REGULATION OF TNFa PRODUCTION BY BUTYRATE

though their unique functions have yet to be character-
ized (35). These TTP-related proteins are rapidly
expressed in response to 12-O-tetradecanoylphorbol-13-
acetate and other diverse stimuli in various types of
eukaryotic cells (23,36). The expression of these proteins
differs depending on the circumstances, hence they may
have their own roles in controlling mRNA turnover
under different circumstances (37). Among these pro-
teins, TTP is induced by TNFa, suggesting that TTP may
function as a feedback regulator of TNF« gene expres-
sion (31,38). Notably, a TIS11B homolog expressed
rapidly in response to butyrate has also been discovered
in human cells and characterized as butyrate response
factor 1 (BRF1) (39).

Consistently, butyrate rapidly induced the expres-
sion of TIS11B in RAW264.7 cells (Figure 4A). In
addition, the induction of TNFa mRNA by LPS stimu-
lation was strongly inhibited when TIS11B was overex-
pressed in these cells (Figure 4B). Stoecklin et al iden-
tified BRF1 as a regulator of ARE-dependent mRNA
decay, and also showed that BRF1 can bind directly to
ARE and promote the degradation of ARE-containing
mRNA (40). Thus, we postulated a model whereby
butyrate induced the expression of TIS11B/BRF1, fol-
lowed by the binding of this ARE-binding protein to the

ARE, thus facilitating TNFa mRNA degradation. Our

cDNA microarray (GeneNavigator cDNA Array Sys-
tem; Toyobo) revealed that butyrate suppressed expres-
sion of mRNA containing AREs in their 3'-UTRs (e.g.,
mRNA for IL-18, IL-15, and granulocyte-macrophage
colony-stimulating factor) (data not shown). This result
further supported the relevance of our hypothesis.
TIS11B has a unique character that facilitates
TNFa mRNA degradation; therefore, analyzing the
regulation of this molecule would provide a novel ap-
proach to the control of TNFa production. TNFa
expression is activated mainly by the transcription factor
NF-«B and by the MAP kinase (MAPK) pathways (the
ERK, JNK, and p38 MAPK pathways). Recent studies
have shown that the p38 MAPK pathway in particular
plays an important role in posttranscriptional regulation
that leads to mRNA stabilization (41). The p38 MAPK
pathway also strongly induces and activates TTP, which
down-regulates TNFa (42-45). Those studies suggested
that the p38 MAPK pathway may play a crucial role in
regulating the expression of TNF« (involving a TTP-
dependent mechanism), however, the precise mecha-
nism is not completely understood, and less is known
about the relationship between TIS11B and the p38
MAPK pathway. Since butyrate induced TIS11B expres-
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sion and has been shown to affect the p38 MAPK
pathway (46), it may be that butyrate influences TIS11B
expression through the p38 MAPK pathway. Analysis of
the relationship between TIS11B and the p38 MAPK
pathway would be important for understanding the
effect of butyrate.

The effects of butyrate on TNFa gene expression,
other than those involving TIS11B- and ARE-dependent
mechanisms, also need to be addressed. In previous
studies, it was shown that butyrate can inhibit the
binding of NF-«B to DNA (12,15,47). In contrast, in the
reporter gene assays, butyrate enhanced the transcrip-
tional activity driven by NF-«B sites and the TNFa
promoter in a dose-dependent manner (Figures 3A and
B). This phenomenon may be explained in part by the
HDA-inhibitory effects of butyrate. Butyrate strongly
inhibits HDA activity in cells, and it can cause hyper-
acetylation of nucleotides and thereby nonspecifically
enhance transcriptional activity (18,48,49). As in the
case of genomic DNA, transfected plasmid DNA has
been shown to be assembled with histones to form a
“minichromosome” that is sensitive to histone hyper-
acetylation (50). Thus, butyrate can function as a non-
specific transcriptional enhancer for transfected plasmid
DNA,; hence, cotransfection with an internal control was
not informative in the current experiments.

Analysis of the regulation of TNFa by butyrate
provides information for a novel approach to the treat-
ment of patients with RA. Further investigation of the
regulation of TIS11B expression, including study of its
gene promoter, promises to pave the way for therapeutic
approaches that address ARE-dependent cytokine gene
regulation.
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Antiphospholipid antibodies and cell activation: crucial role of
p38 MAPK pathway

Antiphospholipid antibodies (aPL) are a large and
heterogeneous family of circulating immunoglobulins
found in a wide range of infectious and autoimmune
diseases. Since the early 1980s, the interest on these
antibodies has increased exponentially due to their
associations with thrombotic events and pregnancy
morbidity in the antiphospholipid syndrome (APS).!

Intensive research works, performed in the last
decade, have greatly advanced our knowledge of the
mechanisms that explain why these antibodies may
play a direct role in clot formation. Nowadays, it is
recognized worldwide that many of the autoanti-
bodies associated with the APS are directed against
phospholipid-binding plasma proteins such as £2-
glycoprotein I (82GPI) and prothrombin or phospho-
lipid-protein complexes, expressed on, or bound to, the
surface of vascular endothelial cells, platelets or other cells.”

One of the key events to explain the pathophysiology
of thrombosis in patients with APS is the pro-coagulant
cell activation mediated by aPL, accompanied with
tissue factor (TF) expression and TF pathway up-
regulation. TF is the major initiator of the extrinsic
coagulation system, functioning in coagulation by
serving as the protein cofactor for the activated factor
VII (FVIIa).? Induced TF forms a complex with FVIIa
that triggers blood clotting cascade by activating factors
IX and X, leading to thrombin generation. In normal
conditions, TF is not expressed on intravascular cells
but it can be induced under some stimuli such as
lipopolysaccharide, tumour necrosis factm o (TNFa),
interleukin-1 (IL-1) and shear stress.*

Experimental data showed that plasma of patients
with APS or purified aPL can activate endothelial cells
or monocytes leading to the expression of adheswn
molecules, TF and other pro- coagulant substances.’
Furthermore, uplegulatlon of TF in patients with APS
has been demonstrated,®’ and we repmted that
antibodies against BZGPI induce the expression and
activity of TF in vitro.® In addition, the binding of aPL
to platelets, once stimulated, causes activation and
aggregation of platelets and thrombosis.g"14 Overall,
the effect of aPL in pro-coagulant cell activation has
been evident and recent research works have focused on
the intracellular events involved in the aPL-mediated
cell activation, trying to clarify the signal transduction

€ 2005 Edward Arnold (Publishers) Ltd

mechanism implicated in the induction of pro-
coagulants substances by aPL. As a result of these
investigations, two groups independently reported that
adaptor molecule myeloid differentiation protein
(MyD&8)-dependent signalling pathway is 1nvolved in
endothelial cell activation by aPL.'*

Several groups demonstrated the involvement of
nuclear factor kappa B (NFkB) in endothelial cell
activation.'’™'® IgG purified from APS patients
induced the nuclear translocation of NFkB leading to
the transcription of genes with NFkB-responsive
element in their promoter. This nuclear translocation
of NFkB, at least in part, mediates the increased
expression of TF and adhesion molecules on cell
surface.'® NFKB blocking by statins inhibited endo-
thelial cell activation mediated by anti-B2GPI anti-
bodies and provide an additional use of statins as a
therapeutic tool for the treatment of APS.'”

Anti-B2GP] antibodies activate endothelial cell in a
B2GPl-dependent manner, and this cell activation
might require an interaction between B2GPI and a
specific endothelial cell receptor. It has been shown that
annexin II, an endothelial cell receptor for tissue
plasminogen act1vat01 and plasmmogen behaved as a
receptor for B2GPL?® However it is still unclear
whether such a putative receptor is actually involved in
cell activation because annexin II does not span the cell
membrane and the presence of an unknown ‘adaptor’
was suggested to be necessary to induce activation.
Raschi et al.'® suggested a possible association
between [B2GPI and members of the Toll-like
receptors (TLRs) family. They speculated that anti-
[2GPI antibodies might cross-link B2GPI molecules
likely together with TLRs, eventually favouring the
receptor polymerization and the signalling cascade
activation. Furthermore, Lutters er al.?’ showed that
dimeric B2GPI can interact with apolipoprotein E
receptor 2 (apoER2), a member of the low density
lipoprotein receptor family present in platelets and that
dimeric B2GPI induces increased platelet adhesion and
thrombus formation, which depend on the activation of
apoER2.

