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ON SOME ARITHMETIC SUBGROUPS

DONG HWA SHIN

ABSTRACT. Let F be a totally real number field with [F : Q] = g, and
let OF be the ring of algebraic integers in F. We show that GLy(OF)
can be viewed as a discrete subgroup of the topological group SLy(R)9.

We further examine Freitag’s definition of discreteness of subgroups of
SLo(R)9.

1. INTRODUCTION

Let R denote the set of real numbers in its usual topology, that is, open
intervals are served as a basis of R. For each positive integer n, we let R”
be the set of n-tuples of real numbers. It is a basic fact that the topology
on R™ induced by the Euclidean metric is the same as the product topology
on R" =R xR x --- xR ([5, Theorem 20.3]).

Let F' be a totally real number field with [F': Q] = g, and let Op be its
ring of integers. In this paper, we shall show that GLy(OF) can be regarded
as a discrete topological group with usual operations (Propositions 2.6 and
5.3). Although this result is well known and has been appeared in the
literature ([1]), we would like to give its proof in detail for non-experts.

Furthermore, as a subgroup of GL2(Op), we shall introduce the arithmetic
subgroup 1";:7 1(IV) of GLy(F') which would play a crucial role in generation
of class fields over CM-fields (Proposition 3.2 and Remark 3.4).

In the last section, we shall define a topological group, and present an
equivalent condition for a subgroup of a Hausdorff locally compact topologi-
cal group to be discrete (Proposition 5.6). This equivalent condition enables
us to accept an alternative definition of the discreteness of subgroups of the
topological group SLy(R)Y due to Freitag (Proposition 5.8), which is an
important first step in studying Hilbert modular varieties.

2010 Mathematics Subject Classification. Primary 11F06; Secondary 22A05, 22D05,
54A05, 57N99.
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2 ON SOME ARITHMETIC SUBGROUPS

2. DISCRETE SUBSPACES

DEFINITION 2.1. Let X be a topological space. We say that X (or, the
topology of X) is discrete if every subset of X is open.

REMARK 2.2. One can readily check the following basic properties:

(i) X is discrete if and only if {z} is open for every x € X.
(ii) If X is discrete, then so is every subspace of X.
(iii) The product of finitely many discrete spaces is also discrete.

Let F' be a totally real number field. This means that F' is a finite
extension of Q such that

p(F) C R for all embeddings p: F' — C.

Let [F: Q] = g, and let p1, pa, ..., p, be all distinct embeddings of F' into
R. Then we get a Q-linear injective map
Lt F — R

a o (@), p2(0), - pyla)).
Let Op denote the ring of algebraic integers in F.
LEMMA 2.3. The subspace 1(Op) of RY is discrete.
Proof. Since
Op = 2w @ Zwy @ - -+ ® Zw, for some wy, wa, ..., wy € F
([4, Theorem 1 in Chapter I]), we have
L(Op) =Zvi B Ly @ --- & Lvy,

where
vi=uw) (ERY) (i=1,2, ..., ).
Moreover, since

2 2
der(fvr va e v = det (o))
= DF/Q(wl, W, « ..,y wg) 7é 0
([4, Proposition 9 in Chapter III}), vy, va, ..., v, are R-linearly indepen-

dent.
Let v € 1(OF), and so

V =a1Vi +ayvy + -+ +a,v, for some ai, as, ..., a4 € Z.

Take a subset

U = {x1vi+zova+- - -+x,v, | z; € Rsuch that |z,—a;| < 1foralli =1, 2, ...

, 9}
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of RY which is open because vy, v, ..., v, are R-linearly independent.
Then we have

W(Op)NU = {v},
which proves that «(Op) is discrete. O

Furthermore, we have an injective map

T My(F) — My(R)Y

a b
Y= |:C d:| = (7(1)7 ’7(2)7 R ,7(9)>7

b :

pi(c) (d))} (i=1,2 ..., 9)
)9
(

Here, we identify M,(R)Y with (R*)? as a topological space.
DEFINITION 2.4. We endow M, (F) with a topology so that the map

My(F) = {(Ma(F))

becomes a homeomorphism.

REMARK 2.5. Do not confuse this topology on Ms(F') and the subspace
topology induced from Ms(R).

PROPOSITION 2.6. The subspace GLo(OF) of My(F) is discrete.
Proof. Since
My(R)! =~ (R*)? ~ (RxR xR x R)Y ~ RY x RY x RY x RY,

We have a homeomorphism

M,y(R)¢ — RY9 x RY x RY x RY
ay by C1 d;
<{6L1 b1:| |:CL2 b2:| |:(lg bg:|> . a2 b2 Co d2
¢ di|’ ez dy]’ e dg S N I R I R

g by Cq dy,
We find that
MQ(OF) ~ (MQ(OF ) in Mz(R)g
=~ (OF) X L(OF) X L(OF) X L(OF) in R x R x RY x RY.

Since the subspace t(Op) of RY is discrete by Lemma 2.3, so is My(Op).
Therefore, as a subspace of My(Op), GL2(Op) is also discrete. O
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REMARK 2.7. Note that GLy(OpF) is a group with the usual matrix mul-
tiplication.
3. ARITHMETIC SUBGROUPS

DEFINITION 3.1. An arithmetic subgroup of GLo(F') is defined to be a
subgroup I' of GLy(F') satisfying the following two conditions:

(i) F*I contains F*I'(a) as a subgroup for some nontrivial ideal a of
Op, where

I'(a) ={v € SLy(OF) | v = I (mod Ms(a))}.
(i) [F*T : F*T'(a)] < 0.
For v € F, we write v > 0 if
pi(v)>0 foralli=1,2 ... g,

and say that v is totally positive. For a positive integer N, consider the
subgroup I'; | (N) of GLy(OF) given by

Tk (N) = {’y € GLy(Op) | det(y) >0 and v = B ’ﬂ (mod MQ(NOF))} .

