PKC. localization in the DMSO-treated
HL-60 cells for 2 days was examined by confocal laser-activated
microscopy (LSM 510, Carl Zeiss, Oberkochen, Germany). The cells
were treated with 50 ng/ml.G-CSF for the indicated periods and then
fixed with an equal volume of 4.0% paraformaldehyde in PBS(—). After
treatment with ethanol, the fixed cells were labeled with anti-PKC.
antibody and with secondary antibody conjugated with horseradish
peroxidase. They were then visualized with TSA™™ Fluorescence
Systems (PerkinElmer, Boston, MA).

Mononuclear cells prepared from cord blood cells were cultured in
RPMI 1640 medium containing 10% FBS in the presence of G-CSF for
7 days. Then, for serum and G-CSF starvation, cells were cultured in
RPMI 1640 medium containing 1% BSA for |1 h. After stimulation by
50 ng/mi G-CSF, the cells were fixed, stained with both anti-PKC.
polyclonal antibody and anti-myeloperoxidase monoclonal antibody,
and finally visualized with rhodamine-conjugated anti-rabbit IgG and
FITC-conjugated anti-mouse 1gG, respectively.

RNA interference

Two pairs of siRNAs were chemically synthesized: annealed
(Dharmacon RNA Technologies, Lafayette, CO) and transfected into
HL-60 cells using Nucleofector ™ (Amaxa, Cologne, Germany). The
sequences of sense siRNAs were as follows: PKCy,
GAAGAAGCCUUUAGACUUUTA; p70 S6K,
GCAAGGAGUCUAUCCAUGAUU. As a control, the sequence
ACUCUAUCGCCAGCGUGACUU was used. Forty-eight hours
after treatment with siRNA, the cells were lysed for Western blot
analysis. For proliferation and differentiation assay, cells were
transfected with siRNA on the first day, treated with DMSO on the
second day, and supplemented with G-CSF on the third day. After
cells were subsequently cultured for 5 days, cell numbers and
formyl-Met-Leu-Phe receptor (fMLP-R) expression were determined.
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fMLP-R expression

The differentiated cells were collected and incubated with
FITC-conjugated fMLP; then, labeled cells were subjected to flow
cytometric analysis (FACSCalibur, Becton Dickinson, Franklin
Lakes, Nj).

Statistical analysis

Scatistical analysis was performed using unpaired Student’s t-test.
Values of P < 0.05 were considered to indicate statistical significance.
Each experiment was repeated at least three times and representative
data were indicated.

Results
The distribution of atypical PKC in various tissues
and cells

Previously, we reported that the Pi3K-p70 S6K-cMyc pathway
plays an important role in the G-CSF-induced proliferation of
DMSO-treated HL-60 cells, not only by enhancing the activity of
both PI3K and p70 S6K but also by inducing the ¢-Myc protein
(Kanayasu-Toyoda et al., 2002, 2003). We also reported that
G-CSF did not stimulate Erkl, Erk2, or 4E-binding protein 1.
The maximum kinase activity of PI3K was observed 5 min after
the addition of G-CSF, and that of p70 S6K was observed
between 30 and 60 min after. It is conceivable that any signal
molecule(s) must transduce the G-CSF signal during the time lag
between Pi3K and p70 S6K. Romanelli et al. (1999) suggested
that the activation of p70 S6K is regulated by PKC§ and
participates in the PI3K-regulated signaling complex. To
examine the role of atypical PKC in the G-CSF-dependent
activation and the relationship between atypical PKC and p70
S6K, the protein expression of PKC{ and PKC. in various
human tissues and cells was analyzed by Western blotting. As
shown in Figure | A, both of the atypical PKCs were markedly
expressed in lung and kidney but were weakly expressed in
spleen, stomach, and placenta. In brain, cervix, and uterus, the
expression of only PKCy was observed. Selbie etal. (1993) have
reported observing the expression of PKC{ not in protein
levels butin RNA levels, in the kidney, brain, lung, and testis, and
that of PKCu in the kidney, brain, and lung. In this study, the
protein expression of PKCu in the kidney, brain, and lung was
consistent with the RNA expression of PKC.. Despite the
strong expression of PKCZ RNA in brain (Selbie et al., 1993),
PKC{ protein was scarcely observed. Although PKCu proteins
were scarcely expressed in neutrophils and T-lymphocytes in
peripheral blood, they were abundantly expressed in immature
blood cell lines, that is, Jurkut, K562, U937, and HL-60 cells
(Fig. 1B), in contrast with the very low expression of PKC{
proteins. In mononuclear cells isolated from umbilical cord
blood, which contains large numbers of immature myeloid cells
and has a high proliferation ability, the expression of PKCe
proteins was also observed. Since Nguyen and Dessauer (2005)
have reported observing abundant PKC{ proteins in THP-I
cells, as a positive control for PKC{, we aiso performed a
Western blot of THP-1 cells (Fig. |B, right part). While PKCy
was markedly expressed in both THP-I and HL-60 cells, PKC{
was observed only in THP-1 cells.