The p38 mitogen activated protein kinase (MAPK)
pathway of cell activation has become an important
focus of interest and it has been implicated in the

10.1191/0961203305lu2160ed
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regulation of TF expression in monocytes and
endothelial cells.*>~%> p38 MAPK pathway is a
member of the protein kinase family, key regulators
of cellular signalling that control inflammatory
response, cell differentiation and cell growth, and can
be activated by many stimuli including lipopolysac-
charide, other bacterial products, cytokines or stress.
Activation of p38 MAPK pathway increases activities
of inflammatory cytokines such as TNFa and IL-18
and is considered to be critical for normal immune
responses.”’

Last year, two independent groups demonstrated the
crucial role of p38 MAPK in aPL-mediated cell
activation.?#?° Vega-Ostertag et al®® reported that
phosphorylation of p38 MAPK is involved in aPL-
mediated production of thromboxane by platelets.
Pretreatment of platelets with SB203580, a p38 MAPK
specific inhibitor, completely abrogated aPL-mediated
platelet aggregation. Our group®® showed that mono-
cytes stimulation by monoclonal anti-B2GPI anti-
bodies derived from APS patients induce
phosphorylation of p38MAPK, locational shift of
NFkB into the nucleus and up-regulation of TF
expression. The TF expression occurs only in the
presence of B2GPI, suggesting that perturbation of
monocyte by anti-B2GPI antibodies is initiated by
interaction between the cell and the autoantibody-
bound B2GPI. Further, the involvement of p38MAPK
activation on endothelial cells has been reported
to be required in aPL-mediated prothrombotic status.>

The recognition of the crucial role of p38 MAPK in
the intracellular activation mediated by aPL is a novel
finding that represents a great advance in the under-
standing of the mechanisms involved in the production
of the hypercoagulable state in patients with APS.
Those researches may open new insights in the
therapeutic approach of patients with APS and give a
clue to establish a more specific target therapy by down-
regulating the specific pathway of signal transduction.

Further studies are needed to clarify how aPL-

phospholipid-binding complexes affect to cell surface
molecule and how signal transduction events occur
upstream of p38 MAPK.
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Expression of Inducible 6-Phosphofructo-2-Kinase/
Fructose-2,6-Bisphosphatase/PFKFB3 Isoforms in
Adipocytes and Their Potential Role in Glycolytic

Regulation
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Narihito Yoshioka,' Richard Bucala,” and Takao Koike'

6-Phosphofructo-2-kinase/fructose-2,6-bisphosphatase
(PFK-2/FBPase) catalyzes the synthesis and degradation of
fructose 2,6-bisphosphate (F2,6BP), which is a powerful
activator of 6-phosphofructo-1-kinase, the rate-limiting
enzyme of glycolysis. Four genes encode PFK-2/FBPase
(PFKFB1-4), and an inducible isoform (iPFK-2/PFKFB3)
has been found to mediate F2,6BP production in prolifer-
ating cells. We have investigated the role of iPFK-2/
PFKFB3 and related isoforms in the regulation of
glycolysis in adipocytes. Haman visceral fat cells express
PFKFB3 mRNA, and three alternatively spliced isoforms of
iPFK-2/PFKFB3 are expressed in the epididymal fat pad of
the mouse. Forced expression of the iPFK-2/PFKFB3 in
C0OS8-7 cells resulted in increased glucose uptale and cel-
lular F2,6BP content. Prolonged insulin treatment of
3T3-L1 adipocytes led to reduced PFKFB3 mRNA expres-
sion, and epididymal fat pads from db/db mice also showed
decreased expression of PFKFB3 mRNA. Finally, anti-
phospho-iPFK-2(Ser461) Western blotting revealed strong
reactivity in insulin-treated 3T3-L1 adipocyte, suggesting
that insulin induces the phosphorylation of PFKFB3 pro-
tein. These data expand the role of these structurally
unique iPFK-2/PFKFB3 isoforms in the metabolic regula-
tion of adipocytes. Diabetes 54:3349-3357, 2005

besity is a strong risk factor for the develop-
moent. of atherosclerosis, cardiovascular disease,
and metabolic disorders such as hypertriglyc-
eridemia, hyperinsulinemia, and type 2 diabetes
(1-3). Obesity occurs when encergy intake exceeds energy
expenditure, producing an excessive accumulation of fat
tissue, which is composed of adipocytes. Adipose tissue
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also is considered to be an important regulatory organ for
systemic glucose and fat metabolism and for overall
energy balance. Adipose tissue uses glucose for the syn-
thesis of fat; in particular, the glycolytic product, glycerol
J-phosphate, is a precursor for the synthesis of triacylg-
lycerols. The precise mechanisms governing glycolytic
lux and triacylglycerol synthesis under normal and patho-
logical circumstances remain incompletely understooed.

Fructose 2,6-bisphosphate (F2,6BP) is a potent alloste-
ric activator of phosphofiuctokinase-1 (PFK-1), which is a
rate-limiting enzyme of glycolysis (4=7). The synthesis and
degradation of IF2,6BP is regulated by the bi-functional
cnzynie, G-phosphofructo-2-kinase/fructose-2,6-bisphospha
tase (PFK-2/FBPasc) (8). Four distinet genes have been
reported to encode PFK-2DPase (PFKFBI, PFKIFD2,
PFKIB3, and PIFKFB4) (4), and each isoform differs in its
kinase and phosphatase activities, its tissue distribution,
and its regulatory response to protein kinases. Tissue-
specific enzymie isoforms are a means to lightly regulate
the metabolic demands of a particular tissue. In the case of
PFK-2/FBPase, it is known that the PFKFB3 gene product
has a high kinase—to-phosphatase activity ratio that serves
to maintain clevated F2,6BP levels and thereby sustain a
high glycolytic rate (9-11). Liver PFK-2/PFKIFBI, by con-
frast, is a substrate for a cAMP-dependent protein kinase A
that phosphorylates Ser32, leading to an inactivation of the
kinase domain and an activation of the phosphatase
domain (12,13). This regulatory mechanism accounts for
the inhibitory effect of glucagon on glycolysis in the liver.
PTKEFB3 lacks the serine phosphorylation site for protein
kinase A and does not show this liver-associated feature of
regulatory control (4).

iPFK-2 is a recently described PFK-2 isoform that is
encoded by the PFKFRS3 gene on hunman chromosome 1),
IPFEK-2/PFREDRS s expressed in rapid proliferating cells,
such as tumor cells, epithelial cells, and activated immuane
cells (11,14), and it is distinguished by the presence of an
oncogenc-like, AUUUA regulatory sequence in the 3 un-
transtated region (UTR) of its mRNA. The AUUTA motif
confers instability and enhanced translational activity to
mRNAs, and it typifies the 3° UTR stiructure of several
proto-oncogenes  and proinflinnmatory  eytokines (15),
iPFK-2/PTFKEDRS is phosphorylated om Serd6il by the regu-
latory Kkinase, AMD-activated protein kinase (16). This
modification further increases the conversion off FOP to
F2.6BDP, and it appears consistent with the role of this
enzyme in metabolic activation and cell proliferation.
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Alternative splicing of the vaviable, COOIT-terminal ve-
gion of the PFKFD3 gene can lead to the expression of six
stractural isoforms in hnman brain (17). Although these
isoforms have been reported to differ in the structure of
their COOH termini, their preeise physiological roles are
unknown. In the present report, we have explored the
expression and activity of different PFKIFB3 isoforms in
adipose tissue with the goal of initiating an investigation of
the potential role of these enzymes in the metabolic
changes underlying obesity.

RESEARCH DESIGN AND METHODS
Inswdin, dexamethazone, and S3-isobutyl-L-methylxanthine (JBAMX) were ob-
tained from Sigma-Aldrich (St. Louis. MQ). Troglitazone was n gift {rom
Sankyo (Tokyo, Japan). A rabbit polyclonal anti-phospho-iPFR-2(Serd61)
antibody was raised against the phosphorylated peptide RRN(Sp VTP (corre-
sponding ta residues 458-463 of human iPFR-2 i which Ser46] was phas-
phorylated) (18). Goal polyclonal antibody (anti-PFK-2 bi/pl N-11 antibody),
which reacts with the mouse iPFFR-2/PFRKFBR3 isoforn, was purchased from
Santa Oz Biotechnolagy (Santa Cruz, CA). Fonmwin-fixed, parafin-embed-
ded human fat tissue was obtained from Novagen (Madison, WI).