PROPOSITION 3.2. The group 1"; 1(N) is an arithmetic subgroup of GLy(F).
Proof. Let a = NOpg. We see that
I(a) = {7 € SL2(OF) | v = I (mod Ma(NOF))} C Ty (N),
and so
F*T(a) C F*T} (N).
Now, we want to show that

[F*TE (N) : F¥D(a)] < oo.

Let
a b + . x
Sl €'z, (N) with v = det(y) (€ OF).
Since
v ob] v Ha—=bc) v'o(1 —d)
T o 1 c d
and

[Vl(a —bc) v (1 —d)
c d

} = I, (mod My(NO))



ON SOME ARITHMETIC SUBGROUPS 5

due to the fact ¢ =0, d =1 (mod NOpF), we obtain

F*T3 (N)/F*T'(a) = {{g (1)] F*T'(a) | v € Of such that v > 0 and b € OF} :
Let
TN - OF — OF/NOF

be the canonical homomorphism. Let U, as a subset of {v € Oy | v > 0},
be a set of representatives of the left cosets in ny({v € O | v > 0}).
Furthermore, let V', as a subset of Op, be a set of representatives of the left
cosets in mx(Op). Then we attain

F*TE ((N)/F*T(a) = { {3 ﬂ F*T(a) |ueUand v e V}

because if

:g ﬂ _ {3 ﬂ (mod NMy(Or)),

R e

This proves that

then

[F*T% (N) : F*I'(a)] < oo,

as desired. O
REMARK 3.3. (i) By the Dirichlet unit theorem ([2, Theorem 13.12]),
we have
OF =~ T x (1) X (g2) X -+ X (€4-1),
where 7" is the torsion subgroup of O and €1, €2, ..., €41 are some

elements of Oy, called the fundamental units.
(ii) As a subspace of GLy(Op), I'f; |(N) is discrete.

REMARK 3.4. Let K be a CM-field having I’ as its maximal real sub-
field. Furthermore, let K* be the reflex field associated with the CM-type
(K, {p:}?_;). In [3], assuming that the narrow class number of F' is one,
the authors constructed a certain class field of K* in terms of special values
of Hilbert modular functions for F; (V) with rational Fourier coefficients.
For this purpose, the authors contrived the concept of form class groups
isomorphic to the ray class groups of K modulo NOk.
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4. LOCALLY COMPACTNESS

Throughout this section, we let X be a topological space.

DEFINITION 4.1. We say that X is locally compact if for each v € X
there is a compact subspace of X that contains a neighborhood of z.

REMARK 4.2. (i) The product of finitely many locally compact spaces
is also locally compact, because arbitrary product of compact spaces
is also compact due to the Tychonoff theorem ([5, Theorem 37.3]).
(i) If X is discrete, then for each x € X, {x} is both open and compact.
So, X is locally compact.

LEMMA 4.3. Every finite subspace of a Hausdorff topological space 1is
closed.

Proof. See [5, Theorem 17.8]. O

LEMMA 4.4. LetY be a subspace of X. If

(i) X is Hausdorff,
(ii) X s locally compact,
(iii) |Y NC| < oo for every compact subspace C of X,
then Y 1is closed in X.
Proof. Suppose on the contrary that Y is not closed in X. Then, there is
a limit point z of ¥ outside Y. Since X is locally compact by (ii), there

exists a compact subspace C' of X containing a neighborhood U of z. Since
z belong to the closure Y of Y, we get

(1) DA£YNUCYNC.
Moreover, we note by (iii) that
0<|YNC| < oo,

and so Y NC' is closed by (i) and Lemma 4.3. Thus (Y NC)*= X\ (Y NC)
is a neighborhood of z. We then find that
Yn{UnyncC)t = (YnUu)nlync)
C (YnO)n(YnC)® by (1)

= ),
which contradicts z € Y. Therefore, Y is closed in X. U
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LEMMA 4.5. Let Y (# () be a topological space, and let yi, ya, - .., Yn be
distinct n points in Y. If Y is Hausdorff, then there are neighborhoods V,,

ofy; (1 =1,2, ..., n) satisfying
VNV, =0 foralli, j=1,2, ..., n such that i # j.

Proof. Let

P={(7j)|ij=1,2,..., nsuch that i # j}.
Since Y is Hausdorff, for each pair (4, j) € P there are neighborhoods V/; j
and V; ;) of y; and y;, respectively, such that

Vi N Vigiy = 0-
Now, we set
Vv, = N Vi (i=1,2,...,n)
1<j<n such that j#i
which is a neighborhood of y;. We see that for each (i, j) € P
Vi OV, € Vi) 0 Vi) = 0,

and hence

VNV, = 0.

LEMMA 4.6. Let Y (# 0) be a subspace of X. Suppose that
(1) X is Hausdorff,
(2) Y is closed in X.
Then, Y 1s discrete if and only if

(1) Y is locally compact,
(ii) Y NC| < oo for every compact subspace C' of X.

Proof. Assume that Y is discrete. Then, for each y € Y we can take a
neighborhood U, of y such that U,NY = {y}, which shows that Y is locally
compact. Let C' (# ) be a compact subspace of X, and consider the open
covering

{Uy}yey U{Y“}
of C. Here, since Y is closed in X by (2), Y= X \Y is open in X. Since
C' is compact, there are finitely many vy, 4o, ..., y, € Y such that

C=U,nCYUuU,NnC)U---U(U,, NC)U(Y°NC).
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This implies that
YNC C{y1, Y2, -, Yn}s

and hence |Y N C| < 0.

Conversely, assume that Y satisfies the properties (i) and (ii). Let y € Y.
Since Y is locally compact by (i), there exist a compact subspace C, of Y
and a neighborhood W, of y in Y such that

(2) yeW,cC, (CY).

Since C, is also a compact subspace of X, we get 0 < |C,| < oo by (ii),
namely,

(3) Cy = {ylv Y2, - -, yn} with n = |Oy| and Y = Y.

Moreover, since Y is Hausdorff by (1), there are neighborhoods V,, of y; in
Y (i=1,2,..., n) satisfying

(4) VNV, =0 foralli,j=1,2,...,nsuchthati#j
by Lemma 4.5. Now, we set
Uy =W,nVvy,
which is a neighborhood of y in Y. We find that
U, € NV, by(2)
{v1, 2, ...yt NV, by (3)
= {n} by (4),
and hence U, = {y}. Therefore, we conclude that Y is discrete. U

5. TOPOLOGICAL GROUPS

DEFINITION 5.1. A topological group is defined to be a group G that is a
topological space satisfying the following properties:

(i) G satisfies the Tj-axiom, that is, every finite subset of G is closed.
(ii) The group operation G x G — G, (x, y) — xy, is continuous.
(iii) The inverse map G — G, x +— 71, is also continuous.

REMARK 5.2. Every Hausdorff space satisfies the Tj-axiom by Lemma
4.3.

PROPOSITION 5.3. The group GLa(F') with usual operations is a topolog-
cal group.
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Proof. The usual matrix multiplication
: MQ(R) X MQ(]R) — MQ(R)
(a, B) = af

is continuous. So, the composition map

is continuous ([5, Theorem 18.2 (b)]). Moreover, since its range is GLg(R),
the map
is also continuous ([5, Theorem 18.2 (d)]). Note that the usual matrix
multiplication

a =«

(o, B) B

is obtained by composing the following maps

~

GLy(F) x GLy(F) 5 T(GLy(F)) x (GLy(F)) — T(GLy(F)) 5 GLy(F)
(a, B) — (), ©(B)) = daB) > afB
Here, the second map is induced from the continuous map
MQ(R)Q X MQ(R)Q — Mg(R)g
((ab Qg, ..., ag)a (ﬁl? 627 sy /69)) = (alﬁla a?ﬁ% ey agﬁg)'
Hence the map in (5) is also continuous.
In a similar way to the above paragraph, one can also check that the
inverse map
GLy(F) — GLo(F)
ST S
is continuous.

Lastly, since GLo(F') is Hausdorff as a subspace of My(R)9, GLy(F') with
usual operations is a topological group. O

LEMMA 5.4. Let G be a topological group, and let I' be a subgroup of G.
If
(i) X is Hausdorff,
(ii) T s locally compact,
then I' us closed in G.

Proof. See [6, Proposition 1.4]. O
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LEMMA 5.5. Let X be a topological space, and let Y be a subspace of X.
If
(i) X is Hausdorff,
(ii) X s locally compact,
(iii) Y is closed in X,
then Y 1is also locally compact.

Proof. See [5, Corollary 29.3]. O

PROPOSITION 5.6. Let G be a topological group that is Hausdorff and
locally compact, and let T be a subgroup of G. Then, ' is discrete if and

only if
(6) ITNC| < oo for every compact subset C of G.

Proof. Assume that I' is discrete. Then, I" is obviously locally compact and
hence it is closed in G by Lemma 5.4. Thus I" satisfies the property (6) by
Lemma 4.6.

Conversely, assume that I" satisfies the property (6). Then I' is closed in
G by Lemma 4.4, and so it is locally compact by Lemma 5.5. Hence we
conclude by Lemma 4.6 that I' is discrete. U

LEMMA 5.7. Every open subset of the Euclidean space R™ is locally com-
pact.

Proof. Let d be the Euclidean metric on R". Let U be an open subset of
R", and let « € U. Since U is open in R", we have

x € By(x,r) CU for some r > 0,

where By(x, r) is the open ball of radius r with respect to d centered at z.
We then find that

x € By(x, r/2) C By(z, r/2) C By(z, r) C U

This shows that U is locally compact. U
LEMMA 5.8. The topological group SLo(R)? is locally compact.

Proof. Since the determinant map det : My(R) — R is continuous and
R* =R\ {0} is open in R, GLy(R) = det'(R*) is open in My(R). So, the
subspace GLo(R) of My(R) (~ R*) is locally compact by Lemma 5.7.

On the other hand, since {1} is closed in R, SLy(R) = det™'({1}) is closed
in GLy(R). Thus SLy(R) is locally compact by Lemma 5.5, and hence so is
SLy(R)¢ by Remark 4.2 (i). O
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PROPOSITION 5.9. Let T" be a subgroup of the topological group SLa(R)9.
Then, T' is discrete if and only if

(7) I'NC| <oo for every compact subspace C' of SLy(R)Y.

Proof. Since SLy(R)? is a topological group that is Hausdorff and locally
compact by Lemma 5.8, we conclude by Proposition 5.6 that I' is discrete
if and only if it satisfies the condition (7). d

REMARK 5.10. In [1] Freitag defined that a subgroup I' of SLy(R)? is
discrete if I' satisfies the condition (7), which makes sense by Proposition
5.9.
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Effect of detergent on hedgehog CAD-mediated cholesterol

modification?®

£ 9F : Hedgehog®] C-terminal autoprocessing domain (CAD)Oﬂ o gk A7hE ek Whgol A Fd| 22 HE2 thio-
ester 57t AHES FAG N-ZW & @A CADE A E=d, o] wl N-Ew & whir o
=

C-Eetdl= FalzElEol FRFAFoR AFdrt. HAgATolA = AHAE EGFP-CAD-His
S A e Arpdt kg8 o] 83} EGFP-cholesterol s Al @ Tol| A A|Z3tE 71WHS 7E3kqlot

FHHES FAvg ExAE AWIAGA glE dEHE 9hgo] AFFHRZ AUIAAE
FUl2HE WSS At T2 adoth At E AWEA AR Triton X-100, Triton X-

114, 283 lysophosphatidylcholine (lyso-PC)7} EGFP-CAD-His®] A7Fd¢r wh-go] mxE J3ks

it

ZAFeFATE. 21 A3 cholesterolilyso-PC & H]& 12 o] o2 A 23 micelle HE|Z ZH~HES

Al E3 74§ EGFP-CAD-His §3d¥del 2A7bdd uhgo] A3 Hx1gS dishginh

PEHE SRS AAAIE 4TS FAdt A5ALEA hedgehog £ C-
=

deke] S d  F WE (posttranslational modification) H}4Ss  Eaho
FUnEHE0] FHEAToR AAH Hedgehog o AZAH & Fe2HEL

hedgehog of MxrtoziE WEH:= HEE AAAA TARAAAN e

= g 9Yse e Sad

o] =i 20183hdE el srolthtal sheddn] Aol ojste] o] fofzl Al
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FY2~HE2 hedgehog @2 C-dddo] FEAsk= C-terminal autoprocessing
domain (CAD)e] A7bdwt wbgS F3alo] A AT 7oA hedgehog T2 9]
C-udhe FfFZ2go=z A3er} (Porter et al., 1996a; Porter et al., 1996b). Hedgehog
A7 Wk-go = CAD domain 3o AA == thio-ester T3F AAHES
FUl2HES OH-Z77F FA3ske] SGGCF Awki-9lo A glycine I} cysteine
Abol 7tz Al =t o] W hedgehog N-Zehe] 9)x]3l= AT dE MNE| =9 C-

dede] FHaHEo] AT

O

2 A%ttt o]2 3 hedgehog A7FAW wHS-o
CAD domain © 28] =%, ¥bhH N-2o domain o] gk o}n|x=AF A <E
Eol4de& Yehtx @Eth wabd hedgehog CAD domain 2 o]F whjde] C-

g FHAHES sFATeR ddsks 54w 484 4 Sk (Vincentet

il

al., 2003). H=3F hedgehog CAD © <Jgt 7pdat kg2 AHAE oz

2o su o] EF8 AR 2ANANE ABD F glo], C-Urke] Lo v ol
DAy g Ae ggon NS PHoRE Awd & gk

Hedgehog CAD o <3t A7pdw whg-2  thio-ester 3+ APES
FYl=HEe] OH-77|17F &Aste] Wty webA  hedgehog CAD A7t
I3 ZHl~EEo] e vAg Aol s AAEE Zd~HE OH-77] <
g8t wkgAdel 9dge WA Huh FHaHES SHuAE ExE AE#®

HESol M= AdddAst @A AgsHez AdadgAe] A8 FEd 84
=

EGFP-CAD A}7]d ¢t nkgo] B oz X xlo] EGFP-cholesterol ©] A4 & AT}
(78 ¥ Ay, 2017).

B oAFddM e Al
A g Ao FaFs
(lyso-PC)E 77+ A
hedgehog CAD #}7}4

Z719] 4 hedgehog CAD A7FEth ko] o3t
ZAFSF T, Triton X-100, Triton X-114, lysophosphatidylcholine
ASAA R ALES AP ZHA ZY e B o
o

WS-E& 5 H|3}9l o, cholesterol:lyso-PC & W& 1:2



ol o2 Az micelle FEZ FdU2vHIEFS AT 45 hedgehog CAD
A7bEae whgo] 7 whE A 2 E-s wsgl

Az 2 Iy
EGFP-CAD-His ¥4 pTWIN EGFP-CADZ E. coli BL21(DE3)ol| & 2 %33}

1=
HHAAZ & FA3 Agw 2017)] wel AFAlsAth. EGFP-CAD-His2)
A7FA e W8-S cleavage buffer (100 mM Tris-HCI, 150 mM NaCl, I mM DTT, pH 7.4)°ll

&

T

fu

20uM EGFP-CAD-His¢} A& Ale] &ald ZH2HES 16 mM &%

rr

A7bete]l  RPeHet. AWGAAEZE Triton X-100, Triton X-114 I

lysophosphatidylcholine ~ (lyso-PC)E  AF-&3F3lth.  chloroformol] &3l&o] U+
ZFH 2HE3 chloroform:methanol (1:1)°] &3]F o] & lyso-PCE 42 U 24

7tAE Eo] ARANFAY. AFxH FHSHEF lyso-PC 3= cleavage bufferE
R ES =g

A7kt & vortexingdte] F | AHEI lyso-PColl 213 micelles Al
EGFP-CAD-His A7FA ¢ dk8-o SDS-PAGES Fdste] wwzds g3t

o
o

Coomassie Brilliant Blue R-2502. 2 thilzS o] M 5lo] E-A1 51T},

43 2 1z

Triton X-1149} Triton X-100= f-AFSE F+39] alkylphenol hydroxypolyethylene 7] & <]
Al &g A o]t} Triton X-1002] polyoxyethylene chain 9~1071%]1 ¥HH, Triton X-
1142] polyoxyethylene chaine 7~87H& Triton X-114% Triton X-100°1 H] 1.3}
polyoxyethylene chain Z©]7} #t}, o]oll we} Triton X-1142] cloud pointi= 23°CZ
cloud point7} 65°CSl Triton X-1000] H]udle] e 2o Al & Aol
Jojtt}. 1, 2, 4 mM FE=E Triton X-1147} EA)8t= %719 A EGFP-CAD-His9)
A7 WS 30°Col A sk (Fig 1), FUl&HES
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(+) Cholesterol (-) Cholesterol

Triton X-114 (mM): 1
Time (days) M1 2 1 2 1 2M1 2 1 2 1 2

2 A 1 2 4

-~
p

8|

. .
______ w W ww e ww we <+ EGFP-CAD-His
2 <« EGFP-cholesterol

<+ CAD-His

Figure 1. Hedgehog CAD autoprocessing by cholesterol dissolved in Triton X-114 in vitro. 20
1M EGFP-CAD-His and 1.6 mM cholesterol were included in the reaction in the presence of

Triton X-114, and the reaction proceeded at 30 C for 1 or 2 days. M, size marker.

A7vekA 2 mlalde] Blaste] FHAHES H7ME AELolA 267 kDa
=17]19] EGFP-cholesterol@} 24.4 kDa =17]2] CAD-His7} & 7}38FSlt}. Triton X-114
%o wE EGFP-cholesterol %74 W3li= #zs]A] @29k o™, Triton X-100S 4
mM FE=2 AFE3 AE o H]nldte] = EGFP-cholesterol %S =7}38FA] efqkth
(data not shown). AF7FE¥ ¥FS-S 18°Co| A & dk Ao % Triton X-1003}
Triton X-1145 A}&3F A do A 2] EGFP-cholesterol % =}o]7} ERL}A]
orokrt, wEbx]  EGFP-CAD-Hisol Z#2HEZS AZsts AR A=A 9
715l AolA Triton X-1003}+ Triton X-114 Alojo= & o7l e Ao=m
H7He

Lyso-PCi= phosphatidylcholine®] phospholipase A29 23] 3&}r}2] fatty
acid7} AAE A, METd = 3% o]dtZ, 183 blood plasmadl &
8~12%% A% EAsE  AXHolth. Lyso-PCE A fdAo] ow,
e 2~HEH micelles Pt W MEQD Caco-2 AMEZe o3 Fe|~HE

& £Z13t} (Mackay etal., 1997). X3 Lyso-PCE macrophage foam cell 2 5-E 2]

o
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FHRHE effluixE S Ao 2 uts] Xt} (Hara et al, 1997). o] A&
lyso-PCe} micelles A3t A+ FdzdHEo] FdzHE olss vt

wudel XS A4 Pud AsYe ALV B ATAE
&)

il

Ru REY

|
ZY2HZS lyso-PC22] micelle FE)E A5 749 EGFP-CAD-His A7FAth
g0l a&Add wAE JFS 2AEI

ZY 2 =3 lyso-PCol 1:1 2 HEE EASE micelle FEE
ZU2HES 1.6 mM %2 H715ke] EGFP-CAD-His A7Hd ¢ whg-& 18°C9}

ze A ATt (Fig 24). F 7HA XA EGFP-CAD-His #}7}d o
W3S AR AR = 18y A% EGFP-cholesterol ¥} CAD-His®]

F2 Triton X-100S 4 mM F=2 AFE3E Ao vluste] F7FskA] ko)

O

FU2HE FEE 32mMY} 48mME S7FA F ol whe} EGFP-cholesterol®} CAD-
His A E9] 42 F7M8std ot a0 S7hE2 4 ¢t} (Fig. 2B).

s dA¥doezes ZFHAHEH lyso-PCo] EAsIE & HES WHIAZ
micelles #|Z3to] EGFP-CAD-His A7FAw wkg-o ARRstQlvh 8 2H &3
lyso-PC] 1:2 & H|EZ 83 1:3 & HE&Z2 EASE micelles FUXHE
% 1.6 mME F7}8Fo] EGFP-CAD-His A7FA¢h w38 W& t}t (Fig. 2B).
FU2=HET lyso-PCO] 1:1 & H]EZ A X3S micelled] Bl 122 & HE
a8 i 1.3 E &R AXS micelles FH7MeE Aol A EGFP-cholesterol 2}
CAD-His =2 el dAs] Srbskalty. 28]l 12 = W& 2da 13 =
&2 AZT micelles AHEE AT Alolol M= A ES o] Afol7F A
WEH A Fokh o] A= lyso-PC7F Zdl|=EEol Bls| 20 ool & HER

%% micelle| 1 EGFP-CAD-Hisoll g ZeEE9

RS0l wollE HolFth micelledl Xl FH| 2~ E3 lyso-PCE 1:1~1.1 molar
2 EAs%Y, FezHE9 OH-Z7|9  lyso-PCY  CO-F7|= A=
=% hydrogenbelt 7xE ¥/J3tt} (Ramsammy etal., 1982).

w2t =% hydrogen belt %7} thio-ester &% b= thdt ZFH~HE

= =). >~
5T 3
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30 °C 18 °C
Chol+lyso PC: - + - +

Time (days): 1 1 1 1

i <

S e e e e <« EGFP-CAD-His

<« EGFP-cholesterol

- i " % CAD-His
30 °C 18 °C
Chol:lyso PC RN RN
Mix 2x3x Ix1IX NT MIx2x 3x IxIx NT
'-. B
- -~
- e -an W @ ww = = w <« EGFP-CAD-His

__ ..+ EGFP-cholesterol
“ & % CAD-His

I
i

Figure 2. Hedgehog CAD autoprocessing by cholesterol:lyso-PC micelle in vitro. (A)
Cholesterol:lyso-PC micelles were formed in 1:1 molar ratio. 20 yM EGFP-CAD-His and 1.6
mM cholesterol:lyso-PC micelle were included in the reaction, and the reaction proceeded at
18 C or30 T.(B) Cholesterol:lyso-PC micelles were formed in 1:1, 1:2, or 1:3 molar ratio.
1.6 mM (1x), 3.2 mM (2x), or 4.8 mM (3x) cholesterol:lyso-PC micelle was added to the

reaction, and the reaction proceeded at 18 C or 30 C for 48 hrs. M, size marker.
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719l B3| A Chitinimonas viridis HME7503%] EAEA] 1

239, Adk=, AU, FHE 2

ok 7RS Baste AdS Ul AAE s 9RYEH AFS BEysdd. 2w
HME7503-> 16S rRNA 325 vl o2k Alestd 2o wel Ghitinimonas 0.2 -F¥ Tl 16S

M
r {
RN

RNA A2l G719 B3 A= Chitinimonas viridis HMD2169T9} 99.9%, Chitinimonas prasina
Bt} #35 HME7503% Gram-staining-negative, {2 & Ej
= "5, 30°C, pH6, FEEE 0.5% NaClolA] HH oz At Fa Al¥E A4S summed feature 3

LY03T9} 99.6%E Holu H& fALE

il

(comprising Cis107c and/or Ci6.106¢)2} Ci60°1 BF. Chitinimonas 421 w59 &2 esterase lipase (C8)<]
sy e gl

A8
7€ (Chitin)> #2HFu AFo] 99, AAs=9 A=A A7 AEHe|
T2 EAEte ddy EAE olF & ydFolt o] AAnEA EHL N-
acetyl-D-glucosamine®] p-1,4 glucoside AFO.= FXE o] Folx Qlom, 2Ze
MEHS A= AEZ Q X(cellulose) =
and Lee, 2008; Horn et al., 2006). 7]¥€1& E-84 HAEzto]r] ulite] o
&

setE s olgd REA WY mE ARAstsel A9 &

) AR T) [SRRES s T o
aga AR A FeA 4 2 AL Soll o] 85l 9Tl (Choi et al
2011; Stoykov et al., 2015; Pokhrel et al., 2015).
719E 7HFRElshs chitinase TR 29 EE 3@Ee] Ae EAE
Do) =i 20188 @) Fojstul AT Al st o]Fejxl Q.
2 @sro)stoiu) st Al et et A gt g



Do
o

S agor FIst}. Chitinase= &, &%, &5, A, ¥%°] 59 %2
AEAe EAsta Qi o] a4e] e 7 Aenit g2t HFsE9
BF, &3t VoS @WetH, SFolu b Re ddd 9 o5s FRAOR
o, eylst=d 2e3k Aow Byl (Ziatabar er al., 2018). AL E

A, Herer 22 iRt el Exeta dom, 7|'s st 'hAd,
Ardy 22 G 559 o]& g} (Chang et al, 2003). T3k 5o Z3xgH
qF MAEESY d¥e 7I"S Ealletel FAEA FA Fad 4TS
kil QUTh Chitinase= T2 A& AWSES doy|= WA FFold disiA
e JAlste Aem Rase] o] zZhge] )& Whgk dF7F o] FojA AL
9t} 3L chitinase?] 73 AdfAR dEHZ  allosamiding =79} Hiukg
of 7 HHET A5 X=7|9 oo S Adlste o= glE o

AEFoFo R AME3 4 9t} (Dickinson,1989; Chen et al., 2017). & Shi-oko A =
AAGAY &S 253te 2542 $82 & JdoH, APdozs H3FolA

AW A gqARY AFE 7sAS 7HA AT (Yan et al., 2008). 7]El/7|EAF 2

=
dE EFol mAYAQ o]8S 13k chitinased] WEAIAFO] AFEH AL QLo

ofd&ol = ¥ wF ofyzt Mg WelA = Ay A B3]
P, A, WEEY T AAAD Welu A gt E8FHA

Ast7] flske] v A Rl A7F A E I Ao (Park er al, 2010). L oA &=

Bacillus % (Kim et al., 2008; Jung et al., 2013; Hwang et al., 2016), Serratia < (Chaet al.,
1996; Horn et al., 2006; Yoon, 2017), Vibrio < (Choi et al., 2011), Pseudoalteromonas <;
(Techkarnjanaruk and Goodman, 1999) w559 7|€ & st A7}
HAugQrh 2 AFeAE 719 &3 Al g B EEete], Alate] AlSEHA

WA, Qestd, Agsiel, Aety 242 Agstsrh
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—_—

71" el g el Bk

719 Zellehs e 7] flstel A7IE A Aol =ARE
AT AAT =AEs =24 A4S FAT BF chitin agar #iA] 0l
Edste] 30°Col Al 3YE wiFSEATE. chitin agar WA= ILE 7ITO =R yeast
extract 0.5 g, proteose peptone No.3 0.5g, casamino acid 0.5g, dextrose 0.5g, soluble starch
0.5, dipotassium phosphate 0.3g, magnesium sulfate heptahydrate 0.05¢g, sodium pyruvate 0.3g,
colloidal chitin 2 g, agar 15 g& F7}sle] pH 722 ZA3sto] 319 H3k & petri
disholl =53} A}-&3}SIt}. Colloidal chitin<> Tanaka et al. (1999)2} Sandhya et al.
(2004)°] AAIE WHS wEl A Z8ETE Colony =910 FHgke] F4E A&
deistel FAREEE o&s w5 FE &5 wdEd Y dFE

HME7503¢]2}  Aoskitt.  dubdQl  wieF2  R2A agar HIX|o|A]  30°C=

2. 52 16SRNA A A7 LS o83 &4
T HlYE HME7503 55 437l #1al 16SRNA FHA A7 LS H
EA5IA T WA 27F9F 1492R 5 7FA] primerS A3 16S rRNA F-A =}

=l

TEHS THSAT (Lane, 1991). TFH 7734k b= S sequencingdlol A7 LS
8] 53} U}, EzBiocloud (http://eztaxon-e.ezbiocloud.net; Yoon et al, 2017)2} NCBI
(http://www.ncbi.nlm.nih.gov/)] BLASTnS o] &3t 7]Eo| Hig wAET
HME7503 w52 A71M<d3 fFAH=E Hlasioin oz Z4d
53 HME7503 59 ATty AudAE #efsty] 918 MEGA
version 7 program< ©]-§-3}0] 16S rRNA 32} 7] A

1

= =
o 2AF

S A™E3tal (Kumar et al.,

o
=<
2016), neighbor-joining method (Saitou and Nei, 1987)= A& =5 235t}

3. gH, AYstebd 54 % Ao BFxd 24

@ HME7503¢] He|Ad 54& <dotrr] 93] Gram-stains G333}



22

(Hucker, 1921). #7] #H o] 47 2712 Golnr] 9I3te] £, pH, FiLFE)

20 2Ade] FF A% PEE 2ARY R 4

45, 50, 55°CE 247} R2A agardl Al 39 B wjkstel A% RS wASAG
%

pHE R2A Wl o] pH4-pH117FA] pHIH 2ol &

o -1rI
32
.

1.5,2,3,4,5%% NaCl R2A vl H71ste] A o RS ZALSAT. 459
A stetd E4S dolr 7] $)8ko] API 20NE, API ZYM (bioMérieux) 12| 3L GN2

MicroPlate (BIOLOG)S A}-&35}3 T}

tio

v

4 FA AR 24 BA
Bl 77 AW BAG] 814 R2A agar WACIA WFeih WA
Hl5 3}, Wlgdst 2 F%3%F % MIDI/Hulett Packard Microbial Identification System-=
o] g3le]  HAEF Tl (Sasser, 1990). Sherlock softwareS o] &3}o]  FAH
chromatogram ¥ datas 44 R A FAstaL, ol & library?t txste] A4k

L TS

A7 &AMl A7 BebHolA AHE AErFE 7Y i 2SS Kol
= T HME7503S Ea8t3ith 2285 #FE 16S rRNA 7MLl 7]x35}9
543 A3} Chitinimonas viridis HMD2169™2} 99.9%, Chitinimonas prasina LY03"2}
99.6%°] A7IME FAIEE R ATEE ol&3 BAMUAAME C virdis
HMD21697, C. prasina LY03"9} cladeE & A3}, Chitinimonas 4 &3t AS &
A = QAT (Fig. 1). ¥ HME75039] FE|sh2], Ae]sh4], Aysists 54
qele] ZAFSE Ayl up2W, 75 HME75032 Gram-staining-negative, 7+ 3 El|
ojty. =M colonyZ A, BF2E=W = 20-37°C, HF L% 30°C0]
T} pHoll W& AW el= pHS-10014 A sts Ao Y ddsieol ot
2 AL 0-2%NaCl (wiv)oll A S Bt
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8or Chitinimonas prasina LY0O3T (KF948515)
100 | chitinimonas viridis HMD2169T (GQ354569)

Chitinimonas viridis HME7503 (JN383820)

Chitinimonas naiadis AR2T (KT 184596)
Chitinimonas taiwanensis cf™ (AY323827)

Chitinimonas koreensis R2A43-10"T (DQ256728)
— ——————— Chitinimonas lacunae H2T (KX886358)
Chitiniphilus shinanonensis SAY3T (AB453176)
Paraburkholderia tropica Ppe8T (AJ420332)

Burkholderia oklahomensis C67867 (DQ108388)

99

100

Burkholderia pyrrocinia LMG141917T (U96930)
Burkholderia glumae LMG 21967 (U96931)
71 Burkholderia ubonensis EY 3383 (AB030584)

Burkholderia lata 383 (CP000150)
Burkholderia territorii LMG 281587 (LK023503)
Escherichia coli (J01695)

100

—
0.02

Fig 1. Neighbor-joining phylogenetic tree based on 16S rRNA gene sequences showing the
relationships between strain HME7503, neighbor genus and strains of the genus Chitinimonas.
Percentages at nodes are levels of bootstrap support (>70 %) based on neighbour-joining
analyses of 1000. Escherichia coli (JO1695) was used as an outgroup. Bar, 0.02 substitutions
per nucleotide position.

API ZYM kite] ZA3}+i= alkaline phosphatase, leucine arylamidase, valine arylamidase,
trypsin, a-glucosidaseoll Al FAd © 2 }E}REIL, esterase (C4), esterase lipase (C8), lipase
(C14), cystine arylamidase, a-chymotrypsin, acid phosphatase, naphthol-AS-BI-
phosphohydrolase, a-galactosidase, S-galactosidase, AS-glucuronidase, A-glucosidase, N-
acetyl-p-glucosaminidase, a-mannosidase, a-fucosidasei= &4 &= L}EFS T APl 20NE
kitg ©]-83¢t A2+ indole production, esculin hydrolysis, arginine dihydrolase, urease <
o] ko2 e Nitrate reduction, glucose fermentation, gelatin hydrolysis, /-

galactosidase (PNPG test) &4 5o = 21 =3t}
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Table 1. Differential characteristics of strain HME7503 and closely related species of the
genus Chitinimonas.

Strains: 1, HME7503; 2, Chitinimonas viridis HMD2169T; 3, Chitinimonas prasina MCCC
1F012097; 4, Chitinimonas taiwanensis KACC 11408T; 5, Chitinimonas koreensis KACC
114677,

Characteristics 1 2 3 4 5

Colony color green green  green  white  white
Temperature range for growth (°C) 20-37  20-37  15-39  20-42  20-42
(optimum) (30) (25) (37) (30) (30)

5-10 5-10 4-10 5-9 5-8
(6) (6) (7-9) (6) (6)
NaCl range for growth (%, w/v) 0-2 0-3 0-1 0-2 0-3
(optimum) (0.5) (0.5) (0) (0.5) (0.5)
Nitrate reduction - + +
Esculin hydrolysis + +
Indole production,
Glucose fermentation - + -
Enzyme activities
Esterase lipase (C8) - + + +
a-Glucosidase, urease + - - +
Acid phosphatase, gelatinase - +
Naphthol-AS-Bl-phosphohydrolase - -
Arginine dihydrolase + - - + -
Esterase (C4), a-chymotrypsin,
[S-galactosidase (PNPG)
Lipase (C14) - - - - +
Carbon Source
Dextrin, D,L-lactic acid - - : + +
Glycogen, D-cellobiose,
a-D-glucose, maltose
Tween 40, tween 80, L-arabinose,
D-fructose, L-fucose, D-mannose,
S-methyl-D-glucoside, D-raffinose,
acetic acid, a-keto valeric acid,
bromosuccinic acid, glucuronamide,
L-leucine, phenylethyl-amine, 2,3-
butanediol, glycerol, D,L,a-glycerol
phosphate

pH range for growth (optimum)

+
+

+ + + +
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Microplate GN2 = ©]-83%F carbohydrate ©]-& 2] ZI}E a-cyclodextrin, dextrin,
glycogen, Tween 40, Tween 80, N-acetyl-D-galactosamine, N-acetyl-D-glucosamine, adonitol,
L-arabinose, D-arabitol, D-cellobiose, i-erythritol, D-fructose, L-fucose, D-galactose,
gentiobiose, a-D-glucose, m-inositol, a-D-lactose, lactulose, maltose, D-mannitol, D-mannose,
D-melibiose, f-methyl-D-glucoside, D-psicose, D-raffinose, L-rhamnose, D-sorbitol, sucrose,
D-trehalose, turanose, xylitol, pyruvic acid methyl ester, succinic acid mono-methyl-ester,
acetic acid, cis-aconitic acid, citric acid, formic acid, D-galactonic acid lactone, D-galacturonic
acid, D-gluconic acid, D-glucosaminic acid, D-glucuronic acid, a-hydroxybutyric acid, f-
hydroxybutyric acid, y-hydroxybutyric acid, p-hydroxyphenlyacetic acid, itaconic acid, a-
ketobutyric acid, a-ketoglutaric acid, o-ketovaleric acid, D,L-lactic acid, malonic acid,
propionic acid, quinic acid, D-saccharic acid, sebacic acid, succinic acid, bromosuccinic acid,
succinamic acid, glucuronamide, L-alaninamide, D-alanine, L-alanine, L-alanyl-glycine, L-
asparagine, L-aspartic acid, L-glutamic acid, glycyl-L-aspartic acid, glycyl-L-glutamic acid, L-
histidine, hydroxy-L-proline, L-leucine, L-ornithine, L-phenylalanine, L-proline, L-
pyroglutamic acid, D-serine, L-serine, L-threonine, D,L-carnitine, y-amino butyric acid,
urocanic acid, inosine, uridine, thymidine, phenylethyl-amine, putrescine, 2-aminoethanol,
2,3-butanediol, glycerol, D,L,a-glycerol phosphate, a-D-glucose-1-phosphate, D-glucose-6-
phosphate =7 S4S2 YUEIRTH 5 HME7503 € H]ulytFbo] o] &
Table 1 o] YFERHSATE
I+ HME7503 ¢

9 AHAEHS summed feature 3 (comprising Cisiw7¢ and/or
Ci1060)9t Cigo 28 FRAHAI, AAE 244 4] Ade= #dd 4 9
ZAZAE FASHA LERSTE (Table 2). £3], A4 o2 7V7h$ C. viridis
HMD2169" ¢} C. prasina MCCC 1F012097 &} | H}2F %4 o] w9 A}l o).
upeba b on i eld 71" 2 Alerl HME75032 AlEshA, 313t
AEF Aol mel Chitinimonas %0 &3t Alwtol™, 2S5 A2l colonys RO
31, Gram-staining-negative, {Fit JEE Zr=th o] A2 &% 20-37°C, 95 %
T 0-2 %, pH5-pH109 A A3743gte}, A F21 Chitinimonas type strain?} @2] esterase

lipase (C8) S A2}l Eot 548 Zir).
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Table 2. Cellular fatty acid composition (%) of strain HME7503 and related members of the
genus Chitinimonas.

Strains: 1, HME7503; 2, Chitinimonas viridis HMD2169T; 3, Chitinimonas prasina MCCC
1F012097; 4, Chitinimonas taiwanensis KACC 11408T; 5, Chitinimonas koreensis KACC
114677,

Fatty acid 1 4 5 2 3
Cio0 5.3 3.8 3.2 tr tr
C1003-OH 7.4 6.8 8.5 6.4 4.1
Ci20 2.0 2.3 15 6.0 5.0
C12:0 2-OH - - - 4.5 2.2
C12:0 3-OH 2.7 2.1 25 - -
Ci4:11 w5C 1.0 1.7 tr tr tr
Cia0 3.1 34 2.2 5.4 tr
Cis0 234 28.7 29.9 29.6 26.1
Ci6:02-OH - - - 34 -
Summed feature 3* 45.4 41.2 37.6 37.6 45.3
Summed feature 8 8.6 7.6 111 3.9 13.2

*Summed features are groups of two or three fatty acids that cannot be separated by GC using
the MIDI system. Summed feature 3 contained Cis.107¢ and/or Cis106¢; Summed feature 8
contained Cis.107¢ and/or Cis.106c¢.
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AZ7F vl g ¢ FE 5 )k oo A A2E 1HT F e BYS o] &k
ity A EAE 18 ¢ Y B4 2¥oz2E 1 29 CNN, RNN, LSTM 59°]

ATt

21129 34 5 AAF%
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CNN 2 Aol A FHa & W o] drbAel 34 & il 4 =& ARE
374 w(convolution)ol & F 9] o=, FAo0=R xdsd th53 g

s(t) = (x *w)(t) = foox(a)w(t —a)da

SO =@ WO = Y x@w(t-a)

a=—oo

CNN 2 u& AAd9s vix7iA= 4= As, 3 AS Abolol o2 24
AFom 45 Ak o] &9 AL d8 w ASH EZ(pooling) AT L=
olFolA Stk 4 W dAxke FHsr] Mol 29 AV|E 2ASE HAHOR
¥e deoly FHs 54 %IE A= WD (padding)= APt 1 5 A
B A B F AdS AYsA "nh o] A4S FE((F2 ﬂ‘é)ﬂ' e
£ W(input feature map)a stