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expression of diabetes-related genes, such as leptin (22),
the adiponectin receptor (23), PPAR (24), and plasmino-
gen activator inhibitor-1 (25), was observed to follow cir-
cadian patterns. Likewise, we have demonstrated for the
first time that Angptl2 is a novel circadian gene involved
in the pathology of type 2 diabetes mellitus. On the basis
of these reports, we hypothesized that nutrient homeosta-
sis may be maintained by a daily cycle of increases and
decreases in the expression of metabolic regulating fac-
tors. We therefore examined the effects of Angptl2 on
diabetes iz vivo by administration of the protein, rather
than using transgenic or knockout mouse models.

In 3T3-L1 adipocytes, Angptl2 induced insulin sensi-
tivity of Akt. Although the mechanism of this action is not
entirely clear, Trib3 expression is known to be increased
by treatment with Angptl2 siRNA. There is also evidence
that Trib3 siRNA partially recovers Angptl2 siRNA-in-
duced insulin resistance in 3T3-L1 adipocytes. In addi-
tion, Trib3 has also been shown to interfere with insulin
signaling by binding to and inhibiting Akt (22, 26). Trib3
expression can be increased by numerous stimuli, includ-
ing starvation (27), PPAR-mediated activation (26), and
chronic alcohol ingestion (28), all of which are linked to
insulin insensitivity. Overexpression of Trib3 in a cell line
moderately decreased insulin-induced phosphorylation
and activation of Akt (20). Furthermore, it has been re-
ported that Trib3 suppresses adipocyte differentiation by
negatively regulating PPARy transcriptional activity (29).
Taken together, these findings indicate that the regulation
of Trib3 expression may be one of the mechanisms by
which Angptl2 improves insulin resistance. However,
long-term treatment with Angptl2 did not stimulate phos-
phor-Akt, whereas chronic treatment with Angptl2 did
acutely stimulate phosphor-Akt (Supplemental Fig. 7).
Furthermore, acute treatment with Angptl2-induced Akt
phosphorylation was suppressed by pretreatment with
LY294002, a phosphatidylinositol 3 kinase inhibitor
(Supplemental Fig. 7). These results suggest that different
mechanisms exist between acute and continuous treat-
ment-induced Akt phosphorylation. Thus, further studies
are needed to investigate the mechanisms involved in Ang-
ptl2-stimulated insulin signaling.

In contrast to our findings, a recent study showed that
Angptl2 promotes chronic adipose tissue inflammation
and obesity-related systemic insulin resistance (30). In this
article, Angptl2-transgenic mice showed inflammation in
adipose tissue and insulin resistance. Conversely, Angptl2
knockout mice showed reduced inflammation after high-
fat feeding. Angptl2 activates chemotaxis of monocytes/
macrophages result in inflammation (30). Although the
results of their and our studies seem to be discrepant, we
suggest that the transgenic and knockout mice used in their
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study represent a distinct disease state from that in db/db
mice. Angptl2 transgenic and knockout mice develop di-
abetes or a diabetic-resistant state as they grow, whereas
db/db mice show severe diabetes and inflammatory state
by 8 wk of age, before the administration of Angptl2 in our
study. Therefore, Angptl2 transgenic and knockout mice
are useful to investigate the potential role of Angptl2 in the
pathogenesis of diabetes, whereas the administration of
Angptl2 in db/db mice helps us to examine the role of
Angptl2 in the progression of diabetes. Here, we demon-
strated that the administration of Angptl2 improved blood
glucose levels, lipid metabolism, and insulin resistance in
db/db mice. In cultured adipocytes, as in db/db mice, treat-
ment with Angptl2 improved insulin sensitivity. The db/db
mice show severe inflammation, including the activation
of chemotaxis. Thus, the administration of Angptl2 may
not further accelerate monocyte/macrophage chemotaxis.
In fact, the infiltration of macrophages into adipose tissues
and CD68 expression were not affected by Angptl2 ad-
ministration. On the other hand, Angptl2 did decrease
plasma lipid and free fatty acid levels and lowered the
expression of cytokines and chemokines. Taken together,
these results suggest that Angptl2 improves the inflamma-
tory state and insulin sensitivity in db/db mice. Taken to-
gether, our results suggested that Angptl2 plays differing
roles in different stages in the pathogenesis of type 2
diabetes.

In summary, we demonstrated that Angptl2 increases
both adiponectin expression and insulin sensitivity,
thereby reducing blood glucose levels and lipid content.
These results suggest that Angptl2 plays a crucial role in
regulating insulin sensitivity and is, therefore, involved in
the progression of type 2 diabetes mellitus. Characteriza-
tion of the Angptl2 receptor and the cellular mechanisms
underlying Angptl2-induced modulation of metabolic
gene expression may enable us to develop new therapies
for metabolic diseases.
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Activation-induced cytidine deaminase (AID) is shown to be essen-
tial and sufficient to induce two genetic alterations in the Ig loci:
class switch recombination (CSR) and somatic hypermutation (SHM).
However, it is still unknown how a single-molecule AID differen-
tially regulates CSR and SHM. Here we identified Spt6 as an AID-
interacting protein by yeast two-hybrid screening and immuno-
precipitation followed by mass spectrometry. Knockdown of Spt6
resulted in severe reduction of CSR in both the endogenous Ig locus
in B cells and an artificial substrate in fibroblast cells. Conversely,
knockdown of Spt6 did not reduce but slightly enhanced SHM in an
artificial substrate in B cells, indicating that Spt6 is required for AID
to induce CSR but not SHM. These results suggest that Spté is
involved in differential regulation of CSR and SHM by AID.

he Ig genes in antigen-stimulated B lymphocytes are diver-

sified by two distinct genetic alteration mechanisms, namely
somatic hypermutation (SHM) and class switch recombination
(CSR) (1, 2). SHM causes the accumulation of point mutations in
the rearranged variable (V) region genes, leading to generation of
antibodies with higher affinity after cellular selection by a limited
amount of antigen (1). CSR replaces the heavy chain constant
region (Cg) gene proximal to the Vi gene, namely Cp with one of
the downstream Cyg genes by recombination between the switch
(S) regions located 5’ to each Cy gene, thereby producing anti-
bodies with diverse effector functions without changing their an-
tigen specificity (2).

Both SHM and CSR require activation-induced cytidine de-
aminase (AID), which is specifically expressed in activated B
cells (3). It is well accepted that AID initiates single-strand DNA
breaks essential for SHM and CSR through its cytidine de-
aminase activity. AID can also introduce mutations in such non-
Ig loci as ¢-myc, Piml1, Pax5, bcl-6, and RhoH (4, 5). The number
of target loci of AID seems to be larger than expected but still
limited (5). Although extensive analyses have been done to un-
cover the exact molecular mechanism how AID induces DNA
strand breaks at restricted loci, it is unknown how a single-
molecule AID differentially regulates CSR and SHM or how the
Ig genes and other target loci are preferentially targeted in the
whole genome. To answer these questions, extensive studies
were carried out to identify cofactor(s) that may account for the
target specificity of the AID function. Several AID-interacting
proteins have been reported, including RNA polymerase II (6),
replication protein A (7), protein kinase A (8, 9), DNA-PKcs
(10), MDM2 (11), CTNNBLI1 (12), Spt5 (13), and PTBP2 (14).
Unfortunately, however, none of these proteins could show any
functional correlation to support the target specificity of AID.
There is no clear mechanism to limit the number of target loci.
Most of the proteins like RNA polymerase II, protein kinase A,
Spt5, and PTBP2 are rather ubiquitous and interact with many
proteins other than AID. PTBP2 is a splicing factor, and Spt5 is
one of the transcription elongation factors that associate with
RNA polymerase II. Replication protein A, DNA-PKcs, and
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MDM?2 are proteins involved in general DNA repair. CTNNBL1
was later shown to be dispensable for CSR (15).

AID has been shown to have the nuclear localization signal
and nuclear export signal in its N terminus and C terminus, re-
spectively (16, 17). The deletion of the nuclear localization signal
region of AID results in loss of the AID functions for both SHM
and CSR (16). A series of mutations at the N teminus of AID
also causes defects in CSR as well as SHM (18). Although no
mutations at the N terminus of AID have been shown to cause
CSR-specific loss of the AID function, some AID mutants with
point mutations in the N-terminal region retain substantial CSR
activity but severely damage SHM activity, which is most likely
due to a combination of partial loss of DNA cleavage activity and
less efficient cleavage of the V region compared with S regions
(18-20). Conversely, a S3A mutaiton augments both CSR and
SHM (21). On the other hand, the deletions and/or mutations in
the nuclear export signal region (residues 183-198) result in loss
of the AID function for CSR but not SHM, probably because
AID with the C-terminal deletion has normal DNA cleavage
activity (19, 22). The results suggest that AID has at least two
functions: DNA cleavage of V and S region associated with the
N-terminal region, and CSR-specific activity associated with the
C-terminal region. In addition, the C-terminal region was shown
to be responsible for interaction with poly (A)* RNA (23). We
proposed that the C-terminal region of AID might be respon-
sible for generation of recombination synapsis factor (19).
Therefore, we assumed that cofactors interacting with the C-
terminal region of AID might be responsible for CSR-specific
activity rather than DNA cleavage, whereas cofactors interacting
with the N-terminal region of AID might be responsible for
DNA cleavage of both V and S regions.

