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Ru doped Cobalt Ferrite Nanoparticles®

Min-Young Lee, Chunli Liu?

ABSTRACT: We report the structural and magnetic properties of Ru doped Cobalt ferrite (CoFe,O,) nanoparticles.
The nanoparticles were prepared by sol-gel method using 2-methoxyethanol as solvent. The composition of Ru ions
was 0.2 (CoRug2Fe; s04). XRD diffraction showed that single phased spinel ferrite was formed with Ru doping with
annealing temperature around 600°C. The crystalline size increased and quality improved when the annealing
temperature was increased from 400 to 800°C. The crystalline with larger size exhibited higher saturation
magnetization at room temperature and reduced coercivity. Comparison with the undoped CoFe,O, nanoparticles

showed that Ru doping reduced the saturation magnetization because of the replacement of Fe ions.

Introduction

Spinel ferrites are magnetic oxides possessing the general formula MFe20., where M is a
divalent cation. The ferrites are especially favored in high frequency applications due to their
high temperature ferromagnetism, high resistivity, low eddy current, and low-loss dielectric
properties [1]. Over the past few years there has been an increased interest in developing
nanocrystalline ferrite materials because the nanosized ferrite particles could exhibit unusual
magnetic properties, such as superparamagnetism, increased Curie temperature, metastable
cation distribution, etc., which are not usually observed in the bulk materials.

Cobalt ferrite (CoFe,O4) has specific properties which have made it a suitable candidate for
different applications and recently in medical science. CoFe;O. is a hard magnetic material
with a high curie temperature about 520 °C, high coercivity of about 4.3 kOe at room
temperature (for 40 nm single domain nanoparticle), and moderate saturation magnetization
(80 emu/g at room temperature) [2]. CoFe.O. is commonly considered to be mostly an

inverse spinel structure as (CoxFe1x)[Co1.xFe1+x]Os, Where x depends on thermal treatment
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and preparation conditions [3]. The magnetic and chemical properties and, specially, the
application of CoFe;04 can vary with the doping of various oxides [4]. In this work, we
investigate the effect of Ru doping on the structural and magnetic properties of CoFe;O.
nanoparticles by sol-gel method by dissolving the corresponding metal nitrates in 2-
methoxythanol. We adjusted the concentration of the precursor solution and investigated its

effect on the structural and magnetic properties of ferrite nanoparticles.

Experiment

The preparation of cobalt ferrite (CoFe20.) and Ru doped CoFe;Os nanoparticles were
carried out by sol-gel using 2-methoxyethanol as solvent. Cobalt nitrate [Co(NOs3), - 2H,0],
iron nitrate [Fe(NOgs); - 9H.0] and ruthenium chloride [RuCls - nH2O] were separately
dissolved in 2-methoxyethanol first to prepare solutions with molar concentration of 1 M. To
prepare CoFe;O4 nanoparticles, cobalt nitrate and ion nitrate solutions were mixed with
molar ratio of Co:Fe=1:2 in 2-methoxyethanol. For Ru doped CoFe,O4 nanoparticles, the
mole ratio of Co:Ru:Fe=1:0.2:1.8. The volume of final solution was 50 ml and the total
molar concentration of metals was adjusted to be 0.15 M. The mixed solution was stirred at
room temperature for 3 h, then heated at 90°C to evaporate all the liquid and to form a dried
gel. To get rid of all the organic gradients the dried gel was heated at 100°C to burn in a self-
propagating combustion manner to form loose powder. Finally the crystallization was
performed at 400~800°C in air ambient.

The crystallinity of the obtained samples was characterized by x-ray diffraction (XRD). The
surface morphology and microstructure of the nanoparticles were observed using scanning

electron microscopy (SEM) and transmission electron microscopy (TEM), respectively. For
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TEM observation, the nanoparticles were first dispersed in acetone and one drop of the
dispersed solution was put on the TEM grid. The magnetic properties of the nanoparticles
were measured by Lakeshore 7400 vibrating sample magnetometer (VSM) in the range of 0-

1 Tesla.
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Fig. 1 The effect of annealing time on the structure and

magnetization of CoFe204 and CoRuo.2Fe1.804 nanoparticles.

Figure 1 shows the effect of annealing time. For both CoFe;Os and CoRuo2Fe1804
nanoparticles, we observed that enough annealing time should be allowed for full
crystallization. As shown in Fig. 1(a), the XRD spectrum from the nanoparticles annealed at
600°C for 5 h showed much sharper peaks with higher intensity than those annealed at the
same temperature but for only 0.5 h. The magnetic characteristics illustrated by the room
temperature magnetization-field (M-H) curve also revealed similar effect. The increased
saturation magnetization and decreased coercivity imply the improved crystallinity of the

nanoparticles annealed for longer time. When the nanoparticles were annealed at high
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temperature with longer time, the thermal energy allowed the crystal grains to move toward
their normal position to get lower energy in the crystal, and at the same time form larger

grains with better crystallinity.
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Fig.2 The effect of annealing temperature on CoRuo.2Fe1.804 nanoparticles

Fig. 2 shows the effect of annealing temperature. At 400°C, the crystal started to form, but
the peaks were wide and weak. At 600°C the diffraction peaks from the spinel structure were
clearly observed with much increased density. When the annealing temperature further
increased to 800°C, we obtained nanoparticles with the best crystallinity. The M-H curves
showed the similar trend with the annealing temperature effect as shown in Fig. 2(b). The
saturation magnetization increased obviously when the annealing temperature increased from
400 to 600°C, then seems saturated even at 800°C. On the other hand, the coercivity
experienced a more significant dependence on the annealing temperature, showing
continuous decrease from 400 to 800°C. Overall, higher annealing temperature induced

larger saturation magnetization and smaller coercivity in CoRuo.2Fe1s04 nanoparticles.
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Fig. 3 SEM images showing the size change of nanoparticles controlled by the annealing temperature.

The effect of annealing temperature on the structural and magnetic properties of
CoRup2Fe1 804 nanoparticles can be understood considering the change in the size of the
nanoparticles. As shown in Fig. 3, SEM images taken from the nanoparticles annealed at
different temperatures revealed obvious change in their sizes. The size of the nanoparticles is
about 20, 50, and 200 nm for annealing temperature of 400, 600, and 800°C, respectively.
Therefore, higher annealing temperature induced grain growth in the nanoparticles to form
larger crystallites with better crystallinity. Large crystallites exhibit similar magnetic

properties as the bulk materials of CoFe,O4, whereas smaller sized nanoparticles possess
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magnetic properties close to the single-domain superparamagnetic regime. For larger
crystallites with better crystallinity, the saturation magnetization becomes close to the
theoretical value due to the regular position of the cation and anions. Similarly, the less grain

boundaries in larger crystallites result in a smaller coercivity.

The effect of Ru doping on the magnetic property of cobalt ferrite is shown in Fig. 4. As
compared to the undoped CoFe;O. nanoparticles, Ru doping reduced the saturation
magnetization because the amount of Fe ions in the lattices was decreased. On the other hand,
the coercivity did not change upon Ru doping. In this case the coercivity seemed mainly

determined by the nanoparticle size, therefore no obvious effect was observed together with

Ru doping.
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Fig. 4 The room temperature M-H curves of CoFe204 and CoRuo.2Fe1.804 nanoparticles.
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Summary

In this work we studied the effect of Ru doping on the structural and magnetic properties of
CoFe;O4 nanoparticles. The XRD diffraction showed same pattern with bulk CoFe;Os,
indicating the formation of single phased CoRuo2Fe1s04 nanoparticles. We observed that
with Ru doping, the saturation magnetization is reduced due to the replacement of Fe ions.
When the nanoparticles were annealed at temperatures from 400-800°C, the size of the

crystalline increased and the crystallinity of the nanoparticles was also improved.
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Silver-Assisted Laser Desorption/lonization Mass Spectrometric

Analysis of Cholesterol Derivatives!

Sangwon Cha?

ABSTRACT: In this study, laser desorption/ionization (LDI) characteristics of cholesterol derivatives were
investigated. Colloidal silver was used as a matrix, and hydroxycholesterol and cholesterol acetate compounds were
selected for exploring dehydration tendencies in silver-assisted LDl mass spectrometry (MS). We found that
dehydration tendencies in LDI processes are strongly dependent on hydroxyl group position. This position-
dependent dehydration patterns in LDl MS could be used for differentiating structural isomers of cholesterol
derivatives.

Introduction

Cholesterol is one of major components in cell membrane and is highly localized at lipid
rafts in cell membrane. Mass spectrometric analyses of cholesterol and its derivatives are
usually performed by the combination of chromatographic separation techniques with a
variety of mass spectrometric methodologies. GC coupled with electron ionization MS has
been used for typical analysis of sterols. GC-MS are sensitive and selective, but chemical
modification due to high temperature analysis condition and laborious derivatization steps
are disadvantageous. HPLC were coupled with several ionization techniques for cholesterol
analysis. Among those, HPLC with atmospheric pressure chemical ionization (APCI) MS is
the most popular method [1 - 3] whereas standard electrospray ionization (ESI) method is not
efficient ionization methods for sterols [4]. Therefore, derivatization of sterols before
spraying [5] or silver ion coordinated spraying [6] were demonstrated for effective ion

generation through ESI in analysis of sterols and their esters.

Matrix-assisted laser desorption/ionization MS (MALDI MS), one of beam-based ionization

techniques, also has been used for sterol analysis. However, sensitivity of sterols in
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conventional MALDI MS was usually poor and most of sterols were detected as dehydrated
molecules which lead to loss of structural information [7]. In order to overcome this issue,
we recently reported the use of colloidal silver as an LDI matrix for cholesterol analysis [8].
Cholesterol was detected as silver-adduct ion ([*Ag + °Ag]*) without observing
dehydrated ions [8]. In this study, we investigated ionization characteristics of sterols in

silver-assisted laser desorption/ionization (LDI) MS with several cholesterol derivatives.

Experimental Methods

Sterol standards were purchased from Steraloids Inc. (Newport, RI). Colloidal suspension of
silver (20 ppm) was purchased from Purest Colloids (Westhampton, NJ). Lipids were
dissolved in chloroform to a final concentration of 1.0 mg/mL. One microliter of cholesterol
derivative sample was deposited on a commercial MALDI target-plate and air-dried. Then,
two microliters of colloidal silver solution was deposited onto the sample and dried under
moderate vacuum (~50 Torr). Mass-spectrometric analysis was performed with a Biosystems
Voyager-DE PRO instrument (Framingham, MA) equipped with a N2 laser (337 nm). The
mass spectra were acquired in the reflectron mode with a 20 kV accelerating potential.

Typically, 200 laser pulses were accumulated for generating a spectrum.

Results & Discussions

LDI mass spectra of hydroxycholesterol. In order to investigate water elimination properties

in silver-assisted LDI MS, we first analyzed hydroxycholesterols shown in Figure 1.

CHy
HyC~{_ o

OH HO R

Figure 1. 4-hydroxycholesterol (left) and 25-hydroxycholesterol (right).
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Figure 2. Silver-assisted LDI mass spectrum of 4-hydroxycholesterol.

Figure 2 shows the LDI mass spectrum of 4-hydroxycholesterol. In Figure 2, the intact
silver-adduct ion peak appeared at m/z 509.3 and water eliminated peak showed up at m/z
491.3. In water eliminated peak region, however, another bit stronger peak at m/z 492.1 was
also detected, which could be an impurity or a byproduct. In conventional MALDI, sodium
adduct peak was usually detected at m/z 425.3 with smaller intensity than that of silver

adduct peak in the silver-assisted LDI mass spectrum (data not shown).

100-

501.4 5152 5250

Figure 3. Silver-assisted LDI mass spectrum of 25-hydroxycholesterol.
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Figure 3 shows the LDI mass spectrum of 25-hydroxycholesterol. Compared to the mass
spectrum of 4-hydroxycholesterol, water eliminated peak at m/z 491.3 was stronger in the
mass spectrum of 25-hydroxycholesterol. In addition to this, two water molecule-eliminated
peak ([M - 2H,0 + Ag]*) was also observed in the mass spectrum of 25-hydroxycholesterol.
This phenomenon indicates that, in the event of silver-assisted LDI ionization, the hydroxyl

group at 25 position is more easily eliminated than that at 4 position.

LDI mass spectra of cholesterol acetate. Two cholesterol acetates shown in Figure 4 were

tested for exploring ionization tendency of enantiomeric sterols.

g

AcO aco”

Figure 4. 5-Cholesten-3g-ol (left) and 5-cholesten-3a-ol (right).
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Figure 5. Silver-assisted LDI mass spectrum of 5-cholesten-3p-ol.
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Figure 5 shows the LDI mass spectrum of 5-cholesten-3f-ol acetate. Both intact silver-
adduct ion peak and acetic acid loss (-60 Da) peak ([M — CH3;COOH + Ag]*) were detected
at m/z 535.3 and m/z 475.3, respectively. And the acetic acid loss peak was stronger than the
intact ion peak. De-acetylation mechanism is known as McLafferty rearrangement [9].
Arrow-marked peaks in Figure 5, which are at m/z 479.0, have 56.3 Da difference from intact

ion. Those unidentified peaks could be a byproduct of cholesterol acetate.
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Figure 6. Silver-assisted LDI mass spectrum of 5-cholesten-3a-ol.

Figure 6 shows the LDI mass spectrum of 5-cholesten-3a-ol acetate. Both intact silver-
adduct ion peak and acetic acid loss (-60Da) peak were also detected, but intact ion peak was
stronger than de-acetylated peak in this mass spectrum. And arrow marked peaks were more
intense than those in the mass spectrum of 5-cholesten-3p-ol acetate (Figure 5). One
interesting observation was that sodium adduct ion peak (at m/z 451.3, [M + Na]*) also
showed up and this peak was even stronger than that in a conventional MALDI mass
spectrum. Based on above two spectra, we can conclude that de-acetylation process is easy to

occur when acetyl group is at beta-position.
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Summary

In this study, laser desorption/ionization (LDI) characteristics of cholesterol derivatives were
investigated with a colloidal silver matrix. Two hydroxycholesterol, of which hydroxyl group
positions are different, were tested. And two cholesterol acetate compounds which are an
enantiomer each other were also subjected to mass spectrometric analysis. From four mass
spectra collected from these cholesterol derivatives, we found that dehydration tendencies in
LDI processes are strongly dependent on hydroxyl group position. This position-dependent
dehydration patterns in LDI MS could be used for identifying structural isomers of
cholesterol derivatives. Future studies will include investigation of other cholesterol

derivatives and tandem MS analysis.
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Establishment of a Cell-Based Assay System for NFAT Activity®

Yumi Chun and Jungchan Park?®

ABSTRACT : Transcription factors NFAT and AP-1 have been known to play important roles in induction and

coordination of the immune response. Here we report generation of a dual reporter cell line Jurkat NFAT/AP-1
which was stably transfected with two reporter plasmids pIL-2NFAT-lacZ and pAP-1-luc. Jurkat NFAT/AP-1
showed high-level expression of reporter genes by the treatment of their cognate mitogenic stimulants such as PMA
and ionomycin for NFAT and PMA alone for AP-1.

Introduction

Nuclear factor of activated T cells (NFAT) is a family of transcription factors that regulates
activation-induced transcription of many immunologically important genes. Several lines of
evidence suggest that NFAT can be a molecular target for immunosuppression: 1) It plays an
important role in transcription of many cytokine genes, including IL-2, IL-3, IL-4, IFN-y,
TNF-a, and GM-CSF, that are critical for induction and coordination of the immune response
(1,2). 2) Deficiency of NFAT expression or function was observed in several patients
showing the severe combined immunodeficient disease (3,4). 3) Moreover, suppression of
many cytokine productions by the potent immunosuppressive drugs such as cyclosporin A
and FK-506 are known to be mediated by indirect inhibition of NFAT function by the drugs
(5).

Many of the NFAT binding sites in the transcriptional regulatory regions form a co
mposite site with other transcription factor such as AP-1. The calcium regulated trans
cription factors of the NFAT family act synergistically with AP-1 (Fos-Jun) proteins o
n composite DNA element where NFAT and AP-1 form highly stable ternary complex
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to regulate the expression of diverse inducible genes (2). For instance, NFAT site in
the IL-2 promoter is occupied by NFAT and AP-1 in a cooperative manner (6), and
AP-1 binding is essential for NFAT binding as well as for function of transcriptional
activation (7,8). Activation of NFAT and AP-1 requires concerted activation of two
different signaling pathways (2). The activation of NFAT protein is regulated by calci
um and calcineurin, whereas that of AP-1 protein is regulated by other pathways incl
uding protein kinase C (PKC) and Ras (2,9). Calcium mobilization activates the phos
phatase calcineurin which dephosphorylates NFAT on multiple serine residues (10,11)
and causes its translocation from the cytoplasm to the nucleus. This process can be i
nhibited by the calcineurin inhibitors Cyclosporin A and FK506 (5,12). Stimulation of
the PKC/Ras pathway results in activation of AP-1 transcription complexes which ar
e composed of dimers of the basic leucine zipper (bZIP) proteins Fos and Jun (13).
Thus, most of NFAT reporter constructs, particularly IL-2 NFAT reporter construct wh
ich is a prototype of an NFAT reporter, have limitation in evaluating NFAT activity b
y themselves. To overcome this limitation, we have generated a stable Jurkat T cell |
ine containing a dual reporter of NFAT-lacZ and AP-1-luc. This cell line not only act
s as a cell based assay system that is possible for high-throughput screening of imm
unosuppressive compounds but also provides a convenient tool for evaluating both NF

AT and AP-1 activity in a same time.

Materials and methods

Plasmids

The reporter construct pIL-2NFAT-lacZ contained three copies of distal NFAT binding site
in the human IL-2 promoter, a minimal I1L-2 promoter upstream of the beta-galactosidase
gene, and Hygromycin B resistant gene. pAP-1-luc included seven copies of AP-1 sites, a

thymidine kinase minimal promoter, luciferase gene, and neomycin resistant gene (Fig. 1).
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Cell culture
The Jurkat human T cell leukemia cell line was maintained in RPMI1640 supplemented
with 10% fetal bovine serum, 100U/ml penicillin G, 100ug/ml streptomycin and 2mM

glutamine and grown at 37 C in 5 % CO; incubator.

Stable transfection and Selection

1X107 Jurkat T cells were transfected with 10ug of linealized reporter plasmids by
electroporation. Cells were harvested and washed with serum free RPMI 1640 medium, and
resuspended with 300ul of serum free RPMI 1640 medium. Electroporation was performed
at 250V and 960uF with BIORAD GENEPULSER. At 24 hour after transfection, the
transfected cells were seeded in a 24-well culture plate.

pIL-2NFAT-lacZ transfected Jurkat cells were cultured in the present of 200ug/ml of
Hygromycin B. Culture medium containing Hygromycin B changes every 3-4 days for 1-2
weeks. Cells showing resistance to Hygromycin B were subcultured into a 96-well culture
plate. Living cells were incubated for 6 hours with PMA or PMA plus ionomycin. At the end
of the incubation period, beta-galactosidase activity was determined. Stable transformants of
pIL-2NFAT-lacZ was named as Jurkat NFAT.

For generation of a stable Jurkat cell line containing duel reporters, Jurkat NFAT cells
were transfected with linealized pAP-1-luc by electroporation and were cultured in the
present of 1.2mg/ml of antibiotic G418. Culture medium containing G418 changes every 3-4
days for 1-2 weeks. Cells surviving in the presence of G418 were transferred into a 96-well
culture plate. Living cells were incubated for 6 hours with PMA or PMA plus ionomycin, and
luciferase activity was determined. Stable transfectant was finally named as Jurkat
NFAT/AP-1 cells.

Reporter assay

Cells were washed with 500ul of ice-cold phosphate buffered saline (PBS) and lysed in
reporter lysis buffer. Enzyme activity of beta-galactosidase was determined with 59mM of 4-
methyl-lumbellifery-p-galactoside (MUG) as a substrate in 200ul of reaction buffer
containing 0.1M sodium phosphate, 5mM beta-mercaptoethanol, 200mM MgCl.. Luciferase
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activity was determined with a luciferase assay Kit (promega). beta-galactosidase and
luciferase activity was measured by FUSION INSTRUMENT, PACKARD.

Results and Discussion

HygB Neor

pIL-2NFATdacZ

| - | 7XAP-1 . HSVtk P Iuciferase
3XNFAT, IL-2 P[-72~+47] p-galactosidase

P S~ HW/ﬂ T~

Fig. 1. Diagram of reporter plasmids plL-2NFAT-lacZ and pAP-1-luc. pIL-2NFAT-I
acZ contained three copies of distal NFAT binding site in the human IL-2 promoter,
a minimal IL-2 promoter upstream of the beta-galactosidase gene. pAP-1-luc included
seven copies of AP-1 sites, a thymidine kinase minimal promoter, and luciferase gen
e.

Generation of a dual reporter cell line Jurkat NFAT/AP-1

To establish of a cell-based assay system containing a dual reporter for NFAT and AP-1,
we constructed reporter plasmids, pIL-2NFAT-lacZ and pAP-1-luc (Fig. 1). pIL-2NFAT-lacZ
expresses beta-galactosidase driven by three copies of IL-2 NFAT sites upstream of IL-2
minimal promoter. NFAT binding site in the IL-2 promoter is occupied by NFAT and AP-1 in
a cooperative manner. Thus, reporter gene expression of plL-2NFAT-lacZ has limitation in
evaluating NFAT activity by itself. Because of this limitation, we generated pAP-1-luc
expressing luciferase controlled by thymidine kinase minimal promoter with seven copies of
AP-1 sites. Jurkat T cells were transfected with linealized reporter plasmid plL-2NFAT-lacZ.
The transfectants were cultured in medium containing Hygromycin B. Surviving cells

showing high-level expression of the beta-galactosidase were selected and named ‘Jurkat
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NFAT’. And then, another reporter plasmid pAP-1-luc was transfected into Jurkat NFAT
cells. The transfected cells were cultured in medium containing antibiotic G418 and
surviving cells stably expressing the beta-galactosidase and luciferase were selected. In
addition, it is necessary to select transfectants expressing the both reporters, beta-
galactosidase and luciferase with enzymatic activity strong enough to assay for NFAT and
AP-1 activity. Upon stimulation with 20ng/ml PMA or 20ng/ml PMA plus 1uM lonomycin,
transfectants that express high level of beta-galactosidase and luciferse were selected (Fig.

2). Among these cells, stable transfectant 11-8

O unstimulated
NFAT B PMA AP-1
2 14, 0 PMAHonomycin 7
S _
£5 12 T 6l
8% 25 °®
%_tr 10 % x B[
B> S 8} tU-"é ar
g 6| &= L
prc g3
s [Tl
SN J&8 ﬂ 2. 0
0 1 1 \l—. 1 1 i il 1 1
11-2 11-3 11-f 11-8 14-3 14-9 0 11-2 11-3 11-7 11-8 14-3 14-9
Clone Number Clone Number

Fig. 2. Selection of Jurkat NFAT/AP-1 clone. Six clones selected from the primary
screening have been stimulated with PMA or PMA plus ionomycin and tested for their
reporter activity derived by either NFAT or AP-1.

was chosen as the best clone to analyze NFAT and AP-1 activity, and named as Jurkat
NFAT/AP-1.

Effects of PMA and ionomycin on activation of NFAT and/or AP-1 dependent
transcription in Jurkat NFAT/AP-1 cell

NFAT activity can be pharmacologically induced with both calcium ionophores such as
ionomycin and phorbol esters such as phorbol myristate acetate (PMA). On the other hand,
induction of AP-1 activity is sufficient with PMA stimulation alone. Thus, it is required to
confirm induction of NFAT and AP-1 activity in Jurkat NFAT/AP-1 by PMA and ionomycin
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stimulation. In addition, it is necessary to determine optimum concentration of PMA and
ionomycin for Jurkat NFAT/AP-1 cell line to analyze the reporter activity. Jurkat NFAT/AP-1
was treated with PMA or ionomycin on various concentrations in the presence of 2uM

ionomycin or 25ng/ml PMA, respectively (Fig. 3). NFAT reporter activity increased on PMA

A
At 2.5 uM Ionomycin

357 H Y 9
oy {a ~
=g 17 5¢€
® X 25 ~
8z ° 83
35 % 1554
8 515 1228
@ = 10[ 13 ® s
oS 2 I
1, 5T i =
! 1
=2l

0 —_— 0 —=— NFAT (b-gal

0 1 5 10 15 20 25 30 — - AP-1(luc)
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B
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Z 25 7o
= [44) —
= O =
— 6 [
QX 20( 25,
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0 01020304051 15 2 25
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Fig. 3. Concentration dependence of PMA (A) and lonomycin (B) for activation of
NFAT- or AP-1-dependent transcription in Jurkat NFAT/AP-1 cells. Jurkat NFAT/AP-1
cells were treated with various concentrations of either PMA (A) or lonomycin (B) in the
presence of 2.5uM ionomycin or 25ng/ml PMA, respectively.
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and ionomycin dependent manner, while AP-1 reporter activity was dependent on only
PMA concentration. These results confirm that both PMA and ionomycin were required for
NFAT activation, whereas PMA was sufficient for AP-1 activation.

These results indicate that Jurkat TFAT/AP-1 cells stably contain the dual reporters of
NFAT-lacZ and AP-1-luc, and that both reporters faithfully represent their transcriptional
activation upon treatment with proper pharmacological reagents. This cell line not only acts
as a cell based assay system that is possible for high-throughput screening of
immunosuppressive compounds but also provides a convenient tool for evaluating both
NFAT and AP-1 activity in a same time.
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ABSTRACT : Aslightly curved rod-shaped, no gliding, Gram-staining-negative, orange pigmented bacterium,
designated strain HME8109, was isolated from sea water of the Yellow sea in Mohang, Korea. Oxidase, catalase and
a-chymotrypsin were positive. The major fatty acids were Cyg (9.1%), summed feature 8 (comprising Cyg:1 w7¢
and/or Cyg.1 w6cC; 82.9%). The DNA G+C content was 63.0 mol%. Phylogenetic tree based on 16S rRNA gene
sequence showed that strain HME8109 formed a lineage within the genus Algimonas. The strain HME8109 was
closely related to Algimonas porphyrae (99.2% sequence similarity) and Litorimonas taeanensis (96.2%). The
species A. porphyrae has never been reported in Korea and hence strain HME8109 is proposed to be an unreported

strain of A. porphyrae.
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Alphaproteobacteria® 3|9 %= Algimonas %<& Fukui et al (2013)9
e ASow BEFEHALH, type strain®® A A Algimonas porphyraet
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HMES8109+ gram-negative2] rod ¥E]E polar flagellas 7}AaL
Ko™ (Fig. 2), MAolA 30C= 343t vl &3 45 49| colonys @A 3t
16S rRNA FAx}e] A7 <Ede BX3 A3} Algimonas porphyrae®t 99.6%
FAVSEAL,  Litorimonas taeanensis 9= 96.2% FAFSE Ao =wE UErth
ATEE FaA Algimonas %2 dF5H 2L 71X A= AHES AT
F AT Fig. D. #5%E 15~30CoAM AR 7tssy HA9 2xe
25~30CA}o] oltt. pH7~8lM A% 7Festal, pH8lM il LS ot
NaCl 1~5%°14 A& o] 71'sdS Ht} Oxidasedl catalase?d A FAS

eIt API 20NEC] A esculin hydrolysisy A4S YER UL, nitrate

4

reduction, indole production, glucose fermentation, arginine dihydrolase,
urease, gelatinase?® AL 243 yelylth. API ZYM kitoll A+ alkaline
phosphatase, esterase (C4), esterase lipase (C8), leucine arylamidase, valine
arylamidase, trypsin, a—-chymotrypsin, acid phosphatase, naphthol-AS-BI-
phosphohydrolased] ZA& ooz el on, lipase (Cl4), cystine
arylamidase, a-galactosidase, [P-galactosidase, p-glucuronidase, a-
glucosidase, B-glucosidase, N-acetyl-B-glucosaminidase, a-mannosidase,
a-fucosidase?] &4 SA4S=Z vElYT (Table. 1). MicroPlate GN2E
o] 23t carbon o8& oHE A A}, a-cyclodextrin, N-acetyl-D-
galactosamine, N-acetyl-D-glucosamine, D—-arabitol, i-erythritol, D-mannitol,
D-raffinose, sucrose, turanose, cis—aconitic acid, citric acid, D—-gluconic acid,
D-glucosaminic acid, D-glucuronic acid, a-keto glutaric acid, succinic acid,
bromosuccinic acid, L-alaninamide, L-alanine, L-alanyl-glycine, L-aspartic
acid, glycyl-L-glutamic acid, L-proline, L-pyroglutamic acid, L-threonine,
y—amino butyric acid, putrescine< ©]-83%}. Dextrin, glycogen, Tween 40,

Tween 80, adonitol, L—arabinose, D-cellobiose, D-fructose, L-fucose, D-
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galactose, gentiobiose, a-D-glucose, m-inositol, a-D-lactose, lactulose,
maltose, D—-mannose, D-melibiose, B-methyl-D-glucoside, D-psicose, L-
rhamnose, D-sorbitol, D-trehalose, xylitol, pyruvic acid methyl ester,
succinic acid mono-methyl-ester, acetic acid, formic acid, D-galactonic acid
lactone, D—galacturonic acid, a—hydroxybutyric acid, B- hydroxybutyric acid,
y—hydroxybutyric acid, p—hydroxy phenlyacetic acid, itaconic acid, a—keto
butyric acid, a—-keto valeric acid, D,L-lactic acid, malonic acid, propionic acid,
quinic acid, D-saccharic acid, sebacic acid, succinamic acid, glucuronamide,
D-alanine, L-asparagine, L-glutamic acid, glycyl-L-aspartic acid, L-
histidine, hydroxy-L-proline, L-leucine, L-ornithine, L-phenylalanine, D-
serine, L-serine, D,L-carnitine, urocanic acid, Inosine, uridine, thymidine,
phenylethyl-amine, 2-aminoethanol,2,3-butanediol, glycerol, D,L,a-glycerol
phosphate, a-D-glucose—1-phosphate, D-glucose-6-phosphatei: ©]-&3}%]
ok AR uERy. 5%7F de &S AAsE T A Cigodt
summed feature 8 (comprising Cig1 @7c¢ and/or Cigq wb6c0)°] EA3FS T
(Table 2). DNAS] G+C H[#& 63.0 mol%= ERSETh.
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Table 1. Differential phenotypic characteristics of strain HME8109 and species of the genera
Algimonas and Litorimonas.
Strains: 1; HME8109; 2. Algimonas porphyrae 0C-2-2T; 3. Litorimonas taeanensis KACC
137017, 1 and 3 data from this study. 2 data for Algimonas porphyrae 0C-2-2T taken from

Fukui et al. (2013). +, Positive; —, negative reaction.

Characteristics 1 2 3
Growth at 10 °C - + -
Growth at pH 9 - + -
Growth in NaCl 6 % - - +
Oxidase + - +
Catalase + + +
API 20NE

Nitrate reduction - + -

Indole production - - -
Glucose fermentation - - -
Arginine dihydrolase - - -

Urease - - -
Esculin hydrolysis + + +
Gelatinase - - -
PNPG (B-galactosidase) - -

APl ZYM

Alkaline phosphatase + + +
Esterase (C4) + + +
Esterase lipase (C8) + + +
Lipase (C14) - - -
Leucine arylamidase + + +
Valine arylamidase + + +
Cystine arylamidase - - -
Trypsin + - +
a-chymotrypsin + - +
acid phosphatase + + +
Naphthol-AS-BI-phosphohydrolase + + +

a-galactosidase
[B-galactosidase - - -
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B-glucuronidase
a-glucosidase
B-glucosidase
N-acetyl-p-glucosaminidase
a-mannosidase
a-fucosidase

DNA G+C content(mol%)
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Table 2. Cellular fatty acid profiles of strain HME8109 and species of the genera Algimonas
and Litorimonas.

Strains: 1; HMEB8109; 2. Algimonas porphyrae 0C-2-27; 3. Litorimonas taeanensis KACC
137017, 1 and 3 data from this study. 2 data for Algimonas porphyrae 0C-2-2" taken from
Fukui et al. (2013). All strains were grown on MA at 30°C for 3 days. Only the fatty acids
amounting to at least 1.0 % of the total fatty acids in at least one strain are shown. tr,

trace(<1%); nd, no detected.

Fatty acids 1 2 3
C12030H 1.1 nd nd
Cie0 nd nd 2.9
Ci71 w8C nd nd 1.2
Ci71 wbC nd tr 2.6
Ciro nd tr 2.6
Ciso 9.1 4.9 6.3
Cig:1 20H 2.3 11.1 15.7
Summed feature 3* 1.2 tr 1.7
Summed feature 8* 82.9 71.4 66.0

* Summed feature represents two or three fatty acids that cannot be separated by the
Microbial Identification System. Summed feature 3 comprised Ci6:1 @ 7¢ and/or Cy6:1 @ 6C.
Summed feature 8 comprised Cig.1 @ 7¢ and/or Cig.1 @ 6C.
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Hyphomonas johnsonii MHS-2T (AF082791)
Hyphomonas oceanitis SCH-89 (AF082797)
Hyphomonas jannaschiana ATCC 33883T(AJ227814)
100— Hyphomonas adhaerens MHS-3T(AF082790)
Hyphomonas polymorpha DSM 26657 (AJ227813)
Hyphomonas rosenbergii VP-6T(AF082795)

63 Hyphomonas neptunium ATCC 15444T(CP000158)
Henriciellalitoralis SD10T(FI230835)
Henriciellamarinalso4T (EF660760)
HenriciellaaquimarinaP38T(EU819081)
Hirschiamaritima GSW-2T(FM202386)

Hirschia baltica ATCC 49814T(CP001678)
Robiginitomaculum antarcticum IMCC3 1957 (EF495229)
Hellea balneolensis 26111/A02/215T(AY576758)
Litorimonas cladophorae KNIM 63957 (1X174422)
Litorimonas taeanensis G5T(FJ230838)

Algimonas porphyrae HME8109 (JQ687340)

100— Algimonas porphyrae 0C-2-2T(AB689189)
Woodsholea maritima CM243T(AT578476)

Oceanicaulis alexandrii C116-18T(AJ309862)
Maricaulis salignorans MCS 187 (A1227806)

Maricaulis washingtonensis MCS6T (AT227804)

Maricaulis parjimensis MCS 25T (AJ227808)

Maricaulis virginensis VC5T (AJ301667)

Maricaulis maris ATCC 15268T(AJ227802)

100~ Maricaulis maris MCS10(CP000449)

= ——— Rhodovulum phaeolacus JA580T (FN669139)
Palleronia marisminoris B33T(AY926462)
Maritimibacter alkaliphilus HTCC2654T (DQ915443)
Poseidonocella sedimentorum KMM 9023T(AB576006)
82 Thalassobius aestuarii JC2049T (AY442178)

_[ Parvularcula bermudensis HTCC2503T(AAMU01000003)
62 Brevundimonas vancanneytii LMG 23377 (AJ227779)
Afifella pfennigii DSM 17143T(FR733717)
MycoplanadimorphalAM 13154T(D12786)

Phyllobacterium myrsinacearum IAM 135847 (D12789)
Pseudaminobacter salicylatoxidans BN12T(AF072542)
Mesorhizobium hudkuii IAM 14158T(D12797)

Mesorhizobium loti LMG 61257 (X67229)

Mesorhizobium shangrilense CCBAU 653277 (EU074203)
Mesorhizobium australicum WSM2073T(AY601516)

Escherichiacoli ATCC 11775T(X80725)
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Fig. 1. Neighbour-joining phylogenetic tree. Phylogenetic position of strain HME8109 within

the group genus Algimonas based on 16S rRNA gene sequences. Escherichia coli ATCC

117757 (X80725) was used as outgroup. Bar, 0.02 substitutions per nucleotide position.
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Fig. 2. Transmission electron micrographs of negatively stained cell of strain HME8109.

Bar, 0.5 um.
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BAYESIAN VARIATIONAL APPROACH FOR GAUSSIAN
MIXTURE REGRESSION MODELS

SEOKHO LEE!

ABSTRACT. We provide the estimating algorithm for Bayesian mixture
regression models for a potential application in marketing problems. The
posterior distribution of the model parameters and unobserved random
variables are found in the variational approach to maximize the objec-
tive function which is a lower bound of the marginal log likelihood. The
distributional forms of the approximated posterior distributions and cor-
responding expectations are presented in detail.