These data suggested that PKC{ and PKCu were distributed
differently in various tissues and cells, and that mainly PKCu
proteins were expressed in proliferating blood cells.

Stimulation of PKCu activity by G-CSF

Among the | | different members of the PKC family, the aPKCs
(L and /A) have been reported to activate p70 S6K activity and
to be regulated by PI3K (Akimoto et al., 1998; Romanelli et al.,
1999). As shown in Figure |, although the PKC{ proteins were
not detected by Western blotting in HL-60 cells or

mononuclear cells isolated from cord blood cells, it is possible
that PKC. could functionally regulate p70 S6K as an upstream
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Fig. |. Different distributions of PKC{ and PKCt. The protein
expression of PKCt appears in the upper part and that of PKC{ in the
middle part in various tissues and cells. A: |, brain; 2, lung; 3, kidney, 4,
spleen; 5, stomach,; 6, jejunum; 7, ileum; 8, colon; 9, rectum; 10, cervix;
11, uterus; 12, placenta. Anti-GAPDH blot is a control for various
tissues. B: 1, jurkut cells; 2, K562 cells; 3, U937 cells; 4, HL-60 cells; §,
neutrophils; 6, T-lymphocytes; 7, mononuclear cells from cord bloodin
the absence of G-CSF; 8, mononuclear cells from cord blood in the
presence of G-CSF. Anti-actin blot is a control. The right part shows
immunoblots of PKC., PKC{, and actin of THP-1 cells as a positive
control for PKCZ. The cell numbers of THP-1 and HL-60 cells were
adjusted in relation to other cells on the left parts.

regulator in these cells. Therefore, we focused on the role of
PKCu as the possible upstream regulator of p70 SéK in
neutrophil lineage cells. First, we compared the expression of
PKCu in both Trf-R* and Trf-R™ cells. PKC. proteins were
expressed more abundantly in Trf-R* cells than in Trf-R™ cells
(Fig. 2A, middle part), as with the p70 S6K proteins. A time
course study of PKCu activity upon the addition of G-CSF
revealed the maximum stimulation at |5 min, lasting until 30
min. The G-CSF-dependent activation of PKCu was inhibited by
the PKC inhibitors wortmannin, GF 109203, and G 6983.
Considering the marked inhibitory effect of wortmannin on
PKCu and evidence that the maximum stimulation of PI3K was
observed at 5 min after the addition of G-CSF, PI3K was
determined to be the upstream regulator of PKCy in the G-CSF
signal transduction of HL-60 cells. The basal activity of PKCv in
Tr-R* cells was higher than thatin Trf-R~ cells, and G-CSF was
more augmented. In Trf-R™ cells, PKCu activity was scarcely
stimulated by G-CSF. This tendency of PKCu to be activated by
G-CSF was similar to that of PI3K (Kanayasu-Toyoda et al.,
2002).
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