In the present study, we screened AID association molecules
by yeast two-hybrid screening and coimmunoprecipitation. We
then assessed their functional involvement in CSR and SHM.
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Because AID associates with a numerous molecules, we used
AID mutants as negative controls and chose the association
molecules specific to wild-type AID. Among these molecules we
identified Spt6, whose interaction was blocked by AID mutations
at the N terminus. Knockdown of Spt6 resulted in great reduc-
tion of CSR in both the endogenous Ig locus in B cells and an
artificial substrate in fibroblasts. Surprisingly, however, knock-
down of Spt6 did not reduce but slightly enhanced SHM in an
artificial substrate in B cells. These results indicate that Spt6 is
involved in differential regulation of CSR and SHM by AID.

Results and Discussion

Proteins Physically Interacting with AID. To identify AID-interacting
proteins that may account for the target specificity of AID fun-
ction in CSR and SHM, we overexpressed mouse (m) and human
(h) AID in a mouse B-cell line, CH12F3-2A, which can switch
from IgM to IgA upon stimulation. We used AID tagged with
GFP-FLAG (GF) at its C terminus to avoid masking the FLAG
epitope by putative large AID association proteins. The addition
of GF to the C terminus of AID had little effect on the function
of AID to induce both CSR and SHM. Cytoplasmic extracts of
CHI12F3-2A with AID-GF were fractionated by centrifugation
through a glycerol density gradient (10-50%, vol/vol). Each
fraction collected was analyzed for the presence of AID-GF by
GFP fluorescence (Fig. SL4). The distribution of AID-GF was
broad. Similar broad distribution of endogenous AID was ob-
served in CH12F3-2A extracts using an anti-AID antibody (Fig.
S1B). However, the increase of the NaCl concentration from
150 mM to 500 mM reduced the overall size distribution and
sharpened the distribution profile (Fig. S1C). The results in-
dicate that AID interacts with a large number of cytoplasmic
proteins, some of which can be removed at 500 mM NaCl. The
complex formation was not due to GFP because GF alone
formed a small and sharp peak. RNase A treatment reduced the
size of the peak only slightly at 150 mM NaCl but hardly at 500
mM NaCl, indicating that there are some AID protein com-
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plexes containing RNA but the majority of the AID complex is
formed through the protein-protein interaction.

We then immunoprecipitated AID-GF interacting molecules
with the anti-FLAG antibody from the cytoplasmic extracts and
fractionated by SDS/PAGE, followed by MS. As shown in Fig.
14, a huge variety of proteins were coimmunoprecipitated with
AID-GF compared with GF. Therefore, we decided to compare
coimmunoprecipitates between AID and its loss-of-function
mutant. We used the human AID mutant P13 (M139V) de-
fective in both SHM and CSR activities (22). Similarly diverse
proteins with similar intensity were coimmunoprecipitated with
the P13 mutant when we used an equal number of cells for wild-
type and mutant AID (Fig.14).

Among coimmunoprecipitates, Spt6, Trim28, Nucleolin, Skiv212,
Zfp84, CRM1, and eEFla were clearly more abundant in wild-type
AID-GF (Fig. 14). We also obtained the following two groups of
coimmunoprecipitates from CH12F3-2A cells: (i) proteins involved
in the nuclear—cytoplasmic transport, including importin 4 and
importin p3 (Ranbp 5); and (ii) proteins involved in the translation
or degradation of proteins, and chaperones, including eEFloa,
Hsp70, Stipl, TCP1, CCTq, and KIAA1967. Identification of pro-
teins in the group (¢) and CRM1 indicates that the coimmunopre-
cipitations in the current condition is suitable to detect expected
functional partners of AID because AID has been reported to be
actively exported from nucleus to cytoplasm in a CRM1-dependent
manner (16, 17). The degradation-related molecules and chaperons
in group (i) were coimmunoprecipitated probably because over-
expressed wild-type and mutant AID-GF were targets of the deg-
radation or inactivation machinery. Although eEF1« also showed
a striking difference between wild-type AID and P13 mutant, we
suspected that eEFlo was directly associated with mRNA to which
AID interacts as reported previously (23). In fact the treatment
of cell extracts with RNase A before immunoprecipitation signifi-
cantly reduced eEFla from the coimmunoprecipitates with AID-
GF (Fig. 1B).

In a separate series of experiments, we expressed hAID-
FLAG (F) and hAID mutants including L172A-F, AN10-hAID-F
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Identification of AlD-interacting proteins. (A) Silver staining of proteins coimmunoprecipitated with mouse AID-GFP-FLAG (mAID-GF), human AID-GF

(hAID-GF), GF, and P13-GF from cytosolic extracts prepared from CH12F3-2A cells expressing either of the AID-GFs. Bands were excised and analyzed by MS.
Proteins that appeared to be obviously more abundant in mAID-GF and hAID-GF are indicated. Nucleolin appears at two positions owing to possible
modification. (B) Western blot analyses of immunoprecipitates with anti-FLAG M2 antibody from mAID-GF-expressing CH12F3-2A extracts treated with
DNase | (lane 2) or RNase A (lane 3). Immunoprecipitates from untreated extracts are shown in lane 1. (C) Western blot analyses of immunoprecipitates either
with anti-FLAG M2 antibody or with mouse IgG from cytosolic extracts prepared from CH12F3-2A cells expressing mAID-GF (lane 1) or GF (lane 2). Arrows
indicate mAID-GF or GF. (D) Western blot analyses of immunoprecipitates with anti-Spté mAb from cytosolic extracts prepared from CH12F3-2A cells
expressing mAID-GF (lane 1), hAID-GF (lane 2), or GF (lane 3). Two nonspecific bands appeared in input by FLAG Western blot.
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(N-terminal 10 residue truncation), and JP8Bdel-F (Table S1) in
293T cells and compared proteins immunoprecipitated with the
anti-FLAG antibody by MS. We picked up seven proteins that
were specifically coimmunoprecipitated with hAID-F in all four
repeated experiments. The list of such proteins is shown in Table
S2. Surprisingly, none of them overlapped with the above
experiments in CHI12F3-2A cells. The discrepancy could be at
least in part due to the difference in tags to AID and cells used.

Spté Is Required for CSR in B Cells and Fibroblasts. We first focused
on Spt6, Trim28, and Nucleolin because they are involved in
nucleic acid metabolism and most distinctly associated with wild-
type AID. We confirmed that Spt6, Trim28, and Nucleolin were
coimmunoprecipitated with AID-GF but not GF by Western
blotting (Fig. 1B). The control IgG did not precipitate any of
them (Fig. 1C). The association of Spt6 and Trim28 with AID-
GF was not reduced by either RNase A or DNase I treatment of
the cell extracts before immunoprecipitation, whereas the asso-
ciation of Nucleolin with AID-GF was almost completely abol-
ished by RNase A treatment, suggesting that RNA bridges AID
with Nucleolin (Fig. 1B). In addition, the association between
Spt6 and AID was further confirmed by detection of AID-GF in
immunoprecipitates with an anti-Spt6 antibody (Fig. 1D).

Interaction of AID with Spt6 was also supported by yeast two-
hybrid screening. We screened a human lymph node cDNA li-
brary fused to the GAL4 activation domain (AD), with hAID
fused to the GAL4 DNA-binding domain (BD) as bait, and
a mouse pre B-cell cDNA library fused to the GAL4 AD, with
mAID fused to the GAL4 DNA-BD as bait. The C-terminal
fragments of hSPT6 (3817-5178 nt) and mSpt6 (4050-5178 nt),
which contain Src homology 2 domain, were isolated from the
human and mouse libraries, respectively (Fig. S2). This inter-
action was further confirmed by coimmunoprecipitation of hAID
with hSPT6 fragments fused with GST.

We therefore examined the functional involvement of Spt6 in
CSR by knocking down its expression in CHI2F3-2A cells.
Knockdown of Spt6 or AID significantly reduced CSR efficiency
(Fig. 2 A and B). However, 1.5 pg of Spt6 siRNA decreased AID
mRNA and germline transcript (GLT) of Cu significantly, al-
though GLT of Cp was intact (Fig. 2C). Therefore, we further
examined the effects of Spt6 knockdown using the AID-ER
(fusion protein of AID and the hormone-binding domain of the
estrogen receptor) system, in which CSR can be induced rapidly
upon 4-hydroxy tamoxifen (OHT) addition without de novo
transcription and translation of AID. Knockdown of Spt6 with
0.6 pg of siRNA reduced the efficiency of CSR almost in parallel
with the degree of Spt6 protein reduction (Fig. 3 A-C). However,
Stp6 knockdown did not affect the amounts of AID-ER protein
and GLTs (Fig. 3 C and D). The results indicate that Spt6 is
required for CSR.

To further confirm the involvement of Spt6 in CSR, we used
the artificial switch substrate in a mouse fibroblast cell line, NIH
3T3 (24). We knocked down Spt6 using a mixture of siRNAs in
NIH 3T3 cells expressing the artificial switch substrate of CSR
and AID-ER. siRNAs against Spt6 significantly reduced CSR
efficiency in the artificial switch substrate compared with control
siRNAs against LacZ (Fig. 44). Consistently, postswitch tran-
scripts were decreased by Spt6 knockdown, although it did not
reduce the amounts of AID-ER mRNA and preswitch tran-
scripts Pre-Trl and Pre-Tr2 (equivalent to GLTs) (Fig. 4B).
These results further confirmed that Spt6 is required for CSR.

Other Candidates Are Not Required for CSR. We then examined
involvement of other AID-binding proteins in CSR by knock-
down assay. Knockdown of Trim28 also reduced CSR but si-
multaneously decreased AID mRNA in CH12F3-2A cells (Fig.
S3 4 and B). We thus examined the effect of Trim28 knock-
down in the AID-ER system. Trim28 knockdown in the AID-
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Fig. 2. CSR is inhibited by Spt6 knockdown in CH12F3-2A cells. (A and B)
Spt6 knockdown severely reduced CSR efficiency. CH12F3-2A cells (1.5 x 10)
were introduced with 1.5 ug of siRNAs against mSpt6, scrambled siRNA for
them, an siRNA against mAID, a scrambled siRNA for it, or negative control
siRNAs with low (36%) and medium (48%) GC contents (Ctrl-L and Ctrl-M,
respectively). The GC contents of oligos mSpt6-1, -2, and -4 are medium (45—
55%), and those of oligos mSpt6-3 and AID are low (35-45%). Twenty-four
hours after siRNA introduction, cells were stimulated with CD40L, IL-4, and
TGF- for 24 h. The percentages of IgA* cells in the live population are in-
dicated. Representative FACS profiles are shown (A). The mean + SD values
were obtained from triplicate experiments (B). (C) siRNAs against Spt6 re-
duced the amount of aGLT and AID transcripts. Quantitative PCR analyses
for pGLT, aGLT, and AID transcripts in Spt6-knockdown cells. Values were
normalized by cyclophilin (CYPH). Unstimulated and stimulated cells were
analyzed for pGLT and for «GLT and AID transcripts, respectively.

ER system did not affect CSR, suggesting that Trim28 blocked
CSR by inhibiting AID transcription (Fig. S3 ¢ and D). In-
volvement of Trim28 in the transcriptional regulation of AID
was further confirmed by the fact that both AID transcription
and CSR are drastically reduced in Trim28-deficient B cells
(Fig. 83 E and F). We concluded that the association of Trim28
with AID is not related to AID function. Knockdown of Trim28
did not show any significant effects on CSR in NIH 3T3 cells ei-
ther (Fig. 4 A and B).

Knockdown of Nucleolin did not significantly affect CSR ef-
ficiency, either in CH12F3-2A cells or NIH 373 cells, although
Nucleolin protein was dramatically reduced by knockdown.
Knockdown of Skiv212 only slightly reduced CSR efficiency,
both in CH12F3-2A cells and NIH 3T3 cells, whereas knock-
down of Zfp84 did not significantly affect CSR in CH12F3-2A
cells. Therefore, we concluded that Nucleolin, Skiv2I2, and
Ztp84 do not play major roles in CSR, although we could not
exclude the possibility that residual amounts of target proteins
were still sufficient to support CSR. We then examined whether
candidates identified from 293T cells by specific coimmunopre-
cipitation with hAID-F are involved in CSR (Table S2).
Knockdown of these candidates was carried out in CH12F3-2A
cells, but none of them affected CSR significantly except for
hnRNPA1, which we could not knockdown. We could therefore
identify only Spt6 that has functional relevance for the CSR
activity of AID among all candidates detected by physical asso-
ciation with AID.

Spt6 Is Dispensable for SHM in B Cells. We next examined the effect
of Spt6 knockdown on SHM in a human B-cell line BL2. To assess
SHM efficiency sensitively and quickly, we took advantages of
a modified GFP substrate of SHM (Fig. 54). In addition, we used
a C-terminal truncation mutant of AID, JP8Bdel, which has
stronger SHM activity but marginal CSR activity (19, 22). In this
system, OHT-activated JP8Bdel-ER protein caused loss of GFP
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Fig. 3. CSRis inhibited by Spt6 knockdown in mAID-ER-expressing CH12F3-
2A cells without affecting the amount of AID. (A and B) Spt6 knockdown
reduced CSR efficiency. CH12F3-2A cells expressing mAID-ER (1.5 x 10%) were
introduced with 0.6 pg of siRNAs against mSpt6, scrambled siRNA for them,
an siRNA against mAID, a scrambled siRNA for it, or negative control siRNAs
with low and medium GC contents (Ctrl-L and Ctrl-M, respectively). Twenty-
four hours after siRNA introduction, cells were stimulated with OHT and
TGF-§ for 24 h. The percentages of IgA* cells in the live population are in-
dicated. Representative FACS profiles are shown (A). Mean + SD values were
obtained from triplicate experiments (B). (C) siRNAs against Spté efficiently
reduced the amount of Spt6 protein but did not affect the amount of AID-
ER protein. (D) Quantitative PCR analyses for pGLT and oGLT in Spt6-
knockdown cells. Stimulated cells were analyzed. CYPH, cyclophilin.

fluorescence due to the accumulation of deleterious mutations in
the GFP gene. Excessive mutations induced by JP8Bdel caused
cell death. AID knockdown by three different siRNA oligos in-
hibited loss of GFP fluorescence, as well as the accumulation of
point mutations in the GFP gene and cell death, confirming that
these events were dependent on AID function and thus useful
indicators for SHM (Fig. 5 B and C and Table S3).

Surprisingly, SPT6 knockdown did not inhibit but rather
slightly augmented the frequency of GFP-negative cells, as well
as actual mutation frequency in the GFP gene and cell death,
without affecting the amount of JP8Bdel-ER protein (Fig. 5 C
and D and Table S3). Although the difference was modest, the
relative increase of mutation frequencies correlated well with the
knockdown efficiency of each oligo against SPT6. It should be
noted that both fluorescence and point mutations in the GFP
gene were not reduced by SPT6 knockdown in the absence of
OHT, indicating that SPT6 knockdown did not affect transcrip-
tion of the SHM target. These results clearly showed that Spt6 is
not required for SHM but rather inhibitory to SHM.

Spt6 Interacts with AID Through Its N Terminus. Because the C-
terminal region of Spt6 interacts with AID, we then examined
whether a specific region of AID is responsible for the associa-
tion with Spt6. Deletion of the N-terminal residues 2-26 of
AID abolished the association with Spt6, suggesting that this
region contains residues involved in the interaction with Spt6
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Fig. 4. Spt6 knockdown inhibited CSR in the artificial switch substrate SCI
(1, @ in NIH 3T3 cells. (A) NIH 3T3 cells expressing mAID-ER and SCI {1, a)
were introduced with d-siRNAs against mSpt6, mTrim28, mAID, and LacZ
together with a DsRed-expressing plasmid as a transfection indicator.
Twenty-four hours after transfection, cells were stimulated with OHT for
36 h. The percentages of switched CD8u* cells in the live and DsRed™ pop-
ulation are indicated. Mean + SD values were obtained from triplicate
experiments. (B) Quantitative PCR analyses for pre- (Pre-Tr1 and Pre-Tr2)
and postswitch transcripts (Post-Tr), AID-ER, Spt6, and Trim28 transcripts.
CYPH, cyclophilin.

(Fig. 6 A and B and Table S1). We further tested AID mutants
that carry deletion or mutation(s) in the N-terminal region and
found that the deletion of residues 2-10 but not residues 2-5 of
AID abolished the association with Spt6, suggesting that residues
6-10 may be responsible for the association with Spt6. Amino
acid substitution experiments showed that only M6 was critical
within residues 6-10 to the association with Spt6. Other muta-
tions in the N-terminal region [G23S, V18S-R19V, W20K, and P7
(R24W)], which have been shown to reduce SHM more drasti-
cally than CSR or to abolish both, did not affect the association
with Spt6 (Fig. 6B and Table S1). In agreement with Fig. 1, P13-GF
actually lost the binding capacity with Spt6.

Next, we tried to examine the involvement of the C-terminal
region (residues 183-198) of AID in the association with Spt6.
To avoid insolubility of the C-terminally deleted (AC) AID by
the spontaneous accumulation in the nucleus, we combined the
deletion or mutation(s) in the N-terminal region with the de-
letion of the C-terminal region because most N-terminal mutants
(P7, V18S-R19V, and W20K) did not accumulate in the nucleus
even when nuclear export was blocked by leptomycin B (16, 18).
Such N-terminal mutants that additionally lacked the C-terminal
region (P7-AC, V18S-R19V-AC, and W20K-AC) still associated
with Spt6, indicating that the C-terminal region of AID is not
involved in the association with Spt6. A human AID mutant P20
carrying a 34-aa insertion after residue 182 did not show any
reduction in the association with Spt6, although P20 has severe
defect in CSR but little effect on SHM (22).

Dissociation of AID Mutant Activities from Their Spt6 Binding. Studies
on series of AID mutants clearly demonstrated that the C-terminal
region of AID is required for CSR-specific function other than
DNA cleavage. This function is assumed to be related to synapsis
formation of cleaved ends (19). On the other hand, the N-terminal
region of AID is required for DNA cleavage of both V and S
regions. Because Spt6 is required only for CSR, the interaction
of Spt6 with N-terminal residues 6-10 of AID was puzzling. To
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Fig. 5. Spt6 knockdown augmented SHM in BL2 cells. (A) Schematic rep-
resentation of the artificial SHM substrate and the SHM assay procedure. BL2
cells expressing JP8Bdel-ER and the artificial SHM assay substrate were in-
troduced with siRNAs, stimulated for 24 h with OHT, and incubated for an
additional 48 h in the absence of OHT. Then cells were harvested for flow
cytometry (FCM) and genomic DNA extraction. (8 and C) SPT6 knockdown
augmented the SHM efficiency in the artificial substrate. BL2 cells expressing
JP8Bdel-ER and the artificial SHM assay substrate (1.5 x 10°) were introduced
with 3.0 pg of siRNAs against hSPT6, siRNAs against hAID, or negative con-
trol siRNAs with low (36%) and medium (48%) GC contents (Ctrl-L and Ctrl-
M, respectively). The GC contents of oligos hAID-1, -2, -3, and hSPT6-3 are
medium (45-55%) and those of oligos hSPT6-1 and -2 are low (35-45%). The
percentages of GFP™ cells are indicated (B). Graphical summary of the per-
centages of GFP~ cells, viability, and mutation frequencies in the GFP se-
quence (C). Statistical significance was evaluated against the corresponding
control oligo by »* test. *P < 0.05. Data are representative of three in-
dependent experiments. (D) Two siRNA oligos against SPT6 (1 and 2) reduced
the amount of SPT6 protein but did not affect the amount of JP8Bdel-ER
protein. Note that the other siRNA oligos against SPT6 (3) did not sub-
stantially reduce the amount of SPT6 protein.

monitor the function of the mutants at residues 610, each was
fused with GFP in the retroviral expression vector and introduced
to AID-deficient spleen cells (Fig. 6C). We also tested the SHM
activities of these mutants in a GFP substrate expressed in NIH
3T3 cells (Fig. 6D and Table S4). The point mutation at the residue
6 (M6A) was totally defective for both CSR and SHM. The
mutations at residues 7, 9, and 10 reduced SHM as well as CSR,
albeit to a less extent. By contrast, the RSA mutant rather aug-
mented CSR and SHM activities.

Although all of R8A, R9A, and K10R mutants had significant
modification of their activities, none of them changed the in-
teraction with Spt6 (Fig. 6B). Conversely, N7A augmented in-
teraction with Spt6, although N7A reduced both CSR and SHM
activities. M6A that abolished Spt6 interaction lost both SHM
and CSR, although Spt6 is involved in only CSR. Human AID
mutation M6T also lost both CSR and SHM (25). It is possible
that M6A mutation altered the gross structure of AID to abolish
the DNA cleavage function, resulting in the loss of both CSR and
SHM. Although the N-terminal region of AID seems to be re-
sponsible for its interaction with the C-terminal region of Spt6, it
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Fig. 6. AID interacts with Spt6 through its N terminus. (A) Schematic rep-
resentation of wild-type and mutant AID-GF constructs. (B) Western blot
analyses of immunoprecipitates with anti-FLAG from cytosolic extracts of
CH12F3-2A cells expressing wild-type AID-GF or mutant AID-GFs. All AID
constructs are of human origin except for mWT and mG23S. An equal
amount of wild-type and mutant AID-GF proteins was analyzed by adjusting
the loading amounts of immunoprecipitates. (C) AlD-deficient splenocytes
were stimulated with LPS for 48 h and infected with retroviruses expressing
mutant AID-GFs. Cells were stimulated for additional 48 h in the presence of
LPS and IL-4. The percentages of IgG1" cells in the GFP* population are in-
dicated. Mean + SD values were obtained from triplicate experiments. (D)
NIH 3T3 cells harboring an SHM substrate pl were infected with retroviruses
expressing wild-type and mutant AID-GFs and cultured for 7 d. Genomic
DNA was extracted for sequencing analysis. GF was used as mock. Statistical
significance was evaluated against WT by 2 test. *P < 0.001, ¥*P < 0.05.

is not clear whether this interaction is essential for the DNA
cleavage function of AID.

How Does Spt6 Differentially Regulate CSR and SHM? The target
specificity of known specific recombination is determined by
combination of cis elements (the DNA sequence/structure) and
trans elements (DNA binding proteins and the chromatin modi-
fication mark of the target locus). In VDJ recombination in the Ig
genes, the recombination signal sequence is widely distributed in
the genome, but the chromatin modification [i.e., histone3 lysine4
trimethylation (H3K4me3)] recognized by RAG2 is essential to
cleave the accurate target (26, 27). In meiotic recombination,
Spol1 (topoisomerase II) cleaves at loosely conserved DNA target
sequences that are also recognized by zinc finger-histone methyl-
transferase (PRDMY) to generate H3K4me3 at the target chro-
matin (28-31). Without PRDMY, meiotic recombination is abor-
tive. We have also shown that H3K4me3 at the target S region is
essential for CSR (32). The FACT complex composed of SSRP1
and Sptl6 is a histone chaperone and modulates the histone
transmodification cascade. We have shown that the FACT com-
plex is essential for CSR (32). In the absence of FACT, H3K4
trimethyl modifications are reduced at the Sy and S« regions,
which is associated with S region cleavage defect.

From these studies, it is likely that Spt6 can determine the
target specificity of CSR at least by two strategies: (i) recognition
of DNA sequence or (if) modification of chromatin. Because
Spt6 does not bind DNA directly, it is unlikely that Spt6 directly
recruits 2a DNA cleaving enzyme to any DNA region. In addition,
Spt6 associates with RNA polymerase IT, which binds both V and
S regions. Spt6 is thus unlikely to guide AID specifically to S
regions. Because Spt6 is another histone chaperone protein, it
is important to examine whether Spt6 also affects the histone
modification cascade and thus causes defect in CSR. It is also
interesting to analyze why Sptb6 is slightly inhibitory to SHM. The
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histone modification cascade in the S region and V region may
be different, which triggers interesting possibilities for differen-
tial regulation of SHM vs. CSR.

There are several other possible mechanisms whereby Spt6
differentially regulates CSR and SHM. Because Spt6 has also
been reported to direct Iwsl-dependent mRNA splicing and
export (33, 34), CSR-related function of Spt6 could involve
mRNA splicing and export. Stp6 is also involved in transcrip-
tional regulation of a large number of genes, some of which
may be responsible only for CSR. Further analyses are required
to uncover the precise role of Spt6 in regulation of CSR but
not SHM.

Materials and Methods

RNA Interference. A diced siRNA (d-siRNA) pool was prepared using BLOCK-iT
Complete Dicer RNAIi Kit according to the manufacture’s instructions (Invi-
trogen). Primers used to amplify template cDNAs for AID, Trim28, and Spt6
of mouse origin were as follows: mAID-F: 5-CAA GGG ACG GCA TGA GAC
CTA CCT-3'; mAID-R: 5'-TCT CGC AAG TCA TCG ACT TCG TAC-3'; mTrim28-F:
5-CCA AGG AGG TTC GAA GCT CGA TCC-3'; mTrim28-R: 5'-GGA CCT TCA
GTC AGA GGC ATC AAC-3’; mSpt6-F: 5-CAG CAG TTC CTC TAC GTG CAA
ATG-3'; and mSpt6-R: 5-ACT GGA TCA AGG CCT GGC TGT AAG-3'. Stealth
siRNAs were introduced into CH12F3-2A or BL2 cells using Amaxa Nucleofector
(Amaxa Biosystems). Stealth siRNAs were purchased from Invitrogen: mSpt6-1,
-2, -3, and -4 (MSS209819, 209820, 209821, NM_009297_ stealth_3806), AID
(MSS235859), hSPT6-1, -2, and -3 (HS5110374, 110375, 110376), hAID-1, -2, and
-3 (HSS126211, 126212, 126213), mTrim28-1, -2, -3, and -4 (MSS211796, 211797
211798, NM_011588_stealth_1165), and hTRIM28-1, -2, -3, and -4 (HS5115468,
115470, NM_005762_stealth_883, NM_005762_stealth_2386). The efficiency of
nucleofection was confirmed to be more than 90% by introducing fluorescein-
labeled siRAN oligo.

CSR Assay. CH12F3-2A cells were stimulated for 24 h with CD40L, TGF-B, and
IL-4 24 h after introducing siRNA. The surface expression of IgM and IgA was
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analyzed by staining cells with FITC-conjugated anti-mouse IgM (Southern
Biotechnology Associates) and PE-conjugated anti-mouse IgA (Southern
Biotechnology Associates). Flow cytometric analyses were performed with
a FACSCalibur, and data were analyzed by CellQuest software (BD Bio-
sciences). Live cells were selected for the analyses by forward- and side-scatter
intensity and propidium iodide (PI) gatings. CH12F3-2A cells expressing AID-ER
were stimulated with OHT and TGF-p for 24 h after introducing siRNA, and the
surface expression of IgM and IgA was analyzed by flow cytometry as de-
scribed above. NIH 3T3 cells expressing the artificial switch substrate SCl(y, o)
and mAID-ER were introduced with d-siRNA and a DsRed-expressing plasmid
as a transfection indicator using Lipofectamine 2000 (Invitrogen). Twenty-four
hours after transfection, cells were stimulated with OHT 24 for 36 h and
stained with allophyco-cyanin-conjugated anti-mouse CD8« (eBioscience). The
amounts of pGLT and aGLT were evaluated by quantitative PCR as described
previously (32).

SHM Assay. The hygromycin phosphotransferase and EGFP ¢cDNA were fused
in-frame in pFB to generate an artificial SHM substrate, pFB-HyGFP. BL2 cells
were introduced with AID JP8Bdel-ER and pFB-HyGFP by retroviral infection.
A clone expressing AID JP8Bdel and pFB-HyGFP was chosen after selection
with puromycin and hygromycin. The clone was stimulated for 24 h with OHT
24 h after introducing siRNA and incubated for an additional 48 h in the
absence of OHT. Expression of GFP and survival were evaluated by flow
cytometry. Live cells were selected for the analyses by forward- and side-
scatter intensity and Pl gatings. Genomic DNA was extracted, and GFP se-
quence was amplified and analyzed. NIH 3T3 cells harboring a SHM substrate
pl were infected with retroviruses expressing wild-type and mutant AID-GFs
and cultured for 7 d. Genomic DNA was extracted and GFP sequence was
amplified and analyzed.
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Recombinant protein technology is an important tool
in many industrial and pharmacological applications.
Although the success rate of obtaining soluble proteins
is relatively low, knowledge of protein expression/
solubility under ‘standard’ conditions may increase the
efficiency and reduce the cost of proteomics studies.
In this study, we conducted a genome-scale experiment
to assess the overexpression and the solubility of human
full-length ¢cDNA in an in vivo Escherichia coli expres-
sion system and a wheat germ cell-free expression
system. We evaluated the influences of sequence and
structural features on protein expression/solubility in
each system and estimated a minimal set of features
associated with them. A comparison of the feature
sets related to protein expression/solubility in the
in vivo Escherichia coli expression system revealed
that the structural information was strongly associated
with protein expression, rather than protein solubility.
Moreover, a significant difference was found in the
number of features associated with protein solubility
in the two expression systems.

Keywords: Escherichia colifprotein expression/
protein solubility/statistical analysis/wheat germ
cell-free.

Abbreviations: cDNA, complementary DNA; ORF,
open reading frame; RF, random forest; SDS—PAGE,
sodium dodecyl sulfate—poly-acrylamide gel
electrophoresis; SVM, support vector machine.

Obtaining highly concentrated, soluble proteins’
preparations is necessary for conducting various
structural and biophysical studies or using proteins
as materials for pharmaceutical or industrial products.
Escherichia coli, which is easy to handle and manipu-
late genetically, is the preferred host for overexpressing
recombinant proteins, since it can be cultivated rapidly
and inexpensively. Moreover, it generally yields
high levels of recombinant proteins (/). Since the
proteins are expressed by the host, one reason for
non-expression is a deleterious interaction with the
host’s metabolism. In addition, a common reason for
insolubility is the formation of inclusion bodies.
Therefore, the success rate for obtaining soluble
proteins is relatively low. For that reason, the
construction of protein overexpression systems is an
important experimental challenge.

To overcome these unfavourable circumstances,
several solutions have been proposed, based on the
results of experimental studies: using a different
strain of E. coli; modifying the N-terminal (2) and
C-terminal sequences (3); fusion with solubility enhan-
cing tags (4) and coexpression with molecular chaper-
ones (5). Similarly, various alternative cell-based
expression systems have been developed. Such systems
utilize yeast, insect cells or murine myeloma cells as
hosts (6). In recent years, cell-free methods for protein
synthesis with extracts from prokaryotic (7) or eukary-
otic (8) cells have become an alternative to cell-based
methods. The distinctive feature is an in vitro transla-
tion system. Cell-free expression systems are popular in
proteomics and biotechnology, because of their high
levels of protein expression and ease of handling
(9, 10).

In theoretical computational science, clear sequence
differences between proteins that remain soluble and
those that form inclusion bodies have been reported,
thereby yielding some successes in predicting protein
solubility solely from amino acid sequences (1/—17).
The first attempt to determine the interconnection
between amino acid sequences and protein solubilities
was performed by Wilkinson and Harrison (/7). They
observed that protein solubility is strongly associated
with the charge average and the turn-forming residue
fraction. Subsequent studies revealed several factors
associated with protein expression and solubility.
Such knowledge under ‘standard’ conditions may
provide a clue for determining priority targets in a
large-scale proteomics analysis. However, the differ-
ence between the factors related to protein expression
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and solubility has remained unclear for genome-scale
analyses. In addition, no study has revealed the
differences in these factors among protein expression
systems.

In this study, we estimated and compared the
minimal sets of sequence and structural features
associated with protein expression/solubility in an
in vivo E. coli expression system and a wheat germ
cell-free expression system, from an analysis of
genome-wide experimental data. The results provide
useful information for proteomics analyses.

Materials and Methods

Protein expression experiments

We conducted genome-scale experiments that assessed the
overexpression and the solubility of human full-length complemen-
tary DNA (cDNA) in an in vivo E. coli expression system and
a wheat germ cell-free expression system.

In the E. coli expression system, the 17,739 human open reading
frames [ORFs as Gateway entry clones (9)] were first subcloned into
the pDEST17 vector (T7 promoter, amino-terminal His-tag fusion),
using LR Clonase (Invitrogen). E. coli BL21 star (DE3) pLysS was
transformed with the reaction products. The SOC expression
mixture was then plated on LB agar plates containing ampicillin.
For each ORF, LB medium was inoculated with a single colony
and grown overnight at 37°C. The overnight culture was diluted
1:100 into SB medium, grown at 37°C for 3 h and cooled to 20°C.
Protein expression was then induced by adding isopropy! 1-thio-p-p-
galactopyranoside to a final concentration of 0.1mM. After 16h
at 20°C, the cells were harvested and suspended in BugBuster
(Novagen Inc.). Some of the lysate was reserved as the whole cell
sample. The lysate was centrifuged at 15,000g for Smin. The super-
natants were prepared as the soluble fraction samples. These protein
samples were denatured with SDS-sample buffer and fractionated by
12.5% sodium dodecyl sulfate—poly-acrylamide gel electrophoresis
(SDS—PAGE). Proteins were visualized with CBB R-250. Protein
expression and solubility were judged by visual inspection, according
to whether a clear band was detectable at the expected position
calculated from the molecular weight in the whole cell and soluble
fraction samples. When a clear band in the whole cell sample lane
was obviously observed in the presence of bands derived from

E. coli, it was regarded as overexpression. Conversely, when a spe-
cific band was not detected at the expected position, it was regarded
as no expression. In the case of a smeared band, it was regarded as
low expression. On the same basis, the protein solubility was eval-
uated using the band in the soluble fraction sample lane.

In the wheat germ cell-free expression system, we expressed 8850
human proteins, for which the entry clones were chosen randomly
from our human Gateway entry clone resources (9, 18). The
expressed proteins were fused with a carboxy-terminal His-tag
(destination vectors: pEW-3H) and were labelled with radioactive
amino acids ("*C-Leu or *°S-Met). The wheat germ extract was pur-
chased from Toyobo and Cell Free Sciences Co., Ltd. The expressed
proteins were separated into soluble and insoluble fractions by
centrifugation at 19,000g for 20 min. The samples were separated
by SDS—PAGE, and the protein expression and solubility were
measured by detecting the specific activities of the *C-Leu and
35S-Met radioisotopes (RI), using a BAS 2000 scanner (Fuji).
The rate of dissolution was estimated as described below

Rate of dissolution (%) = (signal intensity of soluble fraction/
signal intensity of whole sample) x100

M

When the rate of dissolution was >60%, the protein was regarded as
being highly soluble. In contrast, a protein with the rate of
dissolution of <40% was regarded as an insoluble protein.

Data sets

We prepared two data sets, based on the number of experiments
per sequence, for the statistical analysis. One group, designated as
‘data set_S’ (‘S’ means single), comprised sequences for which the
protein expression and solubility were experimentally assessed one
time. The other group, designated as ‘data set_M’ (‘M’ means
multiple), comprised sequences for which the experiments were
conducted two or more times.

The two data sets were constructed as follows (Fig. 1). First, the
clones bearing the same sequence among the experimental expression
data were selected (Fig. 1, Stepl). The redundancy checks were exe-
cuted on the nucleotide level and the amino acid level for protein
expression and solubility, respectively. If the same sequences existed,
they were regarded as one sequence. In the case of protein expression
in the in vivo E. coli, 474 out of 17,739 clones were redundant, and
227 sequences remained after checking the sequence redundancy.
Next, the sequences for which the experimental results were not
the same were removed, to use only the reproducible data (Fig. 1,
Step2). In the case of protein expression in the in vivo E. coll,
44 sequences were removed. The representative sequences were

Clones that assessed protein expression/solubility

exp. sol.

exp. sol.

17,739 11,650 8,850 6,101

= 2 times

1time

Stepl: Number of experiment

exp. sol. exp. sol.

227 227 220 179

Step2: Visual inspection

exp. sol. exp. sol.

183 189 209 138

exp. sol. exp. sal.

17,265 11,170 8,381 5,605

exp. sol. exp. sol.

14,562 8,487 8,337 4,138

Step3: Clustering of the similar sequences

exp. sol.

exp. sol.
183 189 209 136
dataset_M

exp. sol. exp. sol.

12,997 7,634 7,263 3,819
dataset_S

Fig. 1 Construction process of data set. Each table represents the number of data set size in each step.
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Table 1. Data set sizes for statistical analyses.

Analyzing features related to protein expression/solubility

Expression Solubility
Expression system Data set Positive (%) Negative (%) Positive (%) Negative (%)
E. coli Data set_ ME 113 (61.7) 70 (38.3) 71 (37.6) 118 (62.4)
Data set_SE 7631 (58.7) 5366 (41.3) 2725 (35.7) 4909 (64.3)
Wheat Germ Data set_ MW 208 (99.5) 1(0.5) 86 (63.2) 50 (36.8)
Data set_SW 7062 (97.2) 201 (2.8) 2653 (69.5) 1166 (30.5)

Numbers in parentheses signify ratios of positive data and negative data for respective data sets.

then selected in each data set, to avoid the bias of similar sequences
(Fig. 1, Step3). The sequences with pair-wise sequence identity of
>80%, using CD-hit (19), having similar length >80% were assumed
to be in a cluster. The longest sequence in each cluster was selected as
the representative sequence of each cluster. This collection of
sequences was defined as data set M. On the other hand, data
set_S was constructed from the data from which the redundant
clones from the expression data had been removed. In the case of
protein expression in the in vivo E. coli, 17,265 (=17,739-474)
sequences were used. The data that showed a smeared band were
removed by visual inspection (Fig. 1, Step2) (see ‘Results’ section).
In the case of protein expression in the in vivo E. coli, 2703 sequences
were removed. Next, in the same manner as for data set_M, the
representative sequences were selected from each cluster consisting
of similar sequences (Fig. 1, Step3). This collection of sequences was
defined as data set_S. The data set size is shown in Table I.

In this study, data set M was used for estimating the features
associated with the protein expression and solubility; data set_S
was used for assessing whether a set of selected features corresponds
to the general characteristics on a genomic scale. The initial letter of
the expression system was added to the end of the data set name, to
distinguish them. For example, ‘data set_SE’ consists of the
sequences for which experimental evaluations were performed one
time in the in vivo E. coli expression system.

Estimation of the features associated with protein
expression/solubility

We defined 437 features to investigate the factors associated with
protein expression/solubility in the two kinds of expression systems.
The features were divided into two groups, based on the information
used for producing them, except for the size of the polypeptide.

The first group was derived from sequence information, from
both the nucleotides and amino acids. The nucleotide information
included the occurrence frequencies of four single nucleotides,
64 codons and the GC contents. Similarly, the amino acid informa-
tion contained the occurrence frequencies of 20 single amino acids
and the property groups, defined by their chemical properties (eight
groups: [GALVI[FYW][ST]|[DE]INQJ[RHK][CM][P}) and physical
properties (five groups: [GAVLIPJ[FWY][STCMNQ]DE]RKH))
(Supplementary Table SI). Additionally, the repeat was defined as
the maximum number of consecutive same amino acids or property
groups. The values of these features were computed for the entire
chains and both terminal regions, defined as 60 bases (meaning
20 amino acid residues), because modification of the terminal regions
influences protein expression and solubility (2—4). The use of
a His-tag fusion raises the possibility that the features in the
N-terminal region of the in vivo E. coli expression system and the
C-terminal region in the wheat germ cell-free expression system may
not be evaluated properly. We considered the His-tag to have the
same influence on any sequences, since we conducted the protein
expression experiments under the same conditions. Therefore, we
evaluated them under this hypothesis. In total, the first group was
composed of 396 features.

The second group was derived from structural information,
obtained with several prediction using amino acid information.
The structural information included the secondary structures—
a-helix, B-sheet and others predicted by PHD (20)—along with the
transmembrane regions [predicted using TMHMM (27)] and the dis-
ordered regions [predicted using POODLE-L (22)]. For the second-
ary structures, the ratio of each element to the entire chain was
computed. For the disordered regions, their number of occurrences,
lengths and proportions in relation to the entire chain were

computed. For the transmembrane regions, the number of occur-
rences in the entire chain was computed. The structure information
also included the occurrence frequencies of single amino acids and
the same property groups on the protein surface. The accessible
surface area was predicted using RVPnet (23). In total, the second
group included 40 features.

We estimated which features are associated with protein expres-
sion/solubility by analyzing data set_ME and data set_ MW. For all
features, the statistical difference between positive and negative data
was determined using the Student’s #-test. The positive data of
protein expression and solubility mean that a clear band was
found in the whole cell sample and the soluble fraction sample.
The negative data signify the opposite. A difference of P<0.05
was considered significant.

Assessing the generality of the features

To evaluate whether the set of features selected in the previous sec-
tion corresponds to the general characteristics of protein expression/
solubility on a genome-scale in the two expression systems, we built a
statistical model that distinguishes between overexpression and low
expression, using sequence information only. Similarly, a statistical
model to discriminate between soluble and insoluble proteins was
built as well. In this study, we applied the random forest (RF)
algorithm (24) to produce the statistical models.

First, the sequence in the training and evaluation data set was
expressed as a multi-dimensional vector that defined the selected
features in the previous section as descriptors. The numbers of elem-
ents in a vector were 64 and 45 for protein expression and solubility
in the in vivo E. coli expression system, respectively (see ‘Results’
section). In contrast, the sequence was expressed by 32 elements in
the wheat germ cell-free expression system (see ‘Results’ section).
The statistical models were then built by training data sets. The
default values were used as the RF parameters.

The classification abilities of the statistical models for both
expression systems were estimated, using two kinds of evaluation
methods. One method was a 5-fold cross validation test using data
set_M only. The other method was an expanded test. The statistical
models were constructed using data set M. The classification
abilities of these models were then estimated, using data set_S.
Finally, the classification abilities obtained from the two evaluation
methods were compared. Moreover, in order to validate the features,
the classification abilities of these models were compared with that of
the Wilkinson and Harrison model (/7). The model was used to
predict the in vivo solubility of recombinant proteins in E. coli:

N+G+P+S (R +K)— (D +E)
n n

CvV=1543 —0.03|+ 171,

- 29.56;

where N, G, P, S, R, K, D and E are the numbers of asparagines,
glycines, prolines, serines, arginines, lysines, aspartic acids and glu-
tamic acids, respectively and » is the total number of residues in
the sequence. If CV <0, then the protein is predicted to be soluble.
If CV>0, then the protein is predicted to be insoluble.

Results

Comprehensive assessment of protein
expression/solubility of human full-length cDNA

in two expression systems

The human full-length cDNA was expressed in the
two expression systems. The results were analysed

75

152

1)y woIy papeojumo(]

Josjewmolprojxoql;

.

2102 ‘0T KBl UO BQUYNS ], JO ANSISAIU[) 1B



S. Hirose et al.

A B C D

E F G H

TSTSTSTSTSTSTS TS

30

25
20

15

label N NNNIRWRP PP NPNUPRNN

Fig. 2 Example of an SDS—PAGE analysis for eight proteins expressed in the in vivo E. coli expression system. M and A'H, respectively show
molecular weight markers and samples. The T and S lanes, respectively show samples obtained from whole cell samples and soluble fraction
samples. The red triangles represent the expected positions calculated from the molecular weights. P and N in the label signify positive and
negative data, respectively. R in the label shows data removed from statistical analyses.

using SDS—PAGE (Fig. 2). The gels containing
the fractionated proteins expressed in the wheat
germ cell-free expression system can be seen at the
site HGPD (http://riodb.ibase.aist.go.jp/hgpd/cgi-bin/
index.cgi) (/8). When a clear band is present at the
expected position calculated from the molecular
weight, such as in lane T of sample D in Fig. 2, the
data are considered to be positive. However, when an
expected band in SDS—PAGE cannot be detected,
such as that in lane T of sample A in Fig. 2, the data
are considered to be negative. Data were removed
from the following analysis if a smeared band (lane S
of sample G in Fig. 2) was observed or a clear band
existed at an unexpected position (lane T of sample C
in Fig. 2), in order to avoid ambiguity in the experi-
mental data. When the SDS-PAGE results were
visually inspected to check the protein expression in
the in vivo E. coli expression system, 44 of 227 raw
data sets were removed between the multiple measure-
ments. Similarly, 16.7 and 23.0% of the raw data were
excluded, respectively, from the protein solubility
in the in vivo E. coli and the wheat germ cell-free
expression systems.

The sizes of data set ME and data set MW are
smaller than those of data set SE and data set SW
(Table I), but data set ME and data set MW are
more reliable experimental data. In the in vivo E. coli
expression system, ~60 and 35% of the proteins, re-
spectively, were expressed and soluble. In contrast,
almost all of the proteins were expressed in the wheat
germ cell-free expression system: ~65% of the proteins
were soluble (Table I). The wheat germ cell-free expres-
sion system exhibited higher performance in obtaining
soluble proteins. For the wheat germ cell-free

76

expression system, only the protein solubility data
were used in the following statistical analyses.

Estimation of the features associated with protein
expression/solubility in the two expression systems
The sizes of the polypeptides used to assess the protein
expression/solubility experimentally in the in vivo
E. coli expression system were investigated (Fig. 3A).
The average size of the overexpressed polypeptides was
significantly longer (P <0.05) than that of the polypep-
tides with low expression, but no statistically signifi-
cant difference was found between the sizes of the
soluble and insoluble polypeptides. Conversely, in the
wheat germ cell-free expression system, the average
size of the insoluble polypeptides was significantly
longer than that of the soluble polypeptides (data
not shown).

Similarly, some sequence and structural features
associated with protein expression/solubility were
identified from statistical analyses of data set ME
and data set MW (Fig. 4). In this study, data set_M
is not suitable for analyzing the nucleotide information
associated with the protein solubility, because data
set M of solubility included sequences that are not
identical on the nucleotide level. Consequently, the
analysis of the nucleotide information was performed
only for the protein expression.

From the perspective of nucleotide information, no
GC content or single nucleotide was selected in the
in vivo E. coli expression system, but 18 out of
61 codons were chosen to have significant contribution
to protein expression. Only three rare-frequency
codons in the E. coli genetic code, among eight
tested, passed the Student’s z-test having significant
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Fig. 3 Distribution of (A) polypeptide sizes and (B) disordered regions
in data set_ME. The black squares and grey triangles signify protein
expression and solubility, respectively. The filled symbols represent
positive data, whereas the open symbols show negative data. The
horizontal and vertical axis, respectively show the size and the fre-
quency of the polypeptides.

effect on protein expression. Although it has been
suggested that the codon usage influences protein
expression (25—27), little correlation between rare
codons and protein expression was detected in this
study. The discrepancy might be explained by the
fact that the data set does not include point mutation
experiments that change low-usage codons into
high-usage ones. Therefore, the estimation suggests
the possibility that the influence of rare codons
cannot be evaluated. In addition, many selected fea-
tures are corresponding to amino acids that are
encoded by several codons. These observations are
the same as those reported by Welch ez al. (28).

Regarding the amino acid information, in the in vivo
E. coli expression system, the number of features that
passed the Student’s #-test is larger for protein solubil-
ity than for protein expression. Particularly, there were
many features related to protein solubility in the
C-terminal region. Charged residues have a positive
effect on both protein expression and solubility, but
aromatic residues have a negative effect. In addition,
a sulfur-containing residue influences only the protein
solubility. In the wheat germ cell-free expression
system, the number of selected features is smaller
than that in the in vivo E. coli expression system.
Specifically, the presence of the charged and
sulfur-containing residues has little effect on protein
solubility. Non-polar residues show the opposite
effect in the in vivo E. coli expression system.

Analyzing features related to protein expression/solubility

Regarding the structural information, in the in vivo
E. coli expression system, the number of features that
passed the Student’s z-test is larger for protein expres-
sion than for protein solubility. Statistical analyses
revealed that the difficulty of expressing a protein
tends to increase in the presence of more disordered
regions (Fig. 3B). In contrast, the secondary structure
has no effect on protein expression/solubility.

In the wheat germ cell-free expression system, the
number of structural features that passed the
Student’s -test is smaller than that in the in vivo
E. coli expression system, along with the number of
sequence features. In this study, we also examined
the correlation between the protein expression/
solubility and the number of folded domains predicted
by DOMpro (29). No significant relation was found
(data not shown). This is because more than half of
the proteins in our data set have multiple domains, and
it is difficult to estimate the number of domains from
amino acid information. For that reason, our data set
might be unsuitable for analyzing the relation between
the number of domains and the protein expression/
solubility.

In this study, the definition of the terminal region
was 60nt. To lend credence to the analysis, we esti-
mated the important parameters using new definitions
of the terminal region, 30 and 90nt, and compared
them. A strong relationship between protein expres-
sion and the presence of rare-frequency codons was
not detected in the in vivo E. coli expression system,
although the some of codons having statistically
significant difference changed depending on the
length of the terminal region. For the amino acid
information, similar features passed the Student’s
t-test. Overall, the results indicated that the tendencies
of the important features were the same under any
conditions (Supplementary Fig. S1).

Generality of the features

To assess the generality of the features selected in
the previous section, we built statistical models that
classified the overexpressed proteins and the soluble
proteins, based on the sequence information. Then,
we compared the classification abilities of the two
models produced from the different data sets.

In the in vivo E. coli expression system, using data
set ME, the statistical models’ abilities were estimated
using a 5-fold cross validation test (Table II). The
accuracies, which signified the proportions of correct
prediction, were 77.6 and 71.4%, respectively, for
protein expression and solubility in the in vivo E. coli
expression system. These values were almost identical
to those of the models using all features, presented in
the ‘Materials and Methods’ section. Next, we built
a statistical model trained using data set ME, and
evaluated its classification ability using data set SE
(Table II). Based on the accuracy (Acc.), the classifica-
tion ability for data set_SE was slightly lower than that
for data set. ME. This difference in the ability between
the two models is considered to reflect the experimental
error that data set SE includes, because it was much
smaller than the experimental error rate inferred from
the analysis of data set_ME. Therefore, the two kinds
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Fig. 4 Comparison of features associated with protein expression/solubility in the two expression systems. Only the features with statistically
significant differences detected by the Student’s r-test are listed in this figure. r-test shows the results of the Student’s t-test. Red signifies the
features that have a positive effect on protein expression or solubility, and blue shows the features that have a negative influence. White denotes
features not found to have a statistically significant difference; grey shows that no statistical test was done. Entire, N-term, and C-term signify
features computed using the entire chain, the N-terminal region, and the C-terminal region, respectively. ‘imp.” shows the ranking of features that
contribute to protein expression/solubility. The ranking was determined for three categories: protein expression in the in vivo E. coli, protein
solubility in the in vivo E. coli, and protein solubility in wheat germ. The rare-frequency codons in the genetic code of E. coli are italicized
and underlined.

78

155



Analyzing features related to protein expression/solubility

Table II. Classification abilities of protein expression/solubility in the two expression systems.

Expression Solubility
Expression system Data set Recall Precision Acc. Recall Precision Acc.
Escherichia coli Data set ME 0.807 0.838 0.776 0.673 (0.296) 0.468 (0.429) 0.714 (0.587)
Data set_SE 0.876 0.702 0.694 0.424 (0.295) 0.551 (0.432) 0.671 (0.610)
Wheat Germ Data set MW - - - 0.736 (0.302) 0.853 (0.897) 0.714 (0.537)
Data set_ SW - - - 0.892 (0.294) 0.718 (0.846) 0.682 (0.469)

The prediction results were classified into four categories: TP is the number of true positives, which is defined as the number of correctly
predicted positives. Similarly, FP, TN and FT denote the numbers of false positives, which are defined, respectively, as: negatives that
were incorrectly predicted as positives, the number of true negatives, which are defined as correctly predicted negatives, and the number
of false negatives, which are defined as positives incorrectly predicted as negatives. Recall and Precision were defined as [=TP/(TP + FP)]
and [=TP/(TP + FN)], respectively. Acc. [=(TP + TN)/(TP + TN + FP + FN)] represents the proportion of correctly identified positives
plus negatives. A hyphen shows that no statistical test was done. The figures in parentheses signify the results of Wilkinson and Harrison

model.

of statistical models are considered to have comparable
classification abilities. A similar tendency was observed
for the wheat germ cell-free expression system
(Table II).

These results indicate that the characteristics of the
two pairs of data sets—data set_ME and data set_SE,
and data set MW and data set SW—are similar.
Consequently, the features selected in the previous
section represent the general characteristics of the
protein expression/solubility in each expression
system. Therefore, these features in each expression
system are considered to be the minimal sets of
features associated with protein expression/solubility.

The RF model can estimate the importance of
features more simply than commonly-used machine
learning methods, such as support vector machine
(SVM) (30). We estimated the 10 important features
based on the mean degrees of Acc. (Fig. 4). A com-
parison of the two expression systems revealed that
the key features associated with protein solubility are
different. The features related to charge occupied the
top rank in the in vivo E. coli expression system, while
they are hardly found in the wheat germ cell-free
expression system.

Discussion

We identified a minimal set of features associated with
protein expression/solubility in two expression sys-
tems, by the application of two statistical analyses.
A comparison of the features associated with protein
expression/solubility in the in vivo E. coli expression
system revealed their different influences. In short,
the ‘structural information’ has a strong influence at
the protein expression stage, whereas the amino acid
‘sequence information’ exerts effects at the protein
solubility stage (Fig. 4). These observations suggest a
mechanism for yielding a soluble protein in the in vivo
E. coli expression system. Regarding the protein
expression stage, increased numbers of disordered
regions and transmembrane regions act to prevent pro-
tein expression. Experiments with individual proteins
have also shown that disordered regions affect protein
expression (37). In addition, the presence of charged
residues on the protein surface has a positive effect on

protein expression. These are common characteristics
of globular proteins. For this reason, it may be import-
ant for a protein to fold into the proper structure at the
protein expression stage. In contrast, the amino acid
sequence information is important for the solubility
stage. The statistical analysis indicated that an abun-
dance of charged residues in the C-terminal region
leads increase of protein solubility. In a study of an
individual protein, Kato et al. (32) reported that
adding several arginine residues to the C-terminus of
BPTI increased its solubility by preventing aggrega-
tion. Therefore, it may be important for a protein
not to aggregate at the protein solubility stage.

A comparison of the two expression systems
revealed two important points. One is that the
number of features associated with protein solubility
in the wheat germ cell-free expression system is smaller
than that in the in vivo E. coli expression system
(Fig. 4). This observation implies that the wheat
germ cell-free expression system is less sensitive to
the various sequence and structural features of a pro-
tein, corresponding to the fact that the wheat germ
cell-free expression system has a higher success rate
than the in vivo E. coli expression system in generating
soluble proteins (Table I). The other is that the key
features in the two expression systems are different.
In the in vivo E. coli expression system, the charge is
important, but it has little influence on the solubility in
the wheat germ cell-free expression system. The differ-
ences between the features in the two expression
systems might be related to the translation speed
(33). In general, the speed is faster in bacteria than in
eukaryotes. The charged residues are considered to be
important for partial fording in the in vivo E. coli
expression system.

The minimal sets of features associated with protein
expression/solubility in the two expression systems are
useful to screen targets in protein expression experi-
ments. When the statistical model that used the
minimal set of features identified in this study was
compared with Wilkinson’s statistical model (17) to
predict the in vitro solubility of a recombinant protein
in an E. coli expression system, the Acc. of our model
for data set SE was 6.1% higher than that of
Wilkinson’s model.
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Abstract: Skeletal analogues of saxi-
toxin (STX) that possess a fused-type
tricyclic ring system, designated FD-
STX, were synthesized as candidate

STX (4a) and (—)-FD-dcSTX (4b),
which showed moderate inhibitory ac-
tivity, were further evaluated by the
use of the patch-clamp method in cells

that expressed Nayl.4 (a tetrodotoxin-
sensitive sodium channel subtype) and
Nayl1.5 (a tetrodotoxin-resistant
sodium channel subtype). These com-

sodium ion channel modulators. Three
kinds of FD-STX derivatives 4a—c with
different substitution at C13 were syn-
thesized, and their inhibitory activity
on sodium ion channels was examined
by means of cell-based assay. (—)-FD-

Introduction

Voltage-gated sodium channels (NayCh) are transmembrane
proteins that provide inward current carried by sodium ions,
and they contribute to the control of membrane excitability,
as well as the propagation of action potentials along axons.!
Sodium channels within neurons are composed of a single o
subunit, which forms the voltage-sensing and ion-selective
pore, and one or more auxiliary (3 subunits, which are pro-
posed to serve a number of functions, including modulation
of a-subunit function and targeting/anchoring the channels
at specific sites in the plasma membrane.”) To date, nine
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pounds showed moderate inhibitory ac-
tivity towards Nayl.4, and weaker in-
hibitory activity towards Nayl.5.
Uniquely, however, the inhibition of
Nayl.5 by (—)-FD-deSTX (4b) was
“irreversible”.

genes that encode o subunits (Nayl.1-Nay1.9) and four
genes that encode B subunits have been identified. The o
subunits can be classified into two groups on the basis of
their sensitivity to tetrodotoxin (TTX), the pufferfish toxin.
There are six TTX-sensitive (TTX-s) o subunits (i.e.,
Nayl.1-Nay1.4, Nayl1.6, and Nay1.7) and three TTX-resist-
ant (TTX-r) o subunits (i.e., Nayl.5, Nay1.8, and Nay1.9),
which are only blocked by high concentrations of TTX.B
Recently, a related protein (NaxX) has been recognized as a
tenth member of the group.®! These subtypes have quite
similar structures, but the expression of the o subunits is
strongly cell-type- and tissue-specific. Therefore, each of
these subtypes is believed to have unique properties.
Indeed, mutation studies have thrown some light on the
functions of these channels. For example, mutation of
Nayl.4 is associated with primary periodic paralysis,®
whereas mutation of Nayl.5 leads to cardiovascular syn-
dromes.[! Consequently, these channels are considered to be
good candidates for new drug targets. In this context,
NayCh-subtype-selective small-molecular modulators from
natural sources have been explored, as well as synthetic
compounds. Synthetic studies have led to some subtype-se-
lective compounds.”®! For example, A-803467 is an Nay1.8-
selective blocker developed by an Abbott research
group®? for possible application in pain control. However,
more selective modulators with a variety of action mecha-
nisms are still of great interest.

Saxitoxin (STX) (la) is a naturally occurring shellfish
neurotoxin that blocks ion influx to TTX-s NayChs.'”) STX
(1a) is an indispensable tool for studying NayCh-related
electrophysiology, and its derivatives are also promising can-
didates for NayCh-subtype-selective modulators. STX (1a)
and its analogues are believed to bind to the P-loop region
of the ion-selective filter in NayCh in a similar manner to

Chem. Eur. J. 2011, 17, 1214412152



TTX (ie., in a reversible manner).') Recently, a binding
model of STX with the P-loop domain was proposed based
on molecular docking studies, and it was suggested that the
two guanidinium groups, the carbamoyl group at C13 and
the hydrated ketone at C12, have critical roles in the bind-
ing."?! On the other hand, most naturally occurring STX an-
alogues isolated to date are functionalized at C11, C12, C13,
N1, and N7, and these modifications have a significant influ-
ence on the Na,Ch-inhibitory activity.*® Thus, structure-ac-
tivity relationship (SAR) studies of STX have been focused
on those positions,' especially C13, with the aim of devel-
oping Nay,Ch-subtype-selective modulators.

We have recently reported a total synthesis of STX (1a;
see Scheme 1) and some of its naturally occurring deriva-
tives.'”! In the course of our synthetic studies of these com-
pounds, we unexpectedly obtained a fused-type tricyclic
compound (+)-3 during the oxidation of 2 with 2-iodoxy-
benzoic acid (IBX; Scheme 2)."% An X-ray analysis showed
compound 3 to have a conical shape similar to that of STX
(see Scheme 1), and compound 3 was expected to be able to
access the channel conical vestibule in a similar manner to
STX. Thus, this fused-type tricyclic skeleton can be regarded
as a new skeletal analogue of STX, and we named it FD-
STX. The FD-STX structure has almost the same functional
groups as STX at positions that interact with NayCh, al-
though the angles and/or directions of functional groups are
slightly different from those of STX.['¥) We considered that
these small structural differences of FD-STX compared with
STX might represent an opportunity to acquire new subtype

-+
R

— —N-{L|-NH

HN H
NH

2X

* NH,

R = OCONH,

(+)-STX (1a):
(+)-dcSTX (1b): R = OH
(+)-doSTX (1c): R=H

P-loop

Domain IV

Domain |

Scheme 1. Structures of saxitoxin (STX) and its derivatives, and a model
of their binding to the sodium ion channel.'?
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Scheme 2. Synthesis of fused-type tricyclic compound (+)-3.

selectivity and/or might result in a distinctive interaction
mode of FD-STX with Na,Chs.

In this report, we describe the synthesis of FD-STX deriv-
atives (—)-4a—c functionalized at C13, which correspond to
the skeletal analogues of (+)-STX (1a), (4+)-dcSTX (1b),
and (+)-doSTX (1c¢), respectively (Scheme 3). The Na,Ch-
inhibitory activity of these FD-STX derivatives was initially
examined by cell-based assay, and (—)-FD-STX (4a) and
(—)-FD-dcSTX (4b) were further evaluated by means of the
patch-clamp method in cells that express Nayl.4 or Na,1.5.
The results are of particular interest because no SAR stud-
ies that focus on the STX skeleton itself have been reported
so far.

(-)-FD-STX (4a): R =0OCONH,

(=)-FD-dcSTX (4b): R = OH

(—)-FD-doSTX (4¢c): R=H
Scheme 3. Structures of (—)-FD-STXs 4a-c, skeletal analogues of
(+)-STXs 1a-c.

Results and Discussion

Synthesis of (—)-FD-STX and its derivatives (4a—c):
Scheme 4 and Scheme 5 illustrate the synthesis of 4a—c. We
first focused on the synthesis of (—)-FD-deSTX (4b)
(Scheme 4).!9 1,3-Dipolar cycloaddition reaction between
chiral nitrone 5 and nitro alkene 6 at 40°C gave the endo
adduct of isoxazolidine 7 as a single diastereomer. The ste-
reochemistry at C5 was epimerized with 1,8-diazabicyclo-
[5.4.0Jundec-7-ene (DBU) in dichloromethane at 0°C
(95:5), and selective reduction of the nitro group was carried
out with zinc powder in acetic acid to give hydroxylamine 8
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Scheme 4. Synthesis of (—)-FD-dcSTX (4b): a) 40°C; b) DBU, CH,Cl,, —40°C; ¢) AcOH, then Zn, —40°C, 72% (3 steps); d) CbzCl, K,CO,;, THF/
H,0=3:1, 0°C, 83%; ¢) NaOAc, TiCl;/HCl, Zn, CH,Cl,/MeOH=2:1, —50°C; f) BocN=C(SMe)NHBoc (16), HgCl,, Et;N, DMF, 82% (2 steps);
¢) CICH,SO,Cl, iPLELN, CH,Cl, 87%; h) TBAF, THF, 0°C, 93 % i) Hy, Pd(OH),/C, MeOH; j) CbzN = C(SMe)NHCbz (17), HeCl, Et;N, DME, 85%
(2 steps); k) NaOMe, THF/MeOH, 0°C, 65%: 1) IBX, DMSO, 70°C, 24 %; m) H,, Pd(OH),/C, MeOH; n) 3~ HCI, 78% (2 steps).

NCbz ef
]

Me
~Zco,Me

22 Ref 15a,b

+ —

O\Q‘.nonps

(+)-5 (-3
Scheme 3. Synthesis of (—)-FD-STX (4a): a) Ac,0, pyridine (py), 50°C, 96 %; b) DDQ, CH,Cl,, H,O, 94%; c) trichloroacetyl isocyanate, CH,Cl,, then
K,CO;, MeOH, 34%; d) IBX, DMSO, 70°C, 20 %; ¢) H,, Pd(OH),/C, MeOH; f) TFA, CH,Cl,, 82 % (2 steps). Synthesis of (—)-FD-doSTX (4¢): g) TFA,
CH,Cl,; h) H,, Pd/C, MeOH, 92 % (2 steps).

(-)-FD-doSTX (4c)
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