1. INTRODUCTION

We introduce Bayesian variational approach for Bayesian mixture regres-
sion model representing market segmentation arising in marketing research,
which is our target application as a future work. Each mixture component
model represents a specific market segment whose effective covariates are
selected in the segment level. Instead of Marko chain monte carlo (MCMC)
stochastic approximation, we use Bayesian variational approach to approx-
imate the posterior distribution. Some features of this approach are as
following;:

e Bayesian variational approximation is the EM-like optimization so
that its computation is relatively economic rather than using sampling-
based method, like MCMC, especially when the large-sized covari-
ates are involved.

e In the mixture model, label-swithching problem is an issue in monte-
carlo sampling step. This problem is not an issue any longer with
Bayesian variational approach.

Department of Statistics, Hankuk University of Foreign Studies!.
This work was supported by Hankuk University of Foreign Studies Research Fund of
2012.
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2 SEOKHO LEE

e Variable selection is done in the segment-level. In some literature,
variable selection is done through “split-merge” process (Tran and
Nott, 2012). This is an discrete variable selection process that is
known to be unstable (Hastie et al., 2009). Instead, our variable
selection procedure is continuous so that its performance is more
stable.

2. BAYESIAN FINITE MIXTURE REGRESSION MODEL AND VARIATIONAL
APPROACH

2.1. Finite mixture model for market segmentation. Let {y, : n =
1,---, N} be the observed response variable and {x, € R” :n=1,--- N}
be the associated D-sized covariate vectors that potentially affect the re-
sponse. In the following, we include 1 in x,, for the intercept. Then the size
of the covariate vector x,, is D+1. We consider the effect of covariates is not
the same across the segments, and some covariates significantly influence on
the response in a particular segment while they do not necessarily explain
the response significantly in other segments. Suppose there are K segments
in the market. The segment-specific regression model is

(1) ynzxgﬁk"i‘em n:]-a"'7N

if the nth observation belongs to the kth market segment. 3, is the D + 1
dimensional coefficient vector including the intercept for the kth market
segment. We assume ¢, ~ N(0,\?). To denote the individual’s market
allocation, we introduce the (unobserved) indicator variable z,; taking 1 if
the nth observation belongs to the kth market segment and 0 otherwise.
Their probabilities are denoted by

K
(2) P(z,) = [[ i
k=1
where z, = (2,1, zni)?, 0 < m < 1, and 25:1 7, = 1. In the Bayesian
formulation we introduce the prior distribution for the mixing probabilities
= (m, - ,mk)’ as Dirichlet distribution
K
) P(m) = Clow) [ 7
k=1
where ag = (ap, - ,a9)" is the hyperparameter and C'(cy) is the nor-

malizing constant for Dirichlet distribution. When «y is small, this prior
represents no priority on the specific value of w. We set the same value ay
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for all k since there is no information which market segment likely includes
this observation initially.

For the prior for B,, we consider the segment-specific prior for variable
selection by combining two normal distributions. To do so, we introduce
the indicator variable 7., taking a value 1 if the dth covariate is included
in the covariate set in the kth market segment, and 0 otherwise. Thus, for
d =0, P(Bro|A?, 07) = N(0,72\%03), and for d = 1,..., D,

N(0,72X%03) if g =1

4 P(BralA*, 0%, 0a) =
(4) (BralX', 23 ) {N(o,zﬂvai) if e = 0,

where 72 is set by a large value allowing 3.4 to have nonzero and v? is set
by a small value forcing kg to be zero. George and McColloch (1993) use
this prior in the variable selection in the single component regression model.
When o?v* — 0, this becomes spike-and-slab prior. In our implement we
set 72 = 1000 and v? = 0.001. Note that the selection of the dth variable
has the difference process across the market segments because o7 varies
across k. If o7 is small, the dth variable is stringently selected in the kth
market segment. When no market segmentation (kK = 1) and no variable
selection (72 = v? = 1) is considered, this prior becomes the one used
in Bayesian linear regression model by Murphy (2012). For the variable
selection indicator .4 we assume the Bernoulli distribution with probability
P(Yka = 1|wyq) = wyq. For the conjugacy, we assume the prior distribution
of wyg is beta distribution

(5) P(wia) = Blao, bo)wig ™ (1 — wea) ™!
with B(ay, bo) is the normalizing constant for beta distribution. And, we as-
sume \? and o7 follow the inverse-gamma distributions, A? ~ Inv- Gamma(r?, r3)

0 0
and o} ~ Inv-Gamma(s?, s9).

2.2. Variational approximation to the posterior distribution. Let ©®
be the enumeration of all parameters including unobserved variables, and
Y be the all observed variables. The log marginal likelihood can factor into

(6) mP(Y) = / 0(® P“(f@(? d®+ / Q(©)In P(@(?; }d@
(7) = +KL(QHP)

KL(Q|/P) is Kullback-Leibler divergence between Q(®) and the posterior
P(B|Y). When Q(O©) is the same as P(O]Y) then KL(Q|P) is 0. In
such case £(Q) is the exact marginal log likelihood. Since KL(Q| P) is
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nonnegative for any density @), £(Q) serves as a lower bound for the mar-
ginal log likelihood. Note that minimizing KL(Q||P) (finding Q(®) as clos-
est to P(O[Y)) is equivalent to maximizing £(Q)) (approximating £(Q) to
In P(Y)). Thus, in Bayesian variational method, we find Q(®) which max-
imizes £(Q). The exact solution of Q(®) is easily obtained as P(©|Y)
because L£(®) itself is the negative Kullback-Leibler divergence between
Q(O®) and P(O]Y) plus a constant term In P(Y). However, working di-
rectly with the true posterior distribution P(®[Y) is often complex so that
the required integration is practically infeasible.

To obtain the tractable approximation to the posterior distribution, we
restrict the family of distribution ) while it is still rich and flexible enough to
find a good approximation from it. So we impose the minimal restriction on
@ such that Q(®) = H'jjzl ();(®;) with the relevant grouping of parameters
and unobserved random variables. This factorization is widely used in the
mean field theory in physics (Parisi, 1988). In this approximation, the joint
posterior distribution of ® assumes independency between some groups of
parameters and random variables. This independence may be induced from
the model/prior specification or intentionally introduced for computational
convenience. In our particular example, we assume

(8) Q(®) = Q(Z)Q()Q(m)Q(W)QNQ(B,a?),

where we denote Z = {zukfne1. Nk=1, ks ¥ = {Vkd} k=1, K:d=1.. D, T =
{W}k:l,.-.,K, W = {wkd}kzl,---,K;d:L---,D7 B = {ﬁk}kzl,---,K, and o2 = {U]%}kzl,---,K-
The factorization in (8) is the only assumption for the approximation to

the joint posterior distribution. Each component in (8) has a further fac-
torization induced from the model and prior specification, not from the
convenience for any purpose, as

Q(Z) = H H Q(znk), Qy) = H H Q(Vka),

Qm) =[em).  @w) =][]IQwwk.
k=1 k=1d=1

Q(B,0°) = [[QBy. 7).

Under this factorization we maximize £(Q)) by finding the factored distri-
bution @)’s in turn. Note that we do not place any restriction on the specific
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distributional form of individual factors ) in the maximizing process, where
its functional form is derived automatically. For example, in the search for
the distribution @Q(z,x) (the approximated marginal posterior distribution
of the random variable z,;), the lower bound for the log marginal likelihood
is

£Q) - / Q(©)In P(Y,©)d0 — / Q(0)1n Q(©)de
(9) — /Q(Z) InQ(Y,Z)dZ — /Q(Z) In Q(Z)dZ + const

due to the factorization of Q(®). Here, Q(Z) is a distribution having a form
of nQ(Y,Z) = Eg\z [In P(Y,®)] + constant, where Eg\z [In P(Y,©)] is
the expectation of In P(Y, ®) with respect to the @ distributions over all
parameters and random variables except for Z. In the virtue of factorization,
maximizing £((Q)) with respect to all possible forms for the distribution (Q(Z)
is equivalent to maximizing (9) with respect to Q(Z). The apparent solution
is Q(Z) = Q(Z) because (9) is the negative Kullback-Leibler divergence
between Q(Z) and Q(Z). From this observation, we conclude the optimal

solution of Q(Z) is

N K
nQ(Z) = ZZznklnpnk+const,

n=1 k=1

where

Pk = Ellnmg] — 1IE[ln N — 1IE (v — x.8,)°] E [i} - lln(27r).
2 2 A2 2
Note that the expectations in the above expression are conducted under the
approximate () distributions corresponding to the random arguments. This
leads to that the approximate posterior distribution of z, = (2,1, , zux)?
is multinomial distribution with parameter r,, = (rni, -+ ,r.x)’ for n =
1,--+ N with r,p = pax/ Zle Pnk, independently. In the similar fashion,
other factors can be deduced in the explicit forms, with the extra assumption

that Q(By, 03) = Q(B,)Q(07), as
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N N K
Q(Z) = HMult(zn;rn) = HHTZ?
n=1 ne1 k=1
K D

K D
Qly) = H H Bernoulli(ya; pra) = H szqu,if’“d with grg = 1 — pra
k=1d=1 k=1d=1

K
Q(w) = Dirichlet(m; ) = C(Q)Hﬂgrl
k=1

K D K D
Q(W) = H H Beta(wkd; Akd, bkd) = H H B(akd7 bkd)wzsd_l<1 — 'Lde)bkd_l
k=1d=1 k=1d=1
T1 1 1
Q(\?) = Inv-Gamma(A\; 7y, 7)) = inl) (—2 e "2V
Q( 2) 1 G ( ; ) S;}C 1 " *Szk/ai
o = Inv-Gammal(o:; si, s = — e
k; k7 17 Qk‘ F(Sl) 0_]%
—1/2 1 Ty -1
Q(ﬁk) = N(mlmzk) = |2772k| exXp _i(ﬁk_mk) 3 (/Bk_mk) .

We deliberately put the detailed derivations and exact formulae for new
notations in the Appendix for the brevity. Carbonetto and Stephens (2012)
assumes the further decomposition as Q(3,) = HdD:1 Q(Bra), which enables
to approximate the posterior of 84 individually. This assumption is helpful
when the size of variables is extremely large as in their genetics applications,
but the loss of information on the dependency structure between regression
coefficients is inevitable from the independence assumption. Instead, we
find the joint posterior distribution of 3, so that the dependency structure
is retained.

The approximation process in the Bayesian variational method consists
of two steps: (1) finding @ factors for parameters and random variables by
maximizing the lower bound £(Q), as given in the above, and (2) evalu-
ating expectations of (functions of) parameters and random variables with
respect to the variational approximated posterior distributions (). These
two processes are cycled in turn until convergence is met. This is similar
to the EM algorithm so that we call these two steps as variational M-step
and variational FE-step respectively. Expectations in the variational E-step
are used to evaluate the parameters involved in the approximated posterior
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parameters in (). We also put the exact computations for expectations in
the Appendix.

2.3. Variational lower bound for log marginal likelihood. We can
also straightforwardly evaluate the lower bound £(Q) for the log marginal
likelihood. Lower bound is useful in several aspects. One of them is that
the lower bound can serve as a good approximation to the log marginal
likelihood. Thus, we can base the inference on the lower bound (Carbonetto
and Stephens, 2012). Specifically, we use this lower bound for the selection
of the number of mixture components. And, since this lower bound should
not decreasing at each step of the iterative re-estimation procedure, we can
monitor the lower bound in order to test for convergence (Bishop, 2006).
For the finite mixture regression model, the lower bound is given by

= YG)) = n — n
L@ = [e@© { e }d@ — EmP(Y.0)] —E[hQ()

= E[InP(Y|Z,B,)*)] +E[In P(Z|r)] + E[In P(m)] + E [In P(B|)*,

+E [In P(X*)] + E [In P(6?)] + E [In P(y|w)] + E [In P(w)]
—E[mQ(Z)] - E[nQ(y)] - E[nQ(m)] — E[ln P(3)]
~E [mQ(X*)] ~E[nQ(c?)] ~E[lnQ(w)].

In the Appendix, we provide the detailed calculation of the lower bound.

3. CONCLUSION AND REMARK

The Bayesian variational method for approximating the posterior distri-
bution has potential merits in various applications where MCMC is hard
to be applied due to the large size of data and/or variables. The perfor-
mance of the given algorithm will be tested with monte carlo simulation
and real-world data in the future work. This research is the initial step for
this future work.

APPENDIX

Variational M-step. The full joint distribution of observed response vari-
ables Y, unobserved random variables (Z, y), and model parameters (7, w,
B, A2, o%) from the finite mixture regression models and prior distribution
specifications becomes

P(Y,Z,m B, )\, 0 v,w) = P(Y|Z,8,X°)P(Z|m)P(m)P(B|\*, 0%, ~v)P(X)

x P(o?)P(~y|w)P(w).

)]
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Thus, the corresponding log joint distribution is

nP(Y,Z, 7 B3,), 0%~v,w) = InP(Y|Z,3,\*) +InP(Z|m) + In P(m)
+1In P(B|)?, 0%,7) + In P(\?*) + In P(0?)
+In P(y|w) + In P(w),

where

N K
In P(Y|Z,8,)) = Zzznk{—w—llnv—%ln(zw)},

n=1 k=1 2>\2 2
N K
mPZir) = Y Y zulnm,
n=1 k=1
K
InP(w) = (ap—1) Zlnﬁk + InC(ay),
k=1
0
PO = —(%—1)InA*— % —InT(9) + ¥ In(rY),
K SO
In P(0?) = Z {—(s? — 1o} — = —In[(s)) + s ln(sg)} :
o
k=1 k
K D
mP(ylw) = Y > {yalnwga+ (1 — yra) In(1 — wyg)},
k=1 d=1
K D
mP(w) = > > {(ap— 1) Inwga + (b — 1) In(1 — wyg) + In B(ag, bo)} ,

e
Il
—
a
Il

1

and

In P(BIN*, 0%, y) =

I

Bio Lo o 1o 15 1
{—272)\20]3—§1n7' —§1n)\ —§ln0k—§1n(27r)

K D g2 , 1 1 1
kd 9 ) ,
+;;m{_2ﬂk%i_§m — oA —alﬂ%—?n(%)}
K D
51%6[ 1 2 1 2 1 2 1
—1—22(1—’%){—2”2—)\20%—51111/ —§In>\ —5111%—5111(2#) 7

T
I
i

1
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where B, = (B0, B+ Bun)”s Claxo) = 252 and Blag, by) = leattol.
Using the above log joint distribution and the factorization of ) distribution,

we obtain all factors by maximizing £(@)) separately as follows.
For Q(Z), note that

1HQ ; ;an { 111 7Tk — —E[ln )\2] _ %]E [( — XZB/@)Q} E [%] — %ln(?w)}
-+const.

By letting In p,, = E[lnm,] — 1E[In A*] = 1E [(y,, — xI 8, )% E [55] — 1 In(27),
the approximate posterior distribution is

2« [Tt o 0@ -]

n=1k=1 n=1k=1
with 7 = pok/ Zle pnj- This implies that z, = (zu1, -, 20x)" fol-
lows the multinomial distribution with probabilities (7,1, ,7,x)? inde-

pendently forn =1,--- | N. For Q(v),

v = B3 (o= 1512 5] ] -3)

k=1 d=1

+const.
By letting In prg = E[ln wgq] — 272 E 8% E [ } E [%] — %ln 72 and In Gy =
k
Eln(l — wya)] — 5% E 2] E [] E H — 1nv?, we get

K D K D
7) X H H(ﬁkd)%d(gkd)li%d or Q(*y) = H szgdql de

k=1d=1 k=1d=1

where prq = Pra/(Pra + Gra) and Gra = Gra/(Pra + Gra) = 1 — pra- Thus, the
approximated posterior distribution of 7.4 is Bernoulli distribution with
success probability ppq independently for k =1,--- K andd=1,---,D.

For Q(),

K
InQ(m Z ag + Ny — 1) Inmy, + const,
k=1
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where N, = YN E[z,:]. We have

Ni—1 1
[l JIES

with C(a) = T(C e, o)/ T Tlew), @ = (a1, ,ax)T and ag = ag +
Ny. Thus, the approximated posterior distribution of 7 is Dirichlet distri-
bution with the parameter a. For Q(w),

In Q(w Z Z{ [Yea] + a0 — 1) Inwgg + (1 — Elyga] + bo — 1) In(1 — wkd)}
k=1 d=1
+const.
Thus,
K D
) H Hwa’kd ! (1-— d)b’“‘rl or Q(w) = H HB<Cde, bkd)wZZd—l(l _ wkd)bkd*l’
k=1d=1 k=1d=1

where agq = ag + E[ykq) and brg = by + 1 — E[yxq). The approximated
posterior distribution of wyy is Beta distribution with parameters az, and
brq independently for k=1,--- K and d = 1,--- , D. For Q()\?),

TS + % Zgzl lec(zl E [z, E [(?/n - XZIB’C)2]
22

N
nQ(\?) = — (r? + 5 1) In \? —
+const.

Therefore,

1 r-1 _ro ’l“;l 1 ri-1 _ra
o) () F o et =s(5)

wherer; = r{+J and ry = r{+E with B = 4 LS K E[z]E [(yn — x2B1)?].
The approximated marginal posterior distribution of A\? is inverse-Gamma,
distribution with parameter 7, and ry. For Q(o3) (k=1,--- ,K),

mQ(o?) = _Uii{ 1EL\2}< ffo +;( ol II/EQ[W])E[ﬁid])}

D+1
( + T+ — 1) In o} + const.
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This leads to

1 s1-1 s1 1 s1—1
Q(O']z) XX <—2> 6732k/0']% or Q(O-z) — SA (_2> 6*82]6/(7,%,

O ['(s1) O

where s; S(l) + % and Soi —|— E, with E, = E[ }dT]E [,B,J

E (8] = (BB .E[B],- - .E[5 ]) cdi= (716}, 1/ dhp)
1/¢2, = Elya) /72 + (1 — [7kd])/1/2 for d =1,...,D. The approximated
posterior distribution of o? is the inverse-Gamma distribution with pa-
rameter s; and Sg independently for £ = 1,--- K. Finally, for Q(3,)
(k=1,---,K),

nQ(B;) = —2% {Bf(ck +Dy)7 '8, — 2ﬁftk} + const,

where 1/c = E[1/)?], C; = 25:1 Elzu]x.xL, Dy = E [(}2] diag(dy), and
k
t, = 22[:1 E[znk|ynx,. Then

QB x e |- (B  mi) TS (B, ma)| o

QBr) = ’27T2k|71/2 exXp |:_%(/6k - mk)Tzil(ﬁk - mk)} )

where my = (Cy + Dy) 'ty and 3, = ¢(Cy + Dy,)~t. The approximated
posterior distribution of 3, is Normal distribution with mean my and co-
variance ¥, independently for k =1,--- | K.

Variational E-step. In the variation M-step, the model parameters in the
optimal posterior distributions involve the expectations of parameters or
random variables under the approximated posterior distributions. Neces-
sary expectations are given as follows:
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E [an] = Tnk,
Elnml = o) — (5, o),
E[m)] = —g(n)+n(r),
[ 1 1 . (&1
E _E_ = E,
E[lnoy] = —v(s1)+ In(sa),
I 1 1 . S1
E _a_,%_ = @,
Enwk] = 4(ara) —¢(ao+bo + 1),
E[n(1 —wra)] = ¥(bra) — ¥ (a0 + bo + 1),
E [%d] =  DPkd,

E Bl = Swaa+mig,
(@)

where ¢ is the digamma function such that ¢(z) = £InT(z) = > and

Ykaa 1s the dth diagonal element of 3 and myq is the dth element of my,.
And

n=1 k=1
1 X N N N
i) Z Z rnkyi — ng Z XpTokYn + 10 | (Zg + mka) Z rnkxnxg] }
k=1 n=1 n=1 n=1

K
= % Z {y" Wiy — 2m[ X" Wy + Tr [(Z), + mm}) X" W, X] },

where Yy = (yl» e 7yN)T7 X = (Xh e aXN)T7 and Wk = diag(rnk)n:Lm,N

Variational lower bound. We provide the detailed calculation for the
expectations necessary in the evaluation of the lower bound.

E  N(=t(r1) +Inr, — In27)
5 .

E[In P(Y|Z,8,))] =
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E [In P(Z|)] ZNk{ Wi aj)}-

E[ln P(w)] = (ao—l){zw( k) — Kw(zj e )}+lnF(Ka0)—KlnF(a0).

K+P_ , Q

E [In P(B|)\?, a2,v)] = —— Tr (Dy(2; + mym?l)) — In7* — Z1nv?
r 2

(¥(r1) —Inry — In 2m)

K
D+1
T <K1/)(31) - Zln 32k> ;
k=1
where D, = diag((;lk)/a,%, d, = (1/72, 1/&%1, .. 1/¢kD)T 1/¢kd Yed/ T2+

(1 - 'ka)/’/27 D, =E [f)k]v P = Zszl Zd:l Prd, @ = Zk:l Zd:l Qkd =
KD — P.
0

E[InP(N)] = (] —=1D{e(r) —Inr} - % —InT(r)) + s) In 5.
2
K Ko
E[nP(e?)] = (s{-1) Z {(s1) — In s} — 8951 Z T KInT(s)) + KsY1n s).
k=1 k=1 "2
K D
EnP(y[w)] = D ) {prat(ara) + grath(bra)} — Ktb(ag + b + 1).
k=1 d=1
K D
E [lnP Z Z{ ag — 1 akd (bo - 1)'¢(bkd)}
k=1 d

=1
-K (ao—l—bo—2)¢(a0+b0—|—1)+KDlnB(a0,b0).

N K
IHQ ZZrnklnrnk

n=1 k=1
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K D

E[InQ(vy Z Z (Pra In Pra + Gra In gra) -

k=1 d=1

ElnQ(m)] = Y (ax— 1) {w(a) = $(Ti )} + DT, o) Zlnra».

B
Il
—_

EmQ@) = -2 S e

2
k=1

E[mQM\)] = (r—1)¢(r)+Inry—r —InT(ry).

E[nQ(o®)] = Zln82k+K{(sl—1)¢(51)—31—ln1“(31)}.

E[InQ(w ZZ[ ara — 1) {¢(ara) — ¥(ao + b + 1)}

1d=1

i

+(bra — 1) {1(bra) — ¥(ao + bo + 1)} + In B(aga, bkd)]-
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