B-mercaptoethanol in 500 mM Tris HCI, pH 6.8), boiled at
100°C for 5 min; centrifuged, and the supernatant analyzed by
SDS-PAGE.

Heme peroxidase activity based heme-binding assay

Binding assay based on the peroxidase activity of bound heme
was performed as detailed by [38,39]. Briefly, micro-titer plate
coated with serial dilutions of the recombinant protein was
incubated with hemin (20 pg/100 pl) at 37°C for 1h. The
unbound hemin was removed and the wells were washed three
times with PBS (pH 7.3). 50 ul of ready-to-use substrate tetra-
methylbenzidine/H,O, " (TMB) (Bangalore-Genei, India) was
added and the reaction stopped after 15 min with addition of
equal volume of 1IN HySO,. The ODysp was determined in an
ELISA plate reader (Bio-Rad, USA). The amount of hemin bound
to protein was calculated from a linear graph of the peroxidase
activities of known concentrations of hemin.

Heme spectrometric titration

Optical absorption spectrometric studies were performed on
Hitachi U-3900H spectrophotometer according to method
detailed by [40]. Briefly, the binding of proteins to heme was
titrated by adding increasing amount of the protein (0-28 uM) to
10 uM of heme in 40% dimethyl sulfoxide (DMSQO) buffered with
20 mM HEPES (pH 7.4). Difference in absorption spectra over a
range of 350 to 700 nm was recorded. We used the increase in
absorbance at Soret peak (412 nm) to monitor the formation of the
protein heme complex. The heme binding curve was constructed
by plotting the change in absorbance at the Soret peak (AAy4q)
versus the protein concentrations. The heme-binding curve was
fitted using one site specific binding with Hill siope model on GraphPad
Prism, v5.00.

Statistics

Data analysis was performed on GraphPad Prism, v5.00. Mann-
Whitney test was used to compare differences between two groups,
while Kruskal-Wallis test was applied to compare differences
among several groups. All plotted data are means with error bars
representing standard deviation (SD). Statistical significance was
designated as p<<0.05.

Accession numbers

PFAM: PF01390, SCOP: 82671, SCOP: 54861, PDB: 2e7v,
PDB: 2acm, PDB: livz, GenBank: AY570748, GenBank:
AY570737, GenBank: AY570742.

Results

Molecular structure model based identification of
extracellular SEA-domain

We had identified a novel gene family with similar signal
sequence and promoter regions among SST isolated cDNAs
(Figure S1A) [26], and showed that this gene family had originated
from retrotransposon-mediated gene duplication mechanism {27].
Although several transcripts from ~27 duplicons were found to
belong to this family, we could not readily identify the molecular
functions of these genes since no sequence homolog was readily
identifiable in any other organism [27]. Consequently, we utilized
comparative structural homology modeling to identify features and
domains that could predict the putative molecular functions of the
encoded proteins. Firstly, protein topology indicated that while all
the members of this family bear similar signal sequence and are
thus trafficked to the surface; some also contain C-terminal
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transmembrane regions, akin to type-I transmembrane proteins
(Figure S1B).

The molecular folding patterns of the proteins were modeled
simultaneously in Phyre 2 and Rosetta using fold recognition and ab-
wnitio structure predictions (Figure S1C). These programs create
sequence alignment profiles from PSI-Blasts followed by scanning
of ‘fold library’ to identify remote structural homologs from
experimentally determined structures in PDB and SCOP data-
bases [33,34]. The secondary structure components showed
antiparallel arrangement of B-sheets, backed by a-helices
(Figure 1A), typical of ferredoxin-like folds. Interestingly, models
from both programs identified an extracellular domain of ~120
amino acids common among this family, with striking similar
folding pattern as SEA-domain (sea urchin protein, enterokinase
and agrin) [PFAM: PF01390; SCOP: 82671] (Figure 1A and
Table S1). SEA-domain is a domain with ferredoxin-like fold
[SCOP: 54861], found in several proteins of diverse functions in
different organisms [28-30,41,42]. Notably, crystal structure of the
SEA-domain of transmembrane protease serine II (TMPRSS2) of
Mus musculus [PDB: 2e7v] was the highest scoring template at over
95% confidence, according to which the shown structures were
modeled. For clarity, only the original SST identified candidates
are shown as representative of the family (Figure 1A). The
structural models for all members of the gene family are
summarized in Table SI. Other high scoring homologs at over
95% precision were the SEA-domains of Mucin 1 [PDB: 2acm]
and Mucin 16 [PDB: livz].

To validate the models, rigid body superposition with the
highest scoring template [PDB: 2¢7v] was performed. The result
showed Co and main chain root mean square deviations (RMSD)
of 0.680 A and 0.838 A respectively for SjCP3842, a representa-
tive member of this gene family (Figure 1B). Similar low RMSD
values were recorded for the other candidates. Ramachandran
plot (¢/ V) of conformation angles for each residue showed over
98% of the residues in the favored region, with less than 2% in the
outlier region. These results indicate the reliability of the predicted
models (Figure 1B).

A reciprocal ‘BackPhyre’ using the modeled structures to scan
over 25 genomes also mapped the domain to SEA-domains at over
95% confidence, albeit with limited protein sequence homology.
The low sequence similarity (Figure 1C) observed from alignments
of this extracellular domain with two major SEA-domains MUCI
and TMPRSS2) could imply that this structural similarity is at
least partly independent of amino acid sequence homology [29].
As a matter of fact, SEA-domains are primarily defined by their
characteristic folding pattern, extracellular localization on trans-
membrane proteins, their ability to assist or regulate binding to
glycans, and their presence in proteins with O-linked glycans
[28,29,41]. As expected, multiple O-glycosylation sites were
identified by posttranslational modification prediction. We also
confirmed that the expressed proteins contain O-linked glycans
using glycoprotein detection assay (Figure S2). Equally, two
conserved cysteine residues are present in all the candidates
(Figure S1A), which could be structurally important by providing
disulfide bridges in the folded protein.

Further evidence to classify the identified domain as SEA-
module was the identification of the typical glycine-serine amino
acid consensus (FRPG/Svvv) [30] auto-cleavage site of SEA-
domains (Figure 1C). Some SEA-domain proteins have been
shown to undergo auto-cleavage, although the resulting subunits
remain non-covalently associated in the native state [30,41,42].
This cleavage site is usually located within the bend between B2
and B3 sheets [30] as we equally observed (red arrow in Figure 1 A
and C). In addition, the SDS fractionated recombinant protein
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Figure 1. Extracellular loop of the candidate proteins contain SEA-domains. (A) Modeled molecular structures of the extracellular domains
with striking similarity with SEA-domain. Also shown for comparison is the SEA-domain of mouse TMPRSS2. Typical of SEA-domains, the secondary
structure components showed an antiparallel arrangement of B-sheets. A summary of structural models of the entire transcripts in this gene family is
shown in Table S1. (B) Rigid body superposition of SjP3842 (blue) over the highest scoring template, PDB: 2e7v (olive). The graph is the
Ramachandran plot (¢/) showing conformational angles distribution of the residues. Over 98% of residues were in the favored regions while less
than 2% were in the outlier region. (C) Alignments of SjCP3842 with two well defined SEA-domains (human MUC1 and mouse TMPRSS2). Putative
SEA-domain consensus cleavage site (red arrow) was identified between B2 and B3.

doi:10.1371/journal.pntd.0002644.g001

(shown later) contained extra bands of expected molecular weight
as the potential cleavage products. Taken together, these results
provide multiple grounds to classify this extracellular domain as
SEA-domain.

Identification of heme-binding site on the SEA-domain

To provide lead to the possible molecular function of the gene
products, we subjected the modeled structures to ligand binding
site identification using 3DLigandSite [35]. This program uses
protein structure to search a structural library to identify
homologous structures with bound ligands, which are then
superimposed on the protein structure to predict potential ligand
binding sites [35]. Interestingly, a binding site was observed for Fe-
protoporphyrin-IX (heme) at significantly high precision (Figure
S3). Binding sites for energy transfer coenzymes including ATP,
and several metal ions (Mg, Zn, Cu) binding sites were also
identified. The heme-binding site was predicted based on 178
heme ligands present in 177 homologous structures with bound
heme (Figure S3).

Analysis of the modeled heme-binding pocket of SjCP3842
showed that the vinyl end of the amphiphilic heme is inserted into
a hydrophobic cavity created between o2 and o3 helices, and B2
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and B3 sheets (Figure 2 A and B). Many of the interacting residues
in the binding pocket are conserved among the members of this
protein family (labeled in red in Figure S4B), consistent with
binding of a heme group. The hydrophilic propionate end (red
sphere) of heme is rather facing away from the hydrophobic pocket
(Figure 2 A and B), with one propionate group engaged in
electrostatic interactions with a nitrogen atom in Arg-157 side
chain (Figure 2C). The phenyl rings of three conserved phenyl-
alanine residues (Phe-80, Phe-140 and Phe-156) and one other
phenylalanine (Phe-143) engage in pi-stacking interactions with
the heme Pyrrole rings, which further stabilize heme-binding
(Figure S4B). There were also polar contacts between heme and
Thr-79, Tyr-83, His-147 and His-149 (Figure S4B), and several
hydrogen bond interactions within the binding site.

Consistent with binding to heme, we readily identified potential
axial ligands for heme iron, indicating hexa-coordination state
involving two possible pairs. The imidazole group on His-149 side
chain (bond distance of 2.0 A) is the putative proximal ligand with
either His-147 (Figure 2C) or the thioether group on Met-50
(Figure S4C) as the distal ligand of heme iron. However, the exact
pair of axial ligands or the possibility of simultancously binding
two molecules of heme needs to be experimentally clarified.
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Figure 2. Heme-binding pocket of SjCP3842. (A) Heme-binding mode of SjCP3842 showing the hydrophobic vinyl end of the protoporphyrin
heme inserted into a hydrophobic cavity, while hydrophilic propionate end of points away from the pocket. Heme is represented using spheres
model colored by atoms (C: green, N: blue, O: red, Fe: brown). The protein is shown using cartoon model. (B) Heme-binding site showing the
Connolly surface of the binding pocket (dots). (C) Heme iron (brown sphere) hexa-coordinated with His-149 and His-147 as axial ligands.

doi:10.1371/journal.pntd.0002644.9002

Similar binding site characteristics were observed in another
characterized candidate (SjCP1531). However, the iron is
coordinated to Tyr-154 as its axial ligand (Figure S5).

Developmental stage specific expression of the
candidate genes

We investigated whether this gene family is differentially
expressed among developmental stages of S. japonicum by stage
specific mRNA expression using real time PCR. All other n-vitro
based characterization was limited to three candidates: SjCP3842
[GenBank: AY570748], SjCP1084 [GenBank: AY570737] and
SjCP1531 [GenBank: AY570742]. Relative expression of each
candidate gene was quantified and expressed as copy number per
nanogram of cDNA (Figure 3 and Table S2). There was
differential expression of the three genes among developmental
stages of the parasite, with SjCP3842 expressed at higher levels
relative to the other two characterized candidates (Figure 3 and
Table S2). SjCP3842 was overtly expressed in the adult stage
(5680+370.9), although at a higher level in female adult worm
(4846%+302.1) as compared to the male worms (2000£453.9). The
expression levels in the snail intermediate inhabiting sporocyst
(2474%+627.2) and infective cercaria (2871%98.4) stages were also
relatively high as compared to somula (543.4+64.1) and egg stage
(252%370.1). SjCP3842 was expressed at the minimal level in the
egg stage (Figure 3A). Conversely, SjCP1084 was mainly expressed
in the egg stage in relation to other stages. However, the
expression levels of SjCP1531 in all stages of the parasite were
relatively low and mainly expressed at the egg and adult stages
(Figure 3C and Table S2).

Cloning, recombinant expression and antigenicity of the
candidates

To confirm expression at protein level, we expressed recombi-
nant proteins, generated and used specific immune sera to identify
the native proteins in parasite crude extracts. The complete coding
regions of the genes were amplified from . japonicum adult worm
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c¢DNA library and cloned into the expression vector, pcDNA4-
HisMax. For recombinant protein expression, the plasmid
constructs were transformed into Freestyle 293 and BL21 E. cofi
cells. The recombinant proteins used for biochemical assays were
expressed in Freestyle 293 cells to ensure proper folding and post
translational modification. The proteins were found to exist as
oligomers in the native state as seen in the multiple bands of
additive ~30 kDa subunits observed both on SDS-PAGE
(Figure 4A), western blots probed with anti-HisG antibody
(Figure 4 B and C), and by multiple peaks from size exclusion
chromatography fractions (Figure 4D), all showing the tetramer as
the native state. Similar oligomeric state was also predicted by
structural modeling (Figure S1D). Oligomerization may have been
mediated by the disulfide bridges on two conserved cysteine
residues common among the members of this family (Figure S1A).
Other extra bands are of same molecular weight as the expected
SEA-domain auto-cleavage products (Figure 1C).

To confirm native expression and to show potential antigenicity
of the candidates during schistosomiasis, immunoblotting and
ELISA techniques were applied. Parasite egg (SEA) and adult
worm (SWA) crude antigen preparations were blotted and probed
with the polyclonal immune sera (0-SjCP3842, «-SjCP1531 and
a-SjCP1084). Blotted protein fractions of sizes similar to both the
subunits (~30 kDa) and tetramer (~120 kDa) reacted specifically
with the immune sera (Figure 4E). Also, the recombinant proteins
specifically reacted with sera from S. japonicum infected miniature
pigs, with significantly high titers of IgG in ELISA (Figure 4F).
These results indicate that this gene family is actually expressed in
the parasite, appear functional and potentially antigenic during
schistosomiasis.

SEA-domains of S. japonicum assist binding to
glycosaminoglycans (GAGs)

In addition to their characteristic folding pattern, SEA-domains
are known to assist or regulate binding to carbohydrate moieties.
We assessed interactions of the characterized SEA-domain
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Figure 3. Developmental stage specific expression profiles of the candidate genes. Developmental stage specific expression of the
candidate genes presented as copy number per nanogram of cDNA. The full data statistics is shown in a supplementary table (Table S2). There was
differential expression of the three characterized genes among developmental stages of the parasite, with SjCP3842 expressed at higher levels
relative to the other two candidates. (A) SjCP3842 was overtly expressed at the adult stage especially in female adult worm. The expression level at
the snail intermediate sporocyst and cercaria stages were also relatively high as compared to schistosomula and egg stage. SjCP3842 was expressed
at the minimal level at the egg stage. (B) Conversely, SjCP1084 was mainly expressed at the egg stage in relation to other stages. (C) The expression
levels of SjCP1531 in all stages of the parasite were relatively low and mainly expressed at the egg and adult stages. Bars represent standard deviation

(SD). *=p<0.05, **=p<0.01. n=4 for each group.
doi:10.1371/journal.pntd.0002644.g003

proteins with glycans using recombinant proteins and array type
sugar chips in a Surface Plasmon Resonance (SPR) system [37].
The SPR signal (expressed in resonance units, RU) is proportional
to the amount of protein analytes bound to the sugar chains
immobilized on the sensor chip in a 48 glycans array. The SPR
imaging showed specific binding to sulfated GAGs with relatively
high affinity. There was disproportionately high specific binding to
chondroitin sulfate, dermatan sulfate (CS-B), heparin, dextran
sulfate and other sulfated GAGs (Figure 5). SjCP1084 and
SjCP1531 have similar glycan binding pattern while SjCP3842
showed relatively less glycan binding capacity but also preferen-
tially binds sulfated GAGs (Figure 5).

We further confirmed the specificity and affinity of protein-
GAG interactions by using chondroitin sulfate GAG (CS-GAG)
chip containing all possible sulfated disaccharides subunits of
chondroitin sulfate, and different concentrations of the protein as
analytes. The glycan array format of the CS-GAG chip used and
the SPR imaging of the glycan binding assays are shown in a
supplementary file (Figure S6 A and B). The binding kinetics of the
carbohydrate-protein interactions showed significant binding
affinity to CS-GAGs, with dissociation constant (Kp) within the
range of receptor-ligand interactions (Figure S6 C and D). Figure
S6C shows the detailed sensorgram and the binding curve of the
interaction between SjCP1084 and chondroitin sulfate E
(I{D=9.84><10—9 M), as representative of the binding kinetics
data. The other Kp values for the interactions of SjCP1084 and
SjCP1531 with different sulfated disaccharides of chondroitin
sulfate are summarized in Figure S6D, showing values within
nanomolar range. These results indicate the specificity and affinity
of the observed protein-glycan interactions.

PLOS Neglected Tropical Diseases | www.plosntds.org

Heme-binding properties of S. japonicum SEA-domain
proteins

To validate the structure based heme-binding model, we
showed heme-binding properties of this family -vitro, by three
independent methods: hemin-agarose binding assay, heme-depen-
dent peroxidase activity of protein-hemin complexes and optical
UV absorption spectroscopy. First, we showed using SjCP3842
that the purified recombinant protein has potential to bind heme
on hemin-agarose beads. The eluted fraction showed evidence of
specific binding of the protein to heme (Figure 6A). Same
experiment performed using unconjugated Sepharose 4B as
negative control did not show any trace of the protein in the
cluted fraction. Heme binding assay was repeated using the three
characterized candidates and similar specific binding was consis-
tently observed after immunoblotting using immune sera
(Figure 6B).

To confirm this observation in the native state, hemin-agarose
beads were incubated with parasite adult worm crude antigen
(SWA) to isolate the total heme-binding protein fractions in the
parasite. The fractions were blotted and probed with monoclonal
antibody against SjCP3842 (Figure 6C). The result clearly showed
the presence of the protein in the parasite heme-binding protein
fractions. The multiple bands are expected molecular weights of
the monomer, dimer and tetramer. The fact that binding was
ablated by the reducing effect of B-mercaptoethanol and
denaturing effect of sodium dodecyl sulfate (SDS) used for elution
suggests that the observed heme-binding property is at least partly
non-covalently mediated by structure of the folded proteins.

To estimate the amount of heme bound by the protein, we assayed
the heme-dependent peroxidase activity of the protein-hemin complex
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Figure 4. Protein expression and antigenicity of the candidate proteins. (A) SDS-PAGE of recombinant E. coli lysates (lane L) and purified
protein without inclusion bodies (lane P). Arrows indicate expected molecular weights of oligomers. Other bands are expected SEA-domain cleavage
products. (B) Western blots of recombinant protein expression as in (B), probed with anti-HisG antibody. (C) Anti-HisG probed western blots showing
oligomerization of proteins with multiple bands of additive ~30 kDa subunits, and tetramer as the most stable state. (D) Size exclusion gel filtration
chromatography of SjCP3842 showed multiple elution peaks, another evidence of oligomerization. (E) Immunoblots showing reactivity of parasite
crude antigen preparations (SEA and SWA) with immune sera. (F) The candidate proteins specifically reacted with infected miniature pig sera in IgG
ELISA, indicating potential antigenicity during schistosomiasis. Bars represent standard deviation (SD). * = p<<0.05, ** = p<<0.01. n =4 for each group.
doi:10.1371/journal.pntd.0002644.g004

using SjCP3842. We first estimated the peroxidase activities of known Q-bands, 534 nm and 564 nm) were typical of heme with hexa-

concentrations of hemin, and used the resulting standard curve (linear coordinated ferric iron [40,43], consistent with the structural model
graph) to estimate the amount of heme bound by the characterized of this study. However, this needs to be confirmed by electron spin
heme-binding protein based on the peroxidase activity of bound heme resonance spectroscopy. The inset is the heme-binding curve
(Figure 6D). The result showed that the amount of bound heme constructed by plotting AAyp versus protein -~ concentration
increased with increasing protein concentration, reaching saturation (Figure 6E). The curve fitting indicates increasing accumulation of
at about 2 ug of protein, when 1 pg of hemin was bound (Figure 6D). the protein-heme complex with saturation after about 10 uM of

To further assess the binding affinity of the protein-heme protein was added, thus suggesting a 1:1 stoichiometry. The fitting
interaction, optical absorption spectra of the protein-heme complex ~ yielded equilibrium dissociation constant Kp=1.605x107° M,
was monitored by differential titration of 10 pM of heme with indicating high affinity for binding heme. Taken together, these
increasing concentrations of the protein (0 to 28 M) (Figure 6E). ~ observations confirm the potential of the novel SEA-domain

The Soret absorption peak for heme alone was characteristically ~ proteins to specifically interact with heme.
broad and was initially 388 nm prior to addition of the protein
(broken lines). The Soret absorption maximum was red shifted to Localization on adult worm teguments and gastrodermis

412 nm on addition of protein and absorbance at this peak To ascertain the tissue distribution of the products of this gene
increased gradually depending on accumulation of protein-heme family in the parasite, immunolocalization was performed by
complex, until saturation at about 1:1 molar ratio. The Q-bands immunofluorescence assay (IFA) and immunoperoxidase staining.
(534 nm and 564 nm) and the isobestic points were also apparent, For clarity and because similar tissue localization patterns were
indicating the presence of two absorbing species (heme and protein- observed, only the data for SjCP3842 is shown here. The results
heme complex) in the solution. The UV-visualization spectral for the other candidates are presented in a supplementary figure
attributes of the protein-heme complex (Soret peak, 412 nmy; (Figure S7). IFA on adult worm sections showed that the native
PLOS Neglected Tropical Diseases | www.plosntds.org 8 January 2014 | Volume 8 | Issue 1 | e2644
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Figure 5. S. japonicum SEA-domains mediate binding to glycosaminoglycans (GAGs). Interactions between glycans and SEA-domain
proteins were analyzed using array type sugar chip in SPR system. Shown here are the SPR imaging and SPR signals (RU), which is proportional to the
amount of proteins bound to glycans immobilized on sensor chips in an array format. There was high-affinity binding to chondroitin sulfate, heparin,
dextran sulfate and other sulfated GAGs. The binding kinetics is shown in Figure Sé.

doi:10.1371/journal.pntd.0002644.g005

SjCP3842 was localized on the adult worm tegument and
gastrodermis of the parasites gut (Figure 7 A and D). Similar
results were observed for all the three candidates as presented in a
supplementary figure (Figure S7). No signal was observed in the
ovary as shown in the cross section of the female adult worm
probed with anti-§jCP3842 monoclonal antibody (Figure 7 B and
E), which is consistent with minimal expression in the egg as earlier
shown in the developmental stage specific gene expression
(Figure 3A). The nuclei are stained with DAPI, showing staining
both in the parasite tissues and the content of the ovary. No signal
was observed in the sections incubated with sera obtained from
control mice (Figure 7 C and F).

Equally, immunoclocalization was repeated using immunoper-
oxidase-DAB technique with biotinylated monoclonal antibody
detected with streptavidin-HRP. The result again showed local-
ization on the adult worm teguments (Figure 7 G and H). The
protein was also found localized on the tegument of the juvenile
schistosomula stage (Figure 7I). No peroxidase activity was
detected in the sections probed with pre-immune serum (Figure 7
J-L). Taken together, these results indicate localization on adult
worm teguments and gastrodermis, and schistosomula teguments.

Discussion

We have utilized comparative homology modeling to identify
remote structural homologs, and successfully characterized a novel
gene family encoding SEA-domain proteins from S. japonicum.
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Similar strategy was used to identify and characterize heme-binding
property for this domain, thereby providing insight into the
potential biological function of otherwise ‘hypothetical proteins’.
Functional annotation of proteins routinely relies on sequence
homology with already characterized proteins or at least domains
with experimentally resolved functions. However, the degree of
evolutionary conservation of the structural architecture of proteins is
greater than the amino acid sequence conservation [24,25]. Our
results affirmed that absolute reliance on sequence homology for
functional annotation of proteins is not exhaustive. In the post-
genome era, the vast accumulation of sequence data has opened
new frontiers for identification of intervention targets. However,
determination of protein functions is one of the major challenges
since sequence homology alone has proven insufficient for placing
the vast amount of ‘omics’ data into functional context [24,25]. It is
necessary to explore other strategies that can effectively identify
remote homologs, which are not readily identifiable from sequence
data. The data presented here is a typical example of the possible
application of molecular structural analysis to identify and
characterize novel protein functions.

Like most previously characterized SEA-domain containing
proteins, our candidates specifically interacted with sugar chains,
especially glycosaminoglycans (GAGs) [28,41]. GAGs are long
linear polysaccharides composed of repeating disaccharide units,
usually linked covalently to a core protein to form a proteoglycan.
While the protein core keeps the proteoglycan localized on the cell
surface or in the extracellular matrix (ECM), the GAGs
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Figure 6. S. japonicum SEA-domain proteins are heme-binding proteins. (A) Hemin-agarose binding assay showing potential of SjCP3842 to
bind heme on hemin-agarose beads. (B) Hemin-agarose binding assay confirmed by immunoblotting using three candidates. ‘U": unbound, ‘W' last
wash, ‘E": eluates. (C) Identification of SjCP3842 in heme-binding protein fractions from parasite crude extracts (SWA). (D) Estimation of the amount of
heme bound using peroxidase activity of bound heme. Standard curve (linear graph) of peroxidase activity of known concentrations of hemin was
used to estimate the amount of bound heme. (E) Differential spectral titration of protein-heme interaction using 10 uM of heme and increasing
concentrations of the protein (0 to 28 uM). Soret peak was red shifted from 388 nm to 412 nm, and absorption maximum increased with increasing
accumulation of protein-heme complex. The inset is the heme-binding curve constructed by plotting AA4;; versus protein concentration, showing
1:1 stoichiometry.

doi:10.1371/journal.pntd.0002644.9g006

components mediate interactions with a plethora of extracellular cognate signaling receptors in a ligand-receptor-proteoglycan
ligands and effectors. All cellular processes that involve cell surface ternary complex [45—47], and can also signal independently as a
molecular interactions including: ligand-receptor, cell-cell and cell- receptor via its cytoplasmic domain [47,48]. Proteoglycans can
matrix interactions, will likely involve proteoglycans and GAGs also undergo proteolytic cleavage near the plasma membrane to
because these molecules are ubiquitous and are shown to shed their ectodomain as soluble regulators [49]. Specific
functionally bind proteins to regulate important developmental interaction with GAGs of host (trans) or parasite (¢ts) origin as we
processes [44—46]. observed here may suggest some functional role of this protein

In addition to their space filling and organizational roles in the family as parasite receptors for accessing ligands and signals,

ECM, GAGs on proteoglycans can modulate the function of a especially of host origin. From the foregoing, and given that §.
repertoire of extracellular effectors by their roles in: ligand  japonicum genome encodes many receptors and signaling molecules

gathering, clustering and oligomerization of ligands and their but sometimes not the ligands [21], it is plausible that parasite
receptors [45,46], and their ability to act as storage depots for membrane receptors with GAG-binding potential could interact
ligands by sequestering them and preventing their rapid degrada- with its own or host proteoglycans in a receptor-proteoglycan-
tion [45]. Proteoglycans are required as co-receptors for some ligand ternary complex [45-47], as a means of accessing host

growth factors and cytokines signaling in collaboration with the molecules tethered on GAGs for signals for their growth,
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a-SjCP3842 a-SjCP3842 Pre-immune

o-SjCP3842 mAb

Negative mAb

Figure 7. Immunolocalization on the teguments and gastrodermis. Tissue localization of native SjCP3842 was shown using
immunofluorescence (A-F) and immunoperoxidase (G-L) methods. (A) Bright field image of cross section of adult worm pair. (B) Bright field image
of cross section of female adult worm showing the ovary. (C) Bright field image of a cross section of adult worm pair for control [FA. (D) IFA on a cross
section of adult worm pair using monoclonal antibody showed that the native SjCP3842 was localized on the adult worm tegument (t) and gastrodermis
(yellow arrows) of the parasites gut (g). Scale bar=>50 um. (E) IFA on a cross section of a female worm showing FITC staining of SjCP3842 on adult worm
teguments but not in the content of the ovary. DAPI staining of nuclei was detected in the tissue and ovary. (F) IFA using pre-immune serum as negative
control. (G and H) Immunoperoxidase detection (brown) of SjJCP3842 in a section of adult worm pair showed localization on adult worm tegument. (I}
Immunoperoxidase localization of SjCP3842 on juvenile schistosomula showed localization on the tegument. Negative immunoperoxidase detection
was observed in sections of adult worm (J and K) and schistosomulae (L) probed with pre-immune serum.

doi:10.1371/journal.pntd.0002644.9007

development, and maturation thus rendering them potential characterized SEA-domain proteins [14,16]. The ability of the

intervention targets. parasite to bind GAGs on host secreted or shed proteoglycans [49]

The native proteins were localized at the parasite tegument and or proteoglycans on the surface of host immune cells [50] could
gastrodermis, sites that are of immunological significance being result in masking of the ‘non-self status of the parasite, thereby
located at the host-parasite interface {14,16]. These sites are rich evading attack by host immune system [51]. It is thus possible from
in proteins that are often unique to schistosomes, some of which the foregoing, that this gene family could also be involved in some
can directly interact with host derived molecules as observed in the immune evasion mechanisms. We are presently targeting the
PLOS Neglected Tropical Diseases | www.plosntds.org 1 January 2014 | Volume 8 | Issue 1 | e2644
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candidates that are expressed at the infective cercarial, schisto-
somula and adult stages for possible vaccine application.

Heme-binding properties have been described here for the first
time for SEA-domain proteins from this hemophagous parasite. In
terms of the parasite biology and host-parasite interaction, this
finding represents a significant contribution towards clucidating
heme detoxification and heme iron acquisition mechanisms of the
parasite. Schistosomes inhabit the hepatoportal veins of the host,
where they feed on host erythrocytes and catabolize the globin
moieties of hemoglobin as a major source of the requisite amino
acids for their growth, development and reproduction [3,4].
However, the released heme moiety is potentially toxic due to its
reactive nature and ability to produce free radical species, lipid
peroxidation, and protein and DNA oxidation [3,6]. Hemophagy-
adapted parasites have therefore evolved strategies to sequester
and detoxify heme [3-9]. Heme iron is arguably the major source
of iron for this parasite, thus, the parasite also maintains a heme
acquisition mechanism to harness the needed iron from heme
molecules [4,10]. These candidates are localized on adult worm
gastrodermis, the site for heme detoxification [8,17] and acqui-
sition [3,10]; and in the adult and schistosomula teguments, also
potential sites for heme acquisition in these stages [20]. Indeed,
effective heme homeostasis mechanism is paramount for parasite
survival and establishment, and is a major target of effective drugs
against hemoparasites including the guinines and artemisinine {11~
13]. Unfortunately, the exact mechanisms and the molecules
involved in heme-homeostasis are still controversial. However,
there is a consensus on the involvement of heme-binding proteins
both as nucleation agents for heme crystallization [6-8,17], and as
surface heme receptors in an ABC- (ATP binding cassette)
transporters coupled heme uptake mechanism [38,52,53].

The developmental stage specific expression, especially of
SjCP3842, clearly showed overt expression at the adult stage
especially the female adult worms, which is consistent with the
heme homeostasis requirements of this stage. There was also
relatively high expression in the snail inhabiting sporocysts and the
infective cercariae. The observation that the sporocysts also
express this gene indicates expression at the snail stage as well,
which may suggest similar or different function in the snail host.
With regards to heme binding function, the sporocysts are known
to absorb nutrients from snail host through their tegument for
nourishment of cercariae in their germinal sac [54], and heme
binding proteins have also been identified among secreted proteins
from the sporocyst stage [55]. Since iron source in snail is mainly
in the form of heme, it is plausible that heme binding proteins like
the ones we characterized might be required for heme iron uptake
from snail hosts, as well as other functions. SEA domain still do not
have a well characterized function apart from interaction with
glycans (GAGs), to which we and others have alluded several
potential implications like ligand acquisition and immune evasion.
The prospect that this gene family could perform more than one
function in different developmental stages of the parasite implies
that hemophagy might have been a major factor among other
selection factors for this gene family.

SEA-domains are characteristically found in carbohydrate rich
mucous environments [30]. The heme-binding SEA-domain
proteins we described here are localized in the parasite gastro-
dermis and tegument. The gastrodermis is the syncytial linings of
the parasite gut, the site for hemoglobin catabolism, heme
sequestration, detoxification and acquisition. A similar structure
called peritrophic matrix (PM) with heme-binding property has
been described in the midgut of hemophagous insects. The PMs
perform a central role in heme homeostasis by protecting the
insects’ midgut against damage from heme toxicity [56], akin to

PLOS Neglected Tropical Diseases | www.plosntds.org

12

289

A Gene Family from Schistosoma japonicum

schistosomes gastrodermis. The PMs are complex matrices
composed of heme-binding proteins, proteoglycans, chitins and
chitin-binding proteins [56]. Specifically, Aedes aegypti Mucin 1
(AeMUC]1) was identified as a major heme-binding protein in the
PM [57]. MUCI and the proteins we characterized here both
contain SEA-domains. It is therefore plausible that similar
mechanism mediated by heme-binding SEA-domain proteins
may exist in schistosomes’ gastrodermis. However, this hypothesis
will need to be experimentally clarified by isolating and identifying
all heme-binding proteins of the parasite and/or the parasite
gastrodermis. We will design further studies to fully characterize
the role of this gene family in the parasite heme-homeostasis and
heme acquisition mechanisms, and explore prospects for its
application in disease intervention.

Supporting Information

Figure S1 Multiple alignments and molecular struc-
tures of the SEA-domain proteins from §. japonicum. (A)
Multiple alignments of SST isolated candidates showing similar
signal sequence [27]. (B) The Topology of the members of the
gene family. (C) The modeled molecular structures of whole
molecules showing the SEA-domain. (D) Predicted oligomeric
state of SjCP3842 as a representative of the family.

(T1F)

Figure S2 Glycoprotein detection analysis showed evi-
dence of O-linked glycosylation in the expressed candi-
date proteins. We showed using glycosylation detection assay
that the expressed proteins contain O-linked glycans. Glycosylated
proteins were detected as magenta stained bands in SDS-PAGE
fractions.

(TTF)

Figure $3 Molecular structure based identification of
heme-binding site. 3DLigandSite ligand binding site prediction
report showing structure based identification of heme-binding site
at highly significant precision. The heme-binding site was
predicted based on 178 ligands present in 177 homologous

structures.
(PDF)

Figure S4 Heme-binding pocket of SjCP3842. (A) Heme-
binding mode of SjCP3842 showing the hydrophobic vinyl end of
heme inserted into a hydrophobic cavity, while hydrophilic
propionate end points away from the pocket. Heme is represented
using spheres model colored by atoms (C: green, N: blue, O: red,
Fe: brown). (B) The interacting residues in the heme-binding site.
Strictly conserved residues are labeled in red while partly
conserved residues are labeled in blue. Heme molecule is shown
with nb-spheres model while residues are shown with sticks model,
both colored by atoms. (C) The second predicted heme-binding
mode showing heme iron hexa-coordinated with His-149 and
Met-50 as axial ligands.

(T1F)

Figure 85 Heme binding pocket of SjCP1531. Similar
binding site characteristics as observed for S;CP3842 were
observed for SjCP1531. However, heme iron is coordinated to
Tyr-154 as its axial ligand. (A) Heme-binding mode of SjCP1531
showing the hydrophobic vinyl end of the protoporphyrin heme
inserted into a hydrophobic cavity, while hydrophilic propionate
ends of points away from the pocket. Heme is represented using
spheres model colored by atoms (C: green, N: blue, O: red, Fe:
brown). The protein is shown using cartoon model. (B) Heme-
binding site showing the Connolly surface of the binding pocket
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(dots). (C) Heme iron (brown sphere) putatively coordinated to
Tyr-154 as axial ligand.

(TTE)

Figure 86 Specificity and affinity of protein-glycan
interactions. (A) Array format of CS-GAG chip. (B) SPR
imaging of the glycan-binding assay are shown. (C) Sensorgram
and binding curve of the interaction between SjCP1084 and
chondroitin sulfate-E as representative of the binding kinetics data.
(D) Summary of equilibrium dissociation constants (Ap) of protein-
glycan interactions, showing values within nanomolar range.
(TIF)

Figure 87 Immunolocalization on the teguments and
gut epithelial linings. Immunolocalization of SjCP1084 (A and
D) and SjCP1531 (B and E) using IFA on cross sections of adult
worm pairs probed with immune sera and detected with FITC
conjugated secondary antibody. Immunoperoxidase detection of
SjCP1084 (G) and SjCP1531 (H) on the juvenile schistosomulae
using immune sera and HRP conjugated secondary antibodies also
showed localization on the tegument. No signal was detected in
adult worm sections and schistosomulae probed with the pre-
immune serum (G, F and I).

(TTF)
Table S1 Summary of structural homology modeling

results for §. japonicum SEA-domain gene family. In
addition to the structural homology modeling data presented in
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Basal-supported oral therapy (BOT) is often
used to treat poorly controlled type 2 diabetes.
However, patients sometimes experience noc-
turnal and early morning hypoglycemia. Thus,
maintaining targeted glycemic control by BOT
is limited in some patients. We assessed the
efficacy and safety of replacing basal insulin by
sitagliptin therapy in Japanese type 2 diabe-
tes patients on BOT. Forty-nine subjects were
sequentially recruited for the 52-week, prospec-
tive, single arm study. Patients on BOT therapy
were switched from basal insulin to sitagliptin.
The primary endpoint was change in HbAlc in
52 weeks. The secondary endpoints were drop-
out rate, changes in body weight, frequency of
hypoglycemia, and relationship between change
in HbAlc and insulin secretion capacity evalu-

ated by glucagon loading test. The average dose
of basal insulin was 15.0+ 8.4 units. Sixteen sub-
jects (31.3%) were dropped because replacement
by sitagliptin was less effective for glycemic
control. In these subjects, diabetes duration was
longer, FPG and HbA1c at baseline were higher,
and insulin secretion capacity was lower. Change
in HbAlc in 52 weeks was -4mmol/mol (95%
€l -5 to —~4mmol/mol) (p<0.05). Change in body
weight was —0.71kg (95% CI -1.42 to -0.004 kg)
(p<0.05). Frequency of hypoglycemia was
decreased from 1.21+1.05 to 0.06+0.24 times/
month. HbA1c level was improved if C-peptide
index (CPI) was over 1.19. In conclusion, basal
insulin in BOT can be replaced by sitagliptin
with a decrease in HbAlc level and frequency of
hypoglycemia in cases where insulin secretion
capacity was sufficiently preserved.

Inroduction

L4

Basal insulin preparation is recommended by the
American Diabetes Association (ADA)/European
Association for the Study of Diabetes (EASD)
consensus algorithm when lifestyle interven-
tions and oral glucose-lowering agents no longer
achieve the glycemic goal of hemoglobin Alc
(HbA1c) level less than 53mmol/mol [1,2].
Recently, 2 long-acting insulin analogues, insulin
glargine and insulin detemir, are available that
attain glycemic targets more effectively and
safely [3,4]. There are no significant differences
reported in glycemic control and overall hypogly-
cemia between the 2 analogues [5]. The combi-
nation of basal insulin and oral hypoglycemic
agents (OHAs), known as basal-supported oral
therapy (BOT), is often used to treat poorly con-
trolled type 2 diabetes [6, 7]. Better glycemic con-
trol, fewer hypoglycemic episodes, and less
weight gain are obtained by BOT than by biphasic
insulin [8]. In addition, BOT is relatively cost

effective with the same glycemic control level as
biphasic insulin regimen [9]. BOT is also helpful
in Japanese type 2 diabetes patients. In the
ALOHA (Add-on to Lantus® to OHA) study, in
which 5223 Japanese type 2 diabetes patents
participated, mean HbAlc was reduced from
75+13 to 6013 mmol/mol in 24 weeks [10].
Although BOT is well-tolerated and effective for
glycemic control, patients sometimes experience
nocturnal and early morning hypoglycemia. In
the ALOHA study, 0.97% of the patients experi-
enced frequent hypoglycemia. In the 4 T-study,
1.3% of BOT-treated patients experienced hypo-
glycemia with loss of consciousness [8]. Another
problem of BOT is that postprandial glucose is
high, although morning fasting blood glucose
level is within normal range. An increase in dos-
age of basal insulin or sulfonyl ureas (SUs); which
are most commonly administrated in BOT-
treated Japanese patients, is not always effective,
and can result in increased hypoglycemia. In Jap-
anese interview forms, frequency of hypoglyc-
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emia induced by SUs is reported to be 1.3-2.8%. Thus,
maintaining targeted glycemic control by BOT is limited in some
patients.

Dipeptidyl peptidase-4 (DDP-4) inhibitor is a newly developed
OHA that prevents degradation of the incretin hormones, gluca-
gon-like peptide-1, and gastric inhibitory polypeptide [11]. This
compound stimulates glucose-dependent insulin secretion and
suppresses glucagon release, and can improve both fasting and
postprandial glucose levels. Four different DPP-4 inhibitors are
available in Japan: sitagliptin, vildagliptin, alogliptin, and lina-
gliptin. Of these, sitagliptin is most widely used, partly because
it was the first approved DPP-4 inhibitor and the safety and effi-
cacy are acceptable in Japanese clinical practice. Generally, sit-
agliptin is more effective for glycemic control in Japanese
patients compared to Caucasian patients [12,13]. Sitaglipitn is
usually combined with low dosage of SUs in Japan, less than or
equal to 2mg/day of glimepiride and 40mg/day of gliclazide,
which is enough for glycemic control when combined with sit-
agliptin [14]. Patients also show improved glycemic control even
if insulin secretion capacity is insufficient for oral therapy
[14,15]. The main pathophysiology of Japanese type 2 diabetes
is impairment of insulin secretion [16,17]. Insulin secretion
capacity in Japanese populations is only about half of that in
Caucasians [18]. Both decreased basal and early phase insulin
secretion contribute more to Japanese type 2 diabetes [16], and
insulin therapy is usually required in those with C-peptide index
(CPI) lower than 0.8 [19]. However, basal insulin therapy is not
always ideal in some patients because postprandial glucose is
still high and preprandial glucose is low, which results in large
fluctuations in blood glucose. On the other hand, DPP-4 inhibitor
might nevertheless ameliorate decreased early phase insulin
secretion. This encouraged us to consider whether basal insulin
can be replaced with sitagliptin in type 2 diabetes patients
treated with SUs and basal insulin in at least some BOT cases.
We show here that sitagliptin can be switched from basal insulin
in patients with C-peptide index (CPI) and/or secretory unit of
islet in transplantation (SUIT) equal to or larger than 1.19 and/or
36.4, respectively, with beneficial effects on glycemic control.

Baterials and Methods

¥

Study deston and participants

This was a prospective, 52-week, single center, and single arm
intervention study to evaluate the effects on glycemic control of
replacement of basal insulin to sitagliptin in type 2 diabetes
patients inadequately controlled with BOT. Outpatients of
Takashima General Hospital were recruited consecutively for a
sample size of 45 subjects. Inclusion criteria were: type 2 diabe-
tes treated with basal insulin (insulin glargine or detemir) and
SUs (glimepiride or gliclazide) + metformin *thiazolidinedione +
o-glucosidase inhibitors for more than 1 year; aged 220 years;
HbA1clevel 252 mmol/mol; noimprovementinHbA1c 2 5 mmol/
mol within 3 months in BOT; and a fasting C-peptide reactin
(CPR) of >0.5ng/ml. Exclusion criteria were: type 1 diabetes;
secondary diabetes; alcoholism; severe depression, or severe
psychological condition; malignancy; and abnormal hemoglob-
inemia. The study protocol was approved by the Institutional
Review Board of Takashima General Hospital, and registered at
the University hospital Medical Information Network in Japan
(UMIN000005499). Written informed consent was obtained
from all subjects.

Procedures snd intervention

The duration of the study was 52 weeks. Subjects were screened
for eligibility and gave basic demographic information, medical
history, and frequency of hypoglycemia. Within a month before
changing therapy from basal insulin to sitagliptin, glucagon
loading test was performed without any OHAs or basal insulin
for more than 24 h to evaluate insulin secretion capacity. When
basal insulin was replaced by sitagliptin, the dosage of glimepir-
ide or gliclazide was decreased to equal to or less than 2.0 mg/
day or 40mg/day, respectively, to prevent increased hypoglyc-
emia if the subjects had been treated with more than 2.0 mg/day
glimepiride or 40mg/day gliclazide. If the subjects had been
treated with equal to or less than 2.0mg/day of glimepride or
40mg/day of gliclazide, that dosage of SUs was maintained. Met-
formin (Met) and thiazolidinedione (TZD) were continued with-
out any changes during the study. a-Glucosidase inhibitors were
discontinued. The dosage of SUs was changed depending on the
frequency of hypoglycemic episodes and glycemic control level.
Sitagliptin was started at 50 mg/day, the usual initial dosage in
Japan, which was increased to 100 mg/day if the HbA1c level did
not reach 52 mmol/mol, since titration to 100 mg/day is accep-
table.

Measurements

The primary endpoint was the change in HbA1cin 52 weeks. The
secondary endpoints were dropout rate due to lesser efficacy of
replacement by sitagliptin of basal insulin on glycemic control,
change in body weight in 52 weeks, change in body mass index
(BMI) in 52 weeks, change in frequency of hypoglycemia in 52
weeks, adverse events, and the correlation between change in
HbATc at the 8™ week and insulin secretion capacity or CPI or
SUIT at baseline. HbA1c are expressed in mmol/mol according to
the recommendation of I[FCC. CPI was calculated by the formula:
[100 x fasting CPR (ng/ml)]/{18 x FPG (mM)] [19]. SUIT index was
calculated by the formula: [250 % fasting CPR (nM)]/[(FPG-3.43)
{(mM)] [20]. Blood glucose and C-peptide level were measured
before (Omin) and 6min after intravenous administration of
1mg glucagon.

Statistical analysis

Sample size was estimated to be 34 to detect a 4mmol/mol
change in HbA1c in 52 weeks with a power of 95%, alpha 0.05
2-tailed, beta 0.20, standardized effect size 0.7. To take the drop-
out rate of 30% into account, the aim was to include 45 subjects.
IBM SPSS Statistics was used for analysis. Dependent samples
Student’s t-test was used to compare the means of HbA1c level,
insulin secretion capacity, BMI, body weight, age, and diabetes
duration of the subjects between baseline and 52™ week. Per-
son’s product-moment correlation test was used to evaluate the
relationship between change in HbAlc and insulin secretion
capacity or CPI or SUIT. To evaluate cutoff values of diabetes
duration, FPG, HbAlc, 0-min CPR, 6-min CPR, delta-CPR, CPI,
SUIT, and receiver operating characteristics curve (ROC) analysis
were used. Independent sample Student's t-test was used to
compare the mean of change in HbAlc in 52 weeks between
subjects treated with sitagliptin+glimepiride and sitaglip-
tin+gliclazide. Dunnett analysis was used to compare change in
HbA1lc in 52 weeks among subjects treated with sitagliptin+SUs
and sitagliptin+SUs+MET and sitagliptin+SUs+TZD. A p-value
of <0.05 was considered as statistically significant.
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k

Participants

Forty-nine patients were eligible and were consecutively
enrolled in the study (% Table 1). Average age of subjects was
70.0+10.2 years; ratio of male was 60.8 %; duration of diabetes
was 14.3+8.2 years; average body weight was 62.3+10.4kg;
average BMI was 24.3+3.8kg/m?; and HbAlc was 649 mmol/
mol. All subjects were treated with SUs; 17 subjects (34.7%)
were treated with glimepiride (average dose 1.67+1.47mg)
and 32 (65.3%) were treated with gliclazide (average dose
33.8+12.0mg). Average dosage of basal insulin analogues was
15.0+8.4 units. Glucagon loading test showed that 0-min CPR,
6-min CPR, CPI, and SUIT were 1.65+1.02 ng/ml, 3.37+1.98ng/
ml, 1.1920.64, and 36.5+22.1, respectively. Sixteen subjects
(32.6%) were dropped due to an increase in HbA1c in 8™ week;
6(29.4%) and 11 (34.4%) were dropped in glimepiride- and gli-
clizaide-treated subjects, respectively (¥ Table 2). No subjects
were dropped for other reasons. Thirty-three subjects com-
pleted the study. '

MbAte Bndings and dosage of 8Us and sitagliptin
Therapy adherence was confirmed by certified diabetes educa-
tors (nurses) in the study. Adherence of BOT therapy and the

switching therapy were almost 100% for both therapies (data
not shown).

HbAlc level in 52 weeks in final subjects was significantly
decreased from 6118 to 578 mmol/mol (p<0.01) (< Table 2).
Change in HbAlc in 52 weeks was -4mmol/mol (95% CI; -5
to ~4mmol/mol) (p<0.05). HbA1c levels in 52 weeks in glimepir-
ide-treated subjects (n=12) were significantly decreased from
63+9mmol/mol to 559 mmol/mol (p<0.01). Change in HbAlc
in 52 weeks was -8 mmol/mol (95% CI; -11 to -5 mmol/mol)
(p<0.05). HbA1c levels in 52 weeks in gliclazide-treated subjects
(n=21) were significantly decreased from 54+6 to 58+ 7 mmol/
mol (p<0.05). Change in HbA1c in 52 weeks was -2 mmol/mol
(95% CI; -4 to ~0mmol/mol) (p<0.05). There was a significant
difference in change in HbA1lc in 52 weeks between glimepride-
treated and gliclazide-treated subjects (p<0.01). The original
dosages of glimepiride and gliclazide before the study were
1.58+0.93 mg/day and 38.2+14.0mg/day, respectively; the ini-
tial dosages at the beginning of the study were significantly
decreased to 0.96+0.40mg/day and 24.8+8.7 mg/day, respec-
tively (p<0.05); and the final dosages were significantly
increased to 1.42+0.57 mg/day and 31.4+12.0 mg/day, respec-
tively, compared to the initial dosages (p<0.05), and were almost
equal to the original dosages (% Table 2). Final dosage of sitaglip-
tin was 74.2+25.4mg/day in all subjects; 70.8+25.7 mg/day

Table 1 Demographic and clini-
cal features of subjects participat-
ing in the study.

Table 2 Changes in HbA1c, and dosages of SUs and sitagliptin in final subjects.

p<0.01
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in glimepiride-treated subjects; and 77.3+25.5mg/day in gli-
clazide-treated subjects with no significant difference between
the 2 groups.

Of 33 subjects who completed the study, 22 subjects were
treated with sitagliptin and SUs, 6 subjects were treated with
sitagliptin and SUs and MET, and 3 subjects were treated with
sitagliptin and SUs and TZD; changes in HbAlc in 52 weeks
were —-4mmol/mol (95% CI; -6 to —2mmol/mol) (p<0.05),
-6mmol/mol (95% CI; -10 to -2mmol/mol) (p<0.05),
and -3mmol/mol (95% CI; -0.5 to -Ommol/mol) (p<0.05),
respectively (¢ Table 2). However, there was no significant dif-
ference among the 3 groups.

Change In body weight, BML and frequency of
hvpoglyeemia

Body weight in final subjects at baseline was 64.2+9.5kg, and
was decreased to 63.5%8.7kg at 52" week. Change in body
weight in 52 weeks was -0.71kg (95% ClI; —1.42 to -0.004kg)
(p<0.05) (## Table 3). BMI at baseline was 24.8+3.6kg/m?, and
decreased to 24.5+3.4kg/m? at 52" week. Change in BMI in 52
weeks was —0.27 kg/m? (95% Cl; —0.54 to 0.004kg/m?){(p>0.05).
Frequency of hypoglycemia at baseline was 1.21+1.05 times/
month, and was significantly decreased to 0.06+0.24 times/

month at 52 week (p<0.001). Change in frequency in hypogly-
cemia in 52 weeks was -1.21 times/months (95% CI; -1.5
to —0.80 times/month) (p<0.05) (% Table 3). During the study,
no severe hypoglycemia was noted. During the study, no other
adverse events were observed after replacement of basal insulin
with sitagliptin.

fferences in MbATc Hndings In Boweelo in the fnal and
dropped sublects

Sixteen of 49 subjects recruited dropped out after 8 weeks
due to increased HbA1c level. The remaining 33 subjects com-
pleted the study. HbA1c level at baseline (0-week) in final sub-
jects was 61+8mmol/mol, and was significantly decreased to

Table 3 Changes in weight, BMI, and frequency in hypoglycemia.

p<0.05,

Diabetes Duration FPG HbAle Smin CPR G-minCPR Delta CPR ops ST
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a Diabetes duration b FPG € HbAlc d O-min CPR
554 » fok vy ik
fox P> P %
g oy z E
B e Z s - o
& ] 51 &
Wy B 33 4 N 4 L BT
$a ol 234 Dl
o ; i P ~h P & Y 5% ' o3 ¥4 ik B3 N s % 3 B i e % 5% v
T-specificity 1-specificity L-specificity I-specificity
. 6-min CPR P Delta CPR a Pt h ST
g e
334 5 - :
oy s fed I Py
R = z i =
g G 51 - &
W el [ RS w3 3 v
32 % r
% ? w2 P sk o3 ki % a2 @ [ £23 £ % =% E 9% 25 zx % 2 »e i
-specificity 1-specificity T-specificity 1-specificity

Harashima S-1 et al. Replacing Basal insulin by Sitagliptin... Horm Metab Res 2013;

45:231-238

295



Table4 Changes in HbATc and background of final and dropped subjects.

*p<0.05, **p<0.01, ***p<0.001

58+7mmol/mol at 8" week (p<0.001) (& Table 4). Change in
HbAlc was -4mmol/mol (95% Cl; -5 to -2mmol/mol)
(p<0.05). On the other hand, HbA1c level at baseline (0-week) in
dropped subjects was significantly higher than that in final sub-
jects (p<0.05), and was significantly increased from 6919 to
73+11mmol/mol in 8 weeks (p<0.01). Change in HbAlc
was +7 mmol/mol (95% CI; 0.3 to 11 mmol/mol) (p<0.05).

Differences In oinkal factors i finel and dropped
subjects

There were no differences in age, sex, dosage of SUs, or dosage of
basal insulin in final and dropped subjects (¢ Table 4). Body
weight and BMI also were not significantly different (p=0.065
and p=0.2432, respectively). On the other hand, diabetes dura-
tion in dropped subjects was longer than that in final subjects
(12.1£6.6 vs. 18.7£9.5 years, p<0.05). FPG and HbA1c also were
higher in dropped subjects than in final subjects (FPG; 7.4+1.5
vs. 8.9+2.9mM, p<0.05) (HbAlc; 61+7 vs. 6919 mmol/mol,
p<0.01).

Insulin secretion capacity was significantly higher in final sub-
jects than that in dropped subjects (¢ Table 4) (p<0.05). In final
subjects, CPR level at 0-min, 6-min, and delta CPR (6-min CPR
to O-min CPR) were 1.95+1.25ng/ml, 3.81+2.13ng/ml, and
1.98+1.35ng/ml, respectively. In dropped subjects, CPR level at
0-min, 6-min, and delta CPRwere 1.37+0.64ng/ml,2.42+1.21 ng/
ml, and 1.16£0.69 ng/ml, respectively. CPl and SUIT index also
were significantly higher in final subjects than those in dropped
subjects. CPI at baseline in final subjects was 1.35+0.68, while
that in dropped subjects was 0.92+0.51 (p<0.05). SUIT at base-
line was 42.7+23.0 in final subjects, and 23.1+10.6 in dropped
subjects (p<0.01). We examined cutoff values of diabetes dura-
tion, FPG, HbA1c, 0-min CPR, 6-min CPR, delta-CPR, CPl, and
SUIT by analyzing ROC curves; they were 16.5 years, 8.2 mM,
62 mmol/mol, 1.25ng/ml, 2.80ng/ml, 1.60ng/ml, 1.34, and 37.5,
respectively (% Fig. 1).This indicates that with longer diabetes
duration, insulin secretion capacity becomes lower and the con-
sequent poorer glycemic control makes switching BOT-treated
patients from basal insulin to sitagliptin unsafe.

Correlation between ef¥icacy of sitagiiptin on glycemic
comtrol and sulin secretion capacihy, CFL, and SUHT

We examined whether or not insulin secretion capacity, CPI, or
SUIT at baseline predicted the efficacy of replacing basal insulin

with sitagliptin on glycemic control (¢ Fig. 2). There was a cor-
relation between change in HbA1lc at 8™ week and 0-min CPR
(r=-0.281), 6-min CPR (r=-0.326), and delta CPR (r=-0.290),
assessed by glucagon loading test at baseline (& Fig. 2a, b, c)
(p<0.05). In addition, CPI (r=-0.360) or SUIT (r=-0.306) at
baseline was correlated with change in HbAlc at 8™ week
(% Fig. 2d, e) (p<0.05). The value of 0-min CPR, 6-min CPR, delta
CPR, CP1, and SUIT at which the HbA1c level was not increased by
replacement of basal insulin by sitagliptin were calculated to be
1.64ng/ml, 3.36ng/ml, 1.71ng/ml, 1.19, and 36.4, respectively,
by Pearson’s product-moment correlation test (& Table 5). The
value of 0-min CPR, 6-min CPR, delta CPR, CP], and SUIT at which
the HbA1c level was decreased by 0.5% in 8 weeks were calcu-
lated to be 1.86ng/ml, 3.83ng/ml, 1.98ng/ml, 1.36, and 41.3,
respectively. Other clinical characteristics of the patients such as
disease duration and body weight were not significantly corre-
lated with efficacy of replacing basal insulin with sitagliptin on
glycemic control (data not shown).

Discussion

k4

We show here that basal insulin can be switched to sitagliptin
with good effects in type 2 diabetes patients treated with BOT.
With this treatment, the HbA1lc level decreased from 617 to
57 +7mmol/mol in 52-week (p<0.01). The change in HbAlc in
52 weeks was -4mmol/mol (95% CI; -5 to -4 mmol/mol)
(p<0.05). The efficacy of switching to sitagliptin from basal
insulin was correlated with insulin secretion capacity, CPI, and
SUIT; CPI being most correlated marker in the present study. The
average CPI in final subjects was 1.35+0.68 ng/ml, while that of
dropped subjects was 0.92+0.51ng/ml. Pearson’s product-
moment correlation test revealed that HbAl1c was improved by
switching from basal insulin to sitagliptin if CPI was equal to or
higher than 1.19 (& Fig. 2d and ¢ Table 5). Similarly, basal insu-
lin could be switched to sitagliptin if SUIT was equal to or larger
than 36.4 (% Fig. 2e and & Table 5). In the dropped subjects, dia-
betes duration was longer, FPG and HbAlc were worse, 0-min
CPR, 6-min CPR, delta-CPR, CP], and SUIT were lower compared
to those in final subjects (¢ Table 4). Cutoff values were 16.5
years, 8.2 mM, 62 mmol/mol, 1.25ng/ml, 2.80 ng/ml, 1.60ng/ml,
1.34, and 37.5, respectively (# Fig. 1). This suggests that the
efficacy of switching from basal insulin to sitagliptin, when
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Table 5 Correlation between change in HbA1c and insulin secretion capacity.

combined with SUs, is dependent on basal glycemic control and
the insulin secretion capacity. Baseline HbA1c of dropped sub-
jects was higher than that of the final subjects. A higher dosage
of basal insulin was required to reach target HbAlc level in
dropped subjects compared to that in final subjects because of
lower insulin secretion capacity. Thus, if baseline HbA1c level
were reduced by increasing the dosage of basal insulin, it would
be difficult to replace basal insulin with sitagliptin.

Replacement of basal insulin by sitagliptin resulted in a reduc-
tion in body weight and hypoglycemia. Body weight was reduced
by 0.71kg (95% CI; -1.41 to -0.004kg) (p<0.05). Frequency of
hypoglycemia was decreased from 1.21£1.05 to 0.06:0.24
times/month (p<0.001). Since sitagliptin is known to be body
weight neutral [21,22], discontinuation of basal insulin might
contribute to body weight reduction. The combination of basal
insulin and SUs often induces mild hypoglycemia by which
patients feel a sense of hunger and eat between-meal snacks.
This sometimes induces weight gain and poor glycemic control
in BOT-treated patients. On the other hand, combination therapy
with sitagliptin and low dosage SUs (less than or equal to 2 mg/

day glimepiride or 40 mg/day gliclazide) was body weight neu-
tral or led to a decrease in BMI [14]. In the current study,
hypoglycemia seldom occurred, and BMI was significantly
decreased by 0.38kg/m? (95% CI -0.72 to —0.04kg/m?) [14].
Switching from basal insulin to sitagliptin also reduced the fre-
quency of hypoglycemia. Although energy intake was not evalu-
ated between baseline and 52-week in the present study,
patients who had previously experienced frequent hypoglyc-
emia reported to their physicians that the number of between-
meal snacks in 52 weeks was fewer than at baseline. Thus, excess
energy intake may be reduced after switching from basal insulin
to sitagliptin to account for some of the body weight reduction
and improvement in HbA1c. Another reason for improvement in
the HbA1c level may be the reduced postprandial glucose level
by the combination therapy with sitagliptin and SUs compared
to that by BOT.

The combination therapy of glimepiride and sitagliptin was
more effective for HbAlc reduction than that of gliclazide and
sitagliptin. Recently, it was reported that cAMP sensor Epac2 is a
direct target of several sulfonylureas [23]. Tolbutamide, gliben-
climide, and glimepiride bound Epac2 and enhanced glucose-
stimulated insulin secretion. However, gliclazide did not bind
Epac2. Because Epac2 also mediates the potentiation of insulin
secretion by cAMP increased by endogenous incretin, the combi-
nation therapy of glimepiride and sitagliptin enhances more
insulin secretion through activation of Epac2. This might be a
potential mechanism why the combination therapy of glimepir-
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ide and sitagliptin was more effective for glycemic control than
that of gliclazide and sitagliptin.

Generally, insulin secretion capacity of Japanese is as half as that
of Caucasian [16-18]. Therefore, more than 60% of Japanese
type 2 diabetes patients are treated with SUs [24]. DPP-4 inhibi-
tor now is one of the most popular OADs, and more than 2 mil-
lion patients were treated with DPP-4 inhibitors in Japan. Based
on pathophysiology of Japanese patients and the mechanism of
incretin effect, the combination therapy with SUs and DPP-4
inhibitors seems to be most effective for glycemic control com-
pared to that with other OADs and DPP-4 inhibitors. On the
other hand, the main pathophysiology of Caucasian type 2 dia-
betes is insulin resistance compared to that of Japanese type 2
diabetes [25,26]. Dosage of basal insulin in BOT in Caucasian
patients is greater than that in Japanese patients. For example, in
4-T study, the mean dosage of basal insulin was 86 U (1.03 U/kg)
[8], while 8.5U (0.15U/kg) in Japanese type 2 diabetes [10}, and
15U (0.24U/kg) in our study. Therefore, it is not sure if basal
insulin could be replaced with DPP-4 inhibitors even in subjects
treated with high dosage of basal insulin. However, there is still
a possibility that in Caucasian subjects whose BMI is less than
25kg/m? and CPlis over 1.3, basal insulin could be replaced with
DPP-4 inhibitors. Or, if the combination therapy with high dos-
age of MET and DPP-4 inhibitors is more effective for glycemic
control compared to other combinations in Caucasian type 2
diabetes, basal insulin with MET could be replaced with DPP-4
inhibitors and metformin.

During the course of the disease, type 2 diabetes patients are
treated with several OHAs [27,28]. However, if the HbA1c level
does not reach less than 53 mmol/mol, insulin treatment is con-
sidered the next step [1,2]. BOT is often selected for outpatients
because once daily injection is acceptable and the glycemic con-
trol is superior, with fewer hypoglycemic episodes and less
weight gain compared to biphasic insulin {8]. In Japan, the com-
monly used SUs are combined with basal insulin in BOT [10].
One of the biggest problems of combination therapy with basal
insulin and SUs is the high level of postprandial blood glucose
while fasting blood glucose is within normal range. An increase
in dosage of SUs or basal insulin does not resolve this problem,
and sometimes leads to increased hypoglycemia. However, our
results show that better glycemic control and lower frequency of
hypoglycemia is obtained when switching from basal insulin to
sitagliptin in subjects with sufficiently preserved insulin secre-
tion capacity.

The advantages of discontinuation of basal insulin are 1) patients
become free from daily injections; 2) they do not need to regu-
larly perform self-monitoring of blood glucose (SMBG); and 3)
oral therapy costs less than insulin therapy.

In summary, basal insulin in BOT can be switched to sitagliptin if
CPI and/or SUIT are equal to or higher than 1.19 or 36.4, respec-
tively. On the other hand, sitagliptin can be added to insulin
therapy if insulin secretion capacity is not sufficient for switch-
ing to sitagliptin. However, the effectiveness of combination
therapy with basal insulin and sitagliptin on glycemic control in
type 2 patients with CPI and/or SUIT less than 1.19 or 36.4,
respectively, is unknown. Further studies are required to deter-
mine the optimum insulin secretion capacities for switching
BOT therapy to sitagliptin combined with SUs or combination
therapy with sitagliptin and basal insulin or GLP-1 receptor ana-
logues.
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Abstract

Background We conducted a clinical research study to determine the effect of
self-monitoring of blood glucose (SMBG) on glycaemic control and the value of a
putatively less painful blood sampling technique on SMBG in oral hypoglycaemic
agent-treated type 2 diabetes patients; SMBG has not been broadly applied in
non-insulin-treated patients in Japan.

Methods One hundred thirty-seven subjects were recruited for the 24-week,
prospective, comparison study and randomized into three groups: 46, no SMBG
group; 46, fingertip group; and 45, palm group. The primary endpoint was
change in HbA;.. The secondary endpoints were SMBG compliance, dropout
rate, treatment changes, and patient’s and physician’s satisfaction.

Results  Six subjects in the fingertip group (13.2%) and one subject in the palm
group (2.2%) were dropped because of pain. A;¢ level of all subjects at 24-week
was decreased more in the fingertip (—0.23%) and palm (—0.16%) groups
than that in the no SMBG group (+0.31%) (p < 0.05). SMBG compliance was
higher in the fingertip group (2.17 times/day) than that in the palm group
(1.65 times/day) (p < 0.05). A;¢ level of treatment-unchanged subjects was
decreased more in the fingertip (—0.25%) and palm (—0.21%) groups than
that in the no SMBG group (+0.30%) (p <0.05). SMBG compliance was
higher in the fingertip group (2.24 times/day) than that in the palm group
(1.65 times/day) (p <0.05). Patient’s questionnaire showed that 84.1% of
the fingertip group and 90.2% of the palm group were satisfied with SMBG.
Physician’s satisfaction was higher in the palm group (94.0%) than that in
the fingertip group (80.0%) (p < 0.05).
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Introduction

Self-monitoring of blood glucose (SMBG) is a tool for patients with diabetes to
detect patterns of blood glucose control. Results of SMBG can be useful to
make adjustments in diet, physical activity, and medications in order to achieve
glycaemic targets, preventing hypoglycaemic events. In addition, it has been
reported that SMBG is associated with decreased diabetes-related morbidity
and all-cause mortality in insulin-treated patients as well as in insulin-naive
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