3T3-LE cells and COS-T cells were obtained from American Type Cell
Cultwre (Manassas, VAL Cells were grown in Talheceo’s moditied Eagle's
medivum (DAMEM) (Life Teclmologies, Grand Island, NY) supplemented with
10% heat-inactivated Tetal bovine serian (FBS) (TTy Clone Laboralories, Logan,
UT) e 370 i ac hnuidified 5% COL incubator, For adipoeyte differentiation,
STH-L cells woere stimulated after 7 davs of confluenee with 10 pg/ml insulin,
0.5 mmol] IBMX, and L0 pmold dexamethazone. After 48 b, the medium was
ropdaced with DMEM supplemented with 10°%0 FBS, Fresh imnedium was added
even 48

CATBL/RsT-dhadh Jel mice and CATBL/RS]-+10/+ 10 Jel mice were oblained
from CLEA Japan (Tokyo, Japan). This study was approved by the Animal
Experitent Ethics Committee of the Graduate School of Medicine of Hok-
kaidor University,
In situ hybridization. PFKFB3 is distinguished from othier members of the
PFRFB family by the presence of AU-rich clement in 3" UTR of its mRNA.
Thereture, we designerld a specific probe for PEREFB3nRNA that included the
Alrich element. The procedure of in situ hybridization s described in i
previous report (14).
Cloning of the mouse adipocyte PFKFB3. Epididymal It pads from male
CHTBL/A mouse (10 woeks of age) were hwrvested and {rozen in ligaid
nitrogen. The frozen tssue was homogenized, and the tolal RNA was
extracted using the RNeasy Lipid Tissue Midi ki (Qingen, Valeneia, CA). (e
microgram total RNA was reverse transcribed with Onwisceript. Reverse
Transcriptase (Giagen) ina 20-p1 reaction mixture using oligo-G3(TY ., primer
(Invitrogen, Cavlshad, CA). Full-length niouse wlipoeyie eDNA was munplified
with specific primers coding foy mouse PFRFBS 15 -ATGCCGTTGGAACTGA
CCCAS and 5 -GTGOTTCTGGGAAGAGTCGGOACE GenBank accession
nos ARZH61T. POR was carried out with Advantage 2 PCR Bozyme System
(B Biosciences Clantech, Palo Alto, CA) acceording to the manafacturer's
profocol POR products were separated by eloctrophioresis on a2 agarose gel
and parifion] using & GENECLEAN (OQbiogene. Civlshadd, CA). The PUR
products then were cloned into the peDNAS AN s vector and transformed
into TOPL0 Eseherichiio coli cells. Puvified plasimd DNA was sequencerd
bi-directonally using the Bighye Terminator cycle sequeneing kit (Applied
Biosystents, Foster City, CAY The sequencinig reaction proaduets were ani-
Bzed with the ABL Modet 373A DNA sequencer (Applied Biosystems).
Western blot analysis. Cells were washed v dce-cold PBS and then
radioinmununoprecipitinion assay bufler containing 150 ol NaCl 1% Non-
idet P10, 0.5% doxyehalate, 0.19% SDS, aned 50 wamold Tris (pll 7.5 with
protease inhibitors (Complete, Mind, and EDTA-Iree: Roche Dingnosties,
Indinnapolis, TNy The samples woere mixed withe i equed volume of 2+
Lacnunli soniple bufler and were denattred Tor 5 v at 85°C The proteins
were separited on [ SDS-polvacrslunide eloctrophoresis gels (Biv-Rad,
Herades, CA) and trnstevel to pohyvinylidene difluovide aenbvanes (il
pore. Bedlord, MAL The mendranes were menbated with a0 polsclonal
anti-phospho-iPFR-2(8es-6 1) antibody ¢ 10000, and the bound autibody was
viswadized with horseradish peroxidase—caonjugated donkey anti-rabbic anti-
bady and chemilininescence (BCL svstem: Amersloun, Puckinghimmshive,
UK
RT-PCR. Totid RNA was extracied using the RNeasy Mini kit (Giagon)
acceording to (he mannbieturer’s profocal. One mderogram ot BNA was
reverse transeribed with Omniseript Reverse Transeriptase (Qiageny i 20-pd
redction mixtme using olige-dt(Th. poimer, PR was caorded out with the

3850

Phainum PCR Superdhx (Invinogen) For the amplification ol the vaiable
region of PFRIFBS ¢DNA,L 200 nal/l forward poimer (3 -ATTTACTTGAATGT
AGAATCGGTGAG-Y ) and the reverse primer (5 -TCAGTGTTTCCTGGAGUA
GTUAGES) were used. The POR conditions were injtial denatiration for 53
it al 8503 38 eveles of 30 s at 93 C 30 5 a8 GO, and [ min ol 72 O and
finadly 10 wmin at 72°C The PCR prodacts were sepaated by electorophaoresis
an a % polyacrylanide gel POR s pearformed funa Perkian-Ehner moded 2400
thertnat eycley cApplied Biosystems) o accordinee with the previous dd-
ings. the Jength of the resudtaat POR product enable us to distinguish hetween
the diffevent PDFRFBS splicing vintmns, Amplified fragments from each TCT
woere cloned into pCR2.0 vector (ivitrogen) and sequenced using the dye
ferninaor eyele sequence kit (Applied Biosysiems),

Quantitative real-time RT-PCR. Quantitative real-time RT-PCR for PFRIFIR
mRNA was performed using the ABI 7000 Sequence Detector (Applied
Biosystems) using o QuantiTect SYBR . green RT-PCR kit (Qiagen). The
foHowing prinmers were used for specitic amplification for mouse PFRFLD.
H-AGAACTTCCACTOTCCCACCOAAAS and 5-AGGGTAGTGUCCATTGTTG
AAGGA-3 (GenBank aceession no. AF294G17). The specifivity of cach PCR
product was routinely checked by melting cvrve analysis and by agarose gel
electrophoresis.

Northern blot analysis. As described before, PFKFB is distinguished by the
presence of Allrich element in its 3" UTR. Therefore, mouse PFKFB3 3" UTR
contatting the AUTIUA motil (corvesponding to mouse PFKFB3 3660-430%)
was cloned into the pCRIT vector (Invitrogen). and antisense RNA probes were
synthesized witl the DIG RNA Labeling kit (Roche Diagnostics). This probe is
specific for PFRFB3 and does not yeact with other members of the PFEFB
fanily. Northem blot procedures are descrilied in the previous report (14).
Transfection of COS-7 cells. -Cells were coltwred in G-well plies in
DAMEM/A0 FBS and transfected PFRFB3 in peDNA3AS-His veclor using a
FuGENEG reagent (Rochie Diagnosties) accarding to the manufacturer’s
protocol. After 48 i, the cells were used for experiiments. The expression of
recombinant protein was confinned by Western blotiing using an anli-vi
antibody, which recognizes short amino ackl sequences fused (o the recom-
hinant geue within the cloning vector.

Glueose (ransport assay. Cells plated in Gawell culture dishes were washed
with gluease ransport solution (140 punoll Nal, 20 mmol/] HEPES/Na. &
nunel] KCL 2.5 nunolt MgSO,Land T amol CaCLy) and ineabated for 10 min
with Z-deoxy-[H]ghiease, The cells then were washed three thnes with
transport solution and lysed with 0.8 il 30 nunoll NatlL The lysates then
were collected, and the radioactivity was measwred by scintillation counting,
Measurement of F2,6BP. Intiacellukar F2,6BP content was measured using
Van Schaftingen's method after the disyaption of cells o 0.8 1l 50 nunolA
NaOIT (8).

Statistical analysis. Resulis are expressed as means - SLL Statistical
sipnificance of differcrce was assessed by Student's ¢ test,

RESULTS

Detection of PFKFB3 mRNA in human visceral fat
tissue. To examine the expression of PFKFB3 mRNA in
human visceral fat, we designed an RNA probe that was
complementary to the 37 UTR. inchiding the AU-rich
clement, of PFRFB3 and developed an in situ hybridization
method, This probe is specific for PFEFBS mRNA and
does not cross-react with other members of the PFKFD
family (14). We also confimed the detection of a single,
oxpected band  corresponding  to the PFKFB3 5.4-kb
mRNA using this probe in Northem Dblot analysis of
different human tumor tissues (data not shown). As shown
in Fig. 1, PFKFDB3 mRNA is readily detectable within
adipocytes, and no cell-associated signals were detected
with the PFKFBE3 sense probe.

Cloning of the PFKFB3 from mouse adipose tissue. A
previous report has provided evidenee for six distinet
1soforms of the PFKEDS gene product in laman brain (17).
Altematively spliced isoforms of PFR-2/FBPase also were
reported ina shudy of the rat brain (14,20). To examine the
expression patfern of the PFKFBS in mouse adipocytes,
total RNA was extracted from mouse (CH7BL/G) epididy-
mal fat pads, the ¢DNA was synthesized by reverse tran-
seviptase, and the PFRFTE cDNA was amplified and
clomed into the peDNASIVAITS vector. Three different
isolorms thus werve identified, designated PFRFB3-ABCG,
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\SSOCIATES

FIG. 1. Analysis of PFKFB3 mRNA expression in human viseeral fat. A: Tissue seclions were examined by hematoxylin and cosin. Tissue scetions
were examined by in situ hybridization nsing antisense RNA probe (B) and sense RNA probe (). Magnification xX400.

PFKFB3-ACG, and PFKFD3-AG (Fig. 24). These sequences  identified invat brain, but it has been described in huan
differ in the predicted structure of their COOH termini and  brain PFK-2 (17).

in their overall exonic organizafion. The variable region of The expression of PFKFB3 isoforms are induced
COOH termind of PFIxI“B} in human and rat brain is during 3T3-L1 adipocyte differentiation. Numerous
derived from seven exons, as described previously,  genes are induced as part of the adipocyte differentiation
whereas the 3'-variable region of mouse adipocyte program. We next investigated the expression of PFKFR3
PFKFB3 is encoded by four exons (Fig. 2B). The struc-  in cultured mouse 8T3-L1 cells induced to undergo adipo-
tures of exons A, C, and G in mouse PFKFB3 gene are  cyte differentiation. We designed specific primers for
homologous to those of the rat and human PFKFB3 gene.  amplification of PFKFB3 and an antisense RNA probe that
The shortest isoform, PFKFB3-AG, contains exons A and  is specific for PFKFB3 mRNA 3’ UTR, as described in
G. The exon-intron structure of PFKFB3-AG has not been  BESEARCH DESIGN AND METHODS. (QQuantitative real-time RT-PCR

A

134€ exon A
PRKFB3-ABCGIT A X T T T AR TETRAGAATLC GGT L= C A 1t [N
PFKFB3-ACG [T A L T eHHTGETREBEART L GG G =L H HC BT
PFKFB3-AG II (2N I LA T 6T RAGAATE GO [ 6 & 5 L H L R B G i
A

PFKFB3-ABCG

R T T RAGCHACT R TAA
!n‘ ThR A ECCAGARAST A TR R|PFKFB3ACG
[ CL LML A H w1 H m|PFRFB3AG
1888
B
PFKFBIABCG =~ A« B L C e G
PFKFB3-ACG —= A e e € — G o FIG. 2. Comparison of the COOH-ter-
minal variable regions of the mouse
PFRFBIAG = A oo (5 o PFKFB3 in  adipocytes.  Alignment
mmdysis of the nucleotide sequences
ol different PFKFB3  isoforms in
. monse adipocytes. The alignment is
Exonic Structure of the Human PFKFB3 Gene shown downstream of the nueleotide
constant region variable region l.‘?nl(i' of the mouse PFKFBIS. Ro.si(llu{.s
= g within the solid boxes indicate identi-
o h o {A 8 C. D E o F’ G ties. A: Gaps arve shown as dashes, B:
Schenmatic dingran shows the intron-
1 910 11 42 1314 15 1617 18 19 exon organization of the variable re-
_._,.q_' I._I lA_I_J_,vl_. I_I H l_lv- ' . I “ 5 gion of the monse PFKFB3  in
adipocytes.,
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FIG. 3. The expression of PFKFB3 during 3T3-LI adipocyte differenti-
atiow, Quantitative real-time RT-PCR using spevifie prineer for PFKFB3
(A) and Northeyn blotting using specific probe for PFRFB3 (B). :
Western blotting using anti-PFX-2 bi/pl antibody. Intracellwlar F2,6BP
was measured as deseribed in RESEARCH DESIGN AND Mirnobs. D: Bach
point represents the means = SD of three different samiples. *P < 0,05
compared with the contro) value, IB, immimoblot,

analysis and Northern blot analysis of 3T3-L1 cells showed
that the expression of PFKFB3 mRNA was significantly
increased diing differentiation (Fig. 34 and I3). Because
of the low sensitivity of antisense RNA probe used in
Northern blot analysis, which is unavoidable given the
close sequence homology among the different isoforins,
the induction of PFRFIZ mENA in day 4 is not clealy
defined by Northein blotting. Nevertheless, there is clear
and apparvent induction of PFKFB3 mRNA observed by
real-time RT-PCR analysis. As shown in Tig. 3¢, the
production of PFKTBI profein increased during adipocyte
differentiation, as assessed by Westemn blot analysis. The
induction and increase in the level of PFKFRS protein was
similar to that observed for peroxisome  protiferator—
activated receptor (PPAR)-y. which is a well-characterized

352

feature of adipocyte differentiation. Intracellular 26D
levels also incveased significantly during adipoeyte difler-
entiation (Tig. 3D).

The expression pattern of splicing variants for
PFKFB3 during 3T3-L1 adipocyte differentiation. We
analyzed the expression pattern of the splicing variants of
PFKFB3 daing 3T3-L1 adipocyte differentiation by RT-
PCR analysis. As described in the BESEARCH DESIGN AND
aErnons, we selected a forward primer that was comple-
mentary to a sequence in the constant region of PFKFB3
¢DNA and a reverse primer that was located close to the
stop codon (17). Amplification with these primner pairs
revealed three PCR products of sizes 345, 270, and 96 bp
that correspond to the designated PFKEFB3 isoforms:
PFKFB3-ABCG, PFKFB3-ACG, and PFKFB3-AG. Sequence
analysis also confirmed that each isoform contained the
COOH-terminal variable region of PFKFB3 (data not
shown). The expression of these isoforms, in particular
PFKFB3-ACG  and PFEFB3-AG, was significanily in-
creased during 3T3-L1 adipocyte differentiation (Fig. 4).
Taken together, these findings indicate that the increase in
glycolytic flux that accompanies adipocyte differentiation
is associated with PFK-2 expression: an increase in the
level of the mRNAs for PFKIFB3 and in particular the
PFKFB3-ACG and PFKFB3-AG.

Troglitazone induces the expression of PFKFB3
mRNA and protein in 3T3-L1 cells. Thiazolidinedione is
a ligand for PPAR-y (21), and it increases the number of
small adipocytes in white adipose tissue (22). We exam-
ined the effect of troglitazone, one of thiazolidinediones,
on the expression of iPFK-2/PFKFB3 in 3T3-L1 cells. As
shown in Fig. 54 and B, the expression of PFKFB3 mRNA
increases affer freatment of troglitazone, as analyzed by
quantitative real-time RT-PCR analysis and Northern blot-
ting, and this finding is accompanied by a corresponding
increase in inmunorcactive PFKIB3 protein (Fig. 5C). The
induction and increase in the level of PFKFB3 expression
was similar fo that observed for PPAR-y, suggesting :
potential role for PFKFB3 in the regulation of glycolysis
during triacylglycerol synthesis. We also examined the
expression of different splicing variants of PFKFB3 in
3T3-L1 cells stimulated with troglitazone. As shown in Fig,
5D, the expression of PFRKFB3-ABCG, PFKIB3-ACG, and
PFKFB3-AG also inerecased after the administration of
troglitazone.

Overexpression of the PFKFB3 results in increased
glycolysis. To validate the enzymatic activity and poten-
tial physiological vole of PFKFB3-ACG and PFKFDB3-AG in
glycolytic  flux, we cloned both isoforms into  the
PEDNAS I/VATS vector and transfected them into COS-7
cells. Transfection cficiencies were calewated by deter-
mining the number of transfected cells using (3-Gal stain-
ing kit (nvitrogen), and 70% of COS-7 cells expressed
reporter gene protein. Transfection of cach isoform in
COS-T cells resulted in a significant increase in PFRFB3
profein, as revealed by Western blot analysis using an
anfi-Vh antibody, which recognizes the short amino acid
sequence fused to the recombinant gene encoded within
the cloning vector (Fig. 64). Overexpression of PFKFR3
protein also was confirmed by Western blot analysis using
an anti-PFK-2 hr/plantibody. PFEKFB3-ACG and PFKFB3-AG
were expressed in equivalent levels in the COS-T fransfoec-
fion system. As mentioned previously, iPFR-2/PFKFDBS is
phosphorylated at the Serd6] residue, which is located in
exon O of COOM-erminal variable region. Accordingly.
immnoblotting with an anti-phospho-iPFK-2(Serd461) anti-
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cethidinm bromide. B: Densitometric analysis of the expression of mRNA for PFKFB3 isoforms during 3T3-L1 adipoeyte differentiation. Values are

means = SD for three different samples.

body revealed a prominent band corresponding to the
60-kDa iPFK-2/PFKFB3 in the lysates of COS-7 cells ex-
pnssing PFKFB3-ACG but at significantly reduced levels
in COS-7 cells transfected with an PFKFB3-AG. The intra-
cellular content of F2,6BP was significantly increased after
tfransfection by both isoforms (Ifig. 613). Note that COS-7
cells express endogenous PFKDBI3, which is normally
phosphorylated under serum culture conditions (18). The
uptake of 2-deoxyglucose into cells also was increased in

both cases, indicating that the increased production of

these proteins produced a physiologically meaningful in-
crease in glycolytic flux (Fig. 607).

Prolonged insulin stimulation results in a reduction
of PFKFB3 mRNA. The physiological impact of insulin on

glucose metabolisim changes critically with the duration of

stimulation of the insulin receptor. We next examined the
effect of 1)1“101)@,( ¢ insulin freatient on the expression of
PFKFB3 mRNA in differentiated adipocytes. 3T3-L1 adipo-
cytes were treated with insulin for 18 h, and the expression
of PIFKI'B3 mRNA was measured by quantitative real-time
RT-PCR analysis. As shown in Fig. 74, the expression of
PFKFDBS3 mRNA in 3T3-L1 adipoeyies decreased signifi-
cantly after long-term insulin stimulation, whereas similar
conditions caused no significant change of PFKFB3 mRNA
expression in 3T3-L1 preadipocytes, which have less insu-
lin binding activity and less insulin receptor expression
when compared with 3T3-L1 adipoceytes (data not shown)
(23.24). These data suggest a cell-specific mode of regula-
fion of the expression of PTKFB3 mRNA by insulin in
adipoaytes.

Mice of the genotype «d0/db have a point mutation in the
leptin receptor gene, and they are an established model of
tvpe 2 diabetes (2
PFKFDB3 mRNA in epididymal fat pads obtained from
db/dh mice. We found that the expression of PFRKFDR3
WmRNA wus significantly reduceed in the fat pads of dbAdb
mice 'lll;ll\'ﬂ\d by qulmtimti\‘v real-time RT-PCR (Fig. 70).
The expression of PFKFB3 protein in adipose tissue was
not significantly difterent between the db/Alh mice and
control mice (cata not shown).

Insulin-induced serine phosphorylation of iPFK-2/
PFKFB3 isoforms in 3T3-L1 adipocytes. Insulin action
s nifiated by hormone binding to cellsurface insulin
receptors, leading to the tyrosine phosphorviation of sev-
cral intracellular mediators and downstream metabolic
effects (26-20). Monocyte activation is known to oceur by
a glucose-dependent mechanisn, and it is associated with

IABETES. VO 54, DRCEMBER 2005

5). We next examined the expression of

an increase in iPFK-2 protein production and its phosphor-
ylation (16,30-32). We next examined the ability of insulin
to phosphmyla‘re PFKIFB3 isoforms in cultured adipocytes.
The contribution of the phosphorylation of the COOH-
terminal serine to the kinetic properties of PFK-2 is well-
characterized in the cardiac, PFK-2 isoform. The insulin-
induced increase in F2,6DP and heart PFK-2 activity
occurs hy the phosphorylation of the serine residues,
Serd66 and Serd83 (33). Protein kinase B phosphorylates
substrates at Ser/Thr in a conserved motif characterized
by Arg at position —5 and —3. The amino acid sequences
sury mm(lmg Serd(6 of heart PFR-2 and Serd61 of iPFK-2/
PFRFDB3 are similar, although iPFK-2/PFKFB3 lacks Arg
at position —5. In addition, Serd66 of heart PFK-2 can
be phosphorylated in vitro and in vivo by a number of
protein kinases (34). We hypothesized that its phosphor-
ylation may similarly upregulate the kinase activity of
iPFK-2/PIFKFDB3 protein. We generated anti-phospho-PFK-2
(Serd61) antibody as described in pESEARCH DESIGN AND
METHODS, Serum-starved, 3T3-L1 adipocytes were exposed
to insulin for 5 min, and fhe proteins from cell extract were
separated by SDS-PAGE. The phosphorylation of PFKFB3
isoforms was examined by Westem blot analysis using
recently characterized anti—phospho-iPFK-2(Serd61)~
specific antibody (18). Insulin significantly incereased the
serine phosphorylation of iPFR-2/PFRFD3 isoforms (Fig.
S4) Intracellular F2,6BP content increased in parallel with
the phosphorylation of PFKFDBS isoforms (Fig. 81). These
data suggest that increased glyveolylic flux induced by
insulin in 3T3-L1 adipocytes is mediated by phosphoryla-
tfion of PFKEFD3 at position Serd61.

DISCUSSION
Insulin stimulates glucose fransport via tyrosine phosphor-
viation of the insulin receptor and insulin receptor sub-
strates (IRSs), leading to the downstream activation of
phosphatidylinositol 3-kinase (35). The precise mecha-
nisis responsible for the activation of glycolytic enzymes
by insulin are of significant. interest. Insulin has heen
shown to incerease infracellular F2.6BD content by activat-
g kinase activity of PFFK2/FBPase in adipocytes (36), hut
the particular enzymatic isoforms of PFRK-2/FBPase that
mediate inereased glyeolytic flux and t(iacylglyeeral syn-
thesis are unknown.

In the present study, woe identify PFKFRS as the isoform
that is likely responsible for the activation of glycolysis in
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FIG. 5. The effeet of troglitazone on the expression of PFKFB3 mRNA
and protein. Quantitative real-time RT-PCR (A4) and Northern blotting
(13). Western blotting using an anti-PFK-2 br/pl antibody (¢). RT-PCR
analysis of splicing variamts of PFKFB3 mRNA (D). Values are nieans =
SD for three different samples. #P < 0.05 compared with the countrol
valhe,

adipocytes. Several lines of evidence support this conclu-
sion. The expression of PFKFB3 mRNA in human visceral
fut was confimed by in situ hybiidization, and the expres-
ston of hoth PFEKFDS mRNA and protein was significantly
mereased during AT3-L1 adipocyte differentiation induced
by insulin, dexamethazone, and IBMX. Further support for
this observation is offered by the repent that the PFRKFRS
is induced by eyclic-AMP-dependent protein kinase signal
activation (37). Troglitazone stimulated the induction of
PIRTFDS3 mRNA and PFKEFRBS protein expression in 3T3-L1
cells. Moreover, insulin stimulation was associated with
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FIG. 6. Effect of forced expression of the recombinant PFKFB3 protein.
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encoding PFKFB3-ACG or PFKFB3-AG was carried ont wsing anti-
phospho-iPFK-2(Scrd461) antibody, PFK-2 br/pl antibody, and anti-V5
antibody. Tntracelinlar F2,6BP content (B) and 2-deoxyglucose (2-
DOG) uptake (C) were detected as deseribed in RESEARCH DESIGN AND
METnons. #P < 0.05 compared with the control value. TB. immunoblot.

phosphorylation of Serd61 residue of PFKFB?3 protein. We
also observed the coordinate expression of the PFEEFDS-
ACG and the PFRFDB3-AG isoforms during 3T3-L1 adipo-
cyte differentiation, and we confimed the potential
cnzymatic activity of these isoforms by transfection stud-
ies in COS-T cells.

Marsin ot al. (16) recently demonstrated that the mech-
anism of the activation of iPFK-2/PFKFRS involves phos-
pharylation of Serd61 residue in the COO-terminal region
by AMTP-activated protein kinase. The contribution of this
phosphorylation event to the kinetic properties of PFK-2
has been well-characterized in heart PFR-2 (33,38 =40).
Howoever, the expression of heart PFE-2/PFEFB2 in adipo-
cytes is low when compared with iPFK-2/PFKFD3. The
expression of the heart PFE-2PFKFB2 isoform also is not
induced during adipocyte differentiation (data not shown),
wheveas the mRNA {or PFKFBS is significantly increased
during this process, These data, faken together, are con-
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sistent with an important role for PFKFB3 in the synthesis
of triacylglycerols in adipocytes.

The protein kinase that is responsible for the phosphor-
vlation of Serd61 of iPFK-2/PFKFB3 has not been clarified.
The Serd61 resicue of brain PFK-2/PFKFB3 (which may be
alternatively numbered as Serd60) is reported to be phos-
phorylated by protein kinase B and other protein kinases
but without activation of PFK-2 in vitro (41). Instead,
phosphorylation of Serd60 decreased the sensitivity of the
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PIFK-2 to the potent allosteric inhibitor, phosphoenolpyru-
vate (41). These data support the notion that phosphory-
lation of the PIFKFB3 protein regulates PFK-2 activity,
which is important for glycolvlic finx.

Chronie insulin treatment has been shown to decrease
the half-lifc of IRS-1, which is consistent with a regulatory
effect on TRS-1 protein degradation. We hypothesize that
the expression of PFKEFB3 mRNA in the fat tissue of db/db
nmice increases during adipogenesis and that a reduction of

*
2 * _ .
15 %
1
05
NN N
0 10 50 100

FIG. 8. The effect of insnlin on the serine phosphorylation of
PFKFB3. Western  blotting  using  anti-phospho-iPFK-
2(Serd6 1) antibody. A: The bar graph represents quantita-

A tive analysis of the resulls means = 8D for three differont

samples, B: Time-dependent changes in phosphorylation of
PFKFB3 in 3T3-LI adipocytes incubated with insnlin and
F2,6BP levels determined as described in RESEARCH DESIGN
AND METHODS, Each point represents the means = SD of three
independent experiments, P < 0.05 compared with the
control valne, IB, immunoblot,
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PFKFDB3 mRENA may then occeur after prolonged hypergly-
cemia as a result of a negative feedback mechanisin
involving insulin. This is supported by the fact that pro-
longed treatihent by insulin causes a reduction in the
expression of PFKFR3 mRNA in 3T3-L1 adipocytes, Injec-
tion of insulin to fod rats has been shown to decrease
F2,6BP content in white adipose tissue; however, such a
decrease was not observed in fat pads from starved rats
(42). These observations are consistent overall with the
notion that the accumulation of F2,6BP via insulin in
adipose tissue is regulated by negative feedback system.

In conclusion, we have idenlified the- PFKFDBS stiuetural
isoform to he a potenrial regulator of glycolytic flux in
adipocytes. The tissue-specific vegulation of the expres-
sion and phosphorylation of PFKFB3 may represent novel
targets for the treatinent of metabolic disorders related to
nlwm‘ry.
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Abstract

f2-Glycoprotein | ($2-GP}) is a major antigen for anti-cardiolipin antibodies and their epitopes are
cryptic. Conformation of each domain of [}2-GPI was optimized from its crystal structure by energy
minimization and by molecular dynamics simuiation. Three electrostatic interactions, i.e. D'%*-K?,
D?22-K®'7 and E??®-K3%8 were observed between domains IV and V in the optimized structure that was
constructed based on the consensus sequences obtained by the phage-displayed random peptide
library. Antigenic structures determined by the epitope mapping mainly consisted of hydrophobic
amino acids located on two discontinuous sequences in domain V. These amino acid clusters, as an
epitope, were covered by domain V and were of a hidden nature. A similar but incomplete counterpart
to the epitopic clusters was found in domain | but was not in domains Il or lll. Binding of anti-}2-GPI
auto-antibodies to solid-phase [2-GPI was significantly reduced either by L replacement for W235,

a common amino acid component for the epitopes, or by V replacement for all of D'°%, D22 and E2%%,
Structural analysis indicated a hypothesis that these electrostatic interactions between domains 1V
and V retained exposure to W*5 and that epitope spreading occurred in the region surrounding W2%%,
. Thus, epitopic structures recognized by anti-$2-GPI auto-antibodies are cryptic and inter-domain
electrostatic interactions are involved in their in exposure.

Introduction

The anti-phospholipid syndrome (APS) is a multi-system
disorder characterized by arterialivenous thrombosis and
pregnancy complication (1-4). Anti-phospholipid antibodies,
in particular, anti-cardiolipin antibodies {aCLs) and lupus
anticoagulant (5), are of considerable clinical importance in
APS. In 1990, three individual research groups reported that
a 50 kD plasma co-factor is required for the binding of such
aCL to cardiolipin (CL} (6~8)and p2-glycoprotein | (32-GPI),
which binds to anionic phospholipids (PLs), is currently
thought to be the major antigen for aCL in APS patients.

We reported that aCl.-recognized cryptic epitopes appear
on the B2-GP! molecule only when $2-GPI interacts with lipid
membranes containing anionic PLs, such as CL, or also with a
polyoxygenated polystyrene surface (9, 10). We also reported
that domain IV of $2-GPl was dominantly involved in ex-
pression of antigenicity for anti-p2-GPl auto-antibodies (11).
Other research groups reported the presence of anti-p2-GPI
auto-antibodies directed to domain V (12, 13) or to domain |

(13). It has also been proposed that binding of p2-GPI to
anionic PLs increased the local concentration of p2-GPI, thus
leading to an increase in intrinsic affinity and binding of the
antibody to B2-GPI, an event which argues against the
interpretation that epitopes for aCL are cryptic (14, 15).
B2-GPI, a 50-kD protein with a carbohydrate content of 17%,
is present in normal human plasma at ~200 pg mi™ " and was
apparently first described by Schultze et al. (16). B2-GPI is
composed of five homologous motifs of ~60 amino acids which
contain highly conserved half-cysteine residues related to the
formation of two internal disulfide bridges. These repeating
motifs were designated as short consensus repeats (SCR)/
complement control protein (CCP) repeats or sushi domains
(17-19). The fifth domain is a modified form that contains
82 amino acid residues and 6 half cysteines. The primary
amino acid sequence is highly conserved (>80%) among
human, bovine and mouse counterparts (20). The crystal
structure of human B2-GPI was recently reported (21, 22).
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2 Epitopes recognized by anti-phaspholipid antibodies

We characterized epitopic structures for anti-32-GPI auto-
antiboclies derived from APS by making use of epitope
mapping based on the crystal structure of f2-GPI. Our results
show that cryptic epitopes for monoclonal anti-p2-GPl auto-
antibodies located on a particular region in its domain 1V and
that the region is naturally hidden by domain V. Three
electrostatic interactions between domains IV and V were
involved in both ¢rypt and exposure of the amino acid clusters,
as an epitope.

Methods

Microtiter plates

Plain plates (Sumilon S-type) and polyoxygenated plates
(Sumilon C-type) were obtained from Sumitomo Bakelite Co.,
Ltd (Tokyo, Japan). Densities of oxygen atorns covalently
introduced onto the polystyrene- surfaces were analyzed by
X-ray photoelectron spectroscopy and the results were as
follows: plain plate, C-O (1.3 mol%); polyoxygenated plate,
C-0 (10.5 mol%); C=0 (5.6 moi%); O-C=0 (3.7 mal%).

Sera and mAbs

Anti-2-GPt antibody-positive sera were obtained from sys-
temic lupus erythernatosus patients who fulfilled the criteria of
the American Rheumatism Association revised in 1982, All
patients had significantly high levels of 2-GPIl-dependent
aCL, as compared with healthy subjects, and had one or more
symptoms of APS, i.e. thromboembolic complications (venous
and/or arterial), recurrent spontaneous abortion and/or
thrombocytopenia. Monoclonal anti-p2-GP! auto-antibodiies,
EY1C8, EY2C9 and TM1G2, were derived from the APS
patients (23). Patients EY and TM had recurrent fetal losses
and recurrent deep vein thrombosis accompanied by multiple
pulmonary embolism, respectively. EY1C8 and EY2C9 com-
petitively inhibit 50-80% of the IgG aCL activity of sera from
the patient from whom these monoclonal aCls were estab-
lished. A mouse monoclonal anti-B2-GPl auto-antibody, WB-
CAL-1, was established from splenocytes of a (NZW X BXSB)
F1 male mouse (24). Pathogenic roles of these mAbs have
been known in vitro and in vivo. Five mouse monoclonal anti-
human p2-GPI antibodies, Cof-18, Cof-20, Cof-21, Cof-22 and
Cof-23, were established from the splenocytes of BALB/c mice
immunized with human B2-GP1in CFA (11, 25).

Biopanning and selection of clones from
ranclom peptide libraries

Consensus peptide sequences recognized by anti-B2-GPI
antibodies were obtained with combinatorial libraries of a
7-mer andfor 12-mer random peptide fused to a minor coat
protein (piH) of the filamentous coilphage, M13 (PH.D-7 and/or
PH.D-12 Phage Display Peptide Library Kit, New England
Biolabs Inc., Beverly, MA, USA). These libraries consist
theoretically of 2.0 x 10" or 19 x 10" electroporated
sequences, respectively. A plain plate was coated by in-
cubating with 150 pl of anti-p2-GPl mAbs (100 pg mi™"y in
0.1 M NaHCO3 overnight at 4°C, followed by blocking with
10 mM Tris—HCI, 150 mM NaCl, pH 7.4 [Tiis-buffered saline
(TBS)] containing 5 mg mi™" of BSA for 1 h. The plate was

washed six timas with 200 pl of TBS containing 0.05% Tween
20 (TBS=Tween) and 100 pi of phages (2 X 10" mi™" in TBS~
Tween). then incubated for 1 h. Following 10 washings with
TBS-Tween, bound phages were eluted with 0.2 M glycine-
HCI (pH 2.2) containing 1 mg mt~" of BSA. After three rounds
of selection and amplification with the mAbs, the clongs were
isolated and sequenced.

Optimization of the structure of human f2-GPI

A conformalion of each domain was first constructed from the
crystal structure (implemented in Protein Data Bank: 1C1Z)
and was then optimized by 2000 cycles of energy minimization
by the CHARMM program (26), with hydrophilic hydrogen
atoms and TIP3 water molecules (27). Molecular dynamics
simulation (5 ps) was then done with a 0.002 ps time step.
Cutoff distance for non-bonded interactions was set to 15+
and the dielectric constant was 1.0. A non-bonded pair list was
updated every 10 steps. The most stable structure of each
domain in the dynamics iterations was then optimized by 2000
cycles of energy minimization. The final structures of domains
L0 1L Viand V consisted of 1867, 1722, 2097, 1828 and 2602
atoms, including 443, 408, 515, 435 and 598 TIP3 water
molecules, respectively. -

A structure of complex domains IV and V was further
constructed by consiclering the location of the oligosaccharidle
attachment site in domain IV, location of epitopic regions of the
Cof-18 and Cof-20 mAbs, junction between dornains 1V and
V and the molecular surface charges of both domains This
model was again optimized by molecular dynamics simulation
and by energy minimization. The final structure consisting of
3775 atoms, including hydrophilic hydrogen atoms and 807
TIP3 water molecules had a total energy of -2.43 x 10" keal
mol™ ! with a root mean square {rm.s.) force of 0.985 keal
mol ™', A modlel of mutant domain IV in which D'**. D*# and
E>2% were replaced by valines (V) or of cleaved domain V at
a K37-T*'® was constructed. After optimization, the final
structures consisted of 3774 and 3839 atoms. including
hydrophilic hydrogen atoms and 808 and 827 TIF3 water
molecules and had a total energy of —2.42 x 10" and —2.02 X
107 keal moi™* with a rm.s. force of 0.892 and 0.979 keal
mol ™", respectively.

Production of §2-GPI mutant proteins

By site-directed mutagenesis, we designed four kinds of 2-
GPI mutant proteins of which three particular amino acids, i.e.
D™, D22 andfor £%°® were replaced by V. Another mutant,
W25 replaced by L, was also designed. The isclation and
sequencing of a full-length cDNA for human B2-GPI was as
described (20). The cDNA was digested with EcoR1 and Bghl
and ligated to the corresponding site of the pVL 1393 transfer
vector. To assess the mutation, we used the GeneEditor in vitro
site-directed mutagenesis system (Promega Corp., Madison,
W1, USA) and the sequence of primers used is as follows:
5 -TGCCCATTCCCATCAAGACCAGTCAATG-3' for a mutant

E22% . V (GAA — GTA), 5'-TGCCCATTCCCATCAAGACCA-
GTCAATG-3' and 5'-CTCTGGTTGGCCCGGAAGAAATAGTA-
TGTACC-3' for a mutant ‘triple’, D' - V (GAC -+ GTC),
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D2V (GAT — GTT) and E?2® — V (GAA — GTA) and 5'-
TGTACCAAACTGGGAAACTTIGTCTGCCATGCC-3' for a mu-
tant W25 ., L (TGG — TTG). A DNA sequence of the mutants
was verified by analysis using Prism Model 310 (PE Applied
Biosystems, Foster City, CA, USA). Recombinant $2-GPl and
its mutant proteins were produced in the baculovirus
Spodoptera frugiperda (Sf-9) expression system (11) using
linearized virus ¢cDNA (Baculogoid, Pharmingen, San Diego,
CA, USA). p2-GPl proteins were purified from serum-free
culture media (S1-900 11, Life Technologies, Grand Island, NY,
USA) using anti-B2-GP! mAb affinity column chromatography.
Apparent molecular mass of these mutant proteins in SDS-
PAGE was 43 kD and there were no significant changes (data
not shown).

ELISA for anti-f2-GFI antibodies

Anti-B2-GPI ELISA was done as described (9) but with slight
modification. A polyoxygenaled plale was coated by in-
cubation with 50 pl per well of recombinant $2-GP! or its
mutant proteins, dissolved at a concentration of 2.5 ug mi™ ' in
PBS, pH 7.4, overnight at 4°C. The plates were blocked with
200 1l of PBS containing 3% gelatin (Difco Laboratories, MI,
USA) in PBS. Human or mouse anti-B2-GPl mAbs diluted with
PBS containing 0.5% gelatin were applied for 1 h. Antibody
hinding to p2-GPl was probed by HRP-conjugated anti-mouse
IgG or anti-human 1gG/IgM and o-phenylenediamine solution
(0.2 mg ml™") containing 0.01% H,0, was applied for 10 min.
Color reaction was halted by adding 100 pl of 2N H,S50, and
optical density was measured at 492 nm. Between each step,
we used 200 pl of PBS containing 0.05% Tween 20 (PBS-
Tween) for extensive washings.

Inhibition ELISA for the binding between
[2-GFI and anti-fi2-GPl mAb

2-GP! at the concentration of 10 ng mi™ was coated on the
polyoxygenated plates and was blocked in the same way as
described above. Solutions of WB-CAL-1 (1 ug mi™") together
with different concentrations (up to 1 uM) of B2-GPI or triple
mutant of f2-GP!, in the presence or absence of CL-liposome
(10 png mi™"), were distributed to the wells in triplicate. HRP-
conjugated anti-mouse mAb was utilized for detection.

Resulis

Epitopic structures of anti-p2-GPI antibodies

Peptide fibraries displayed on filamentous phages were used
to define the antigenic structure specific for anti-B2-GPI mAbs.
in all screenings, we carried out at least three rounds of
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biopanning with coated antibodlies on a plain plate. After the
latest biopanning, 20- to 10,000-fold increase in the number of
eluted phages and 6 to 10 clones were randomly picked up
and nucleotide sequences coding fused peptides were
analyzed (Table 1). The conformation of each domain of B2-
GPl was constructed from the crystal structure's coordlinates of
human B2-GP! implemented in the Brookhaven Protein Data
Bank as 1C1Z. We had earlier characterized the fine spe-
cificities of Cof-18, Cof-20 and Cof-21 mAbs, established
from human B2-GPI immunized BALB/c mice (11). All these
antibodies recognize the native structure of human B2-GPl and
their epitopes are located on the surface of domains V, ifl and IV
of p2-GPI in solution, respectively. As shown in Fig. 1, all
anligenic structures for these mAbs were identified on the outer
surface in individual domains. Antigenic structures for human
anti-p2-GP) auto-mAbs, namely EY1C8, EY2C9 and TM1G2,
and for a mouse monoclonal auto-antibody, WB-CAL-1, were
identified in domnain IV (Fig. 2). In case of EY1C8, two possible
candidates for the antigenic structure have to be considered
(Table 2, Fig. 2). All these epitopes were located on two
inclividual loops, i.e. the N- and C-terminal loops of the domain.

Structural model of the domain V-V complex

To investigate interactions between domains IV and V,
a structural model of the domain 1V-V complex of 2-GP! in
solution was constructed by considering crypticity of the
epitope for the monoclonal auto-antibodies (i.e. EY1CS8,
EY2CH. TM1G2 and WB-CAL-1) and exposing of epitopic
structures for Cof-18 and Cof-21. The r.m.s. deviation of the
main-chain structure of each domain in the complex model
and the original X-ray structure was <1.52 A with super-
impositions of only each domain, and the secondary structure
of the model was not significantly altered by optimization.
Three clectrostatic interactions (D'9°-KZI0K#0 p¥2_K0s
and EZ%_K%%8) between domains IV and V, and the interaction
of K¥_£%0? iy the IV-V junction were the only signiticant
differences observed (Fig. 3). The mode! was more stable than
the unbent structure shown in the X-ray structure. Although
W™ exposed in the X-ray structure, was naturally covered by
dornain V in the model, N2, an oligosaccharide attachment
site, was exposed in both structures. All the above antigenic
structures for EY1C8, EY2C9, TM1G2 and WB-CAL-1 on
domain 1V were partly hidden by the overlying of domain V.

Alteration on antigenicity for anti-g2-GPI aniibodies
by the mutations

Binding of anti-p2-GPI mAbs to the solid-phase $2-GPI mutant
proteins was then determined (Fig. 4). Binding of the mouse

Table 1. Sequences of synthetic oligonucleotides used for mutagenesis

Mutant Synthetic primer Codon change

D’S -V 5 -TGCCCATTCCCATCAAGACCAGTCAATG-3' GAC - GTC

D:’L’ -V 5'-GGATATTCTCTGGTTGGCCCGGAAGAAATAG-3' GAT — GTT

B2 .V 5'-GGCCCGGAAGAAATAGTATGTACCAAACTG-3! GAA — GTA

Tripie .

(D‘93 Vo 5 -TGCCCATTCCCATCAAGACCAGTCAATG-3’ GAC — GTC

D“’j_" —V E® ) 5-CTCTGGTTGGCCCGGAAGAAATAGTATGTACC-3 GAT — GTT, GAA — GTA
WSS 5'-TGTACCAAACTGGGAAACTTGTCTGCCATGCC-3’ TGG - TTG
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Fig. 1. Epilopic struclures recognized by mouse anti-p2-GPI mAbs, Cof-18, Cof-20 and Cof-21. All anligenic regions for Cof-18, Col-21 and Cof-éO

stick and space-filling rmodet with a residue number and the o

hy a light stick and space-filling model. The correspondences of the deduced

amino acid sequences from ihe phage-displayed peplide libraries and epilopic regions on the 2-GPI molecule are summarized in Tabie 2.

Fig. 2. Anligenic regions for aulo-anlibodies, i.e. EY1C8, EY2C9, TM1G2 and WB-CAL-1 mAbs were presant in domain IV. Each amino acid
residue composed of these epilopes is colored violet with a residue number and the others by green. Correspondences of the deduced amino acid
seguences from the phage-dispiayed peptide libraries and epilopic regions on the p2-GPi molecuie are summarized in Tabie 1.

anti-human B2-GPl mAbs Cof-21 which recognize a native
structure in domain IV (Fig. 1) was not affected by any V
replacements for D92, D?%2 and £22%. In contrast, binding of
human and mouse anti-B2-GPl auto-mAbs, i.e. EY2C9 and
WB-CAL-1 (recognized a cryptic epitope in domain 1V), was
affected considerably by all four types of mutations, and
almost completely disappeared by the triple one. It was
supported by our model that the reduction of antigenicity
might be caused by turning of W23% which might have the
major role for epitopic construction, into the inner sicde of
domain IV, due to the interaction with domain V via these three

hydrogen bonds. The side chain of the W residue appeared
outside of the VI-V model. In contrast, the side chain directed
to the inner space of the IV domain was displayed in the
X-ray structure and in our other model with the triple mutation
(Fig. 5).

When we tested for 30 anti-B2-GPI antibody-positive APS
serum samples, antibody binding in 24 serum samples (80%)
was significantly attenuated by the triple mutation (Fig. BA).
The ‘type A’ group was defined as having higher binding to
native B2-GPl compared with the mutant. In contrast, six
samples (20%) showed increased binding to the mutant
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Table 2. Conscnsus amino acid sequences deduced from phage libraries and epitopes for anti-p2-GPI antibodies

Antibocy (iocation of epilope) Phage no. Consensus secuences Frecuency Corresponcing amino acid res:dues
frorn phage Ebraries on the [2-GPI molecuie
Col-18 (doman V) Col-18-1 GMKLTSEQKAML 4/9 AR TR IR QR T2 B SIS OB Iy 1651
Col-18-2 SDWRLMFESWIR 3/9
Col-20 (domain IH) Col-20 AHKDHVVSTWVYP 5/10 A6 SO 162 180y pITO | 17BGI2T W ITSPIE6E126
Col-21 (domain 1V) Col-21 NFCASCLLPVSR 710 Y ZIECE 205TE0NC B8P ETEIEE 190 i1
EY1C8 (doman 1V) EY1C8-1 DLFVTAW 4/9 a[)E22GR4Gp 230) 42354 190160\ 2350>157| 20k
EY1C8-2 SLMVSPWPLHGV 4/9 :1D2228240P ._SQMQSHAQZNSZSG*WZ.’;S»P\ﬂ7L205***
EY2C9 (domain 1V} EY2C9 HNIWSAPRLIFN 4/10 =¥:}:P.107\/\/2-353256A2.37P239’H19‘\ & PIBOCIBE 4
TM1G2 (darnain 1V) TM1G2-1 DLTHMPWSLYPP 4/10 226 G ARST Y7 Sy 23540 17 G190 1BBD 1693191
TM1G2-2 TMMQTMSFLRGF 2/10
WB-CAL-1 (dornain V) WB-CAL-1  SLWQDRLNAMQS 516 SIS BN EERR ) TOIR 197 P 92 ARST 250

2Two possible correspondences are considered with EY1C8 fibraries.

)

domeaiiry

domaln IV doriain VY

Fig. 3. Interaction of dornains IV and V. (A) A space-filling model af domains V-V is shown irom one direction {feft) and from another onz {right) anc
lhe struclure ol each domain is displayed in dilferent coiors: domain 1V, blue; dormain V. yellow,
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Anti-pz-GPLAb

Fig. 4. Binding of anti-p2-GPl mAbs lo soiid-phase mutant proleins.
Antibody bincing lo the mulant proteins is indicaled (as a percent
of conlrol) and as compared with that to control $2-GPl. mAbs
(1 ng mi™") were used for lhe assay.

protein (detined as type B’). Two typical binding profiles of
anti-B2-GPI antibodies in sera of patients with APS are shown
in Fig. 6(B). The above-described major antibodies showed
a hinding profile similar to that of the type A antibody and

a significantly reduced binding to the triple mutant protein was
likely the result of the sum of weak reductions caused by each
mutation for D93, D?22 or E®2® In contrast, the latter minor
group of anlibodies revealed a profile similar lo that of the
type B antibody.

The importance of the domain IV-V interaction was also
investigated using an inhibition assay. Binding between WB-
CAL-1 and B2-GPl coated on polyoxygenated plates was
disrupted by the addition of f2-GP! in the presence of CL-
liposome in a dose-dependent manner. This inhibition was not
observed by the addition of f2-GPI alone or the triple mutant of
B2-GPI with the ClL-iposome (Fig. 7). In the absence of the
Cl-iposome, neither native p2-GP! nor the triple mutant had
any inhibition for the binding of WB-CAL-1.

As shown in Table 1 and Fig. 3, amino acid W23 was always
used fo form the antigenic structures recognized by anti-p2-
GPI auto-antibodies so that we prepared another mutant
protein in which W#* was replaced by L. With this replace-
ment, B2-GPI binding of auto-antibedies, i.e. EY2C9, WB-CAL-1,
and of antibodies in 30 of the anti-p2-GPI antibody-positive
APS serum-samples was signiticantly diminished (Fig. 8). In
contrast, the mutation did not affect antibody binding of mouse
anti-human B2-GPI mAb Cof-21 (Fig. 8A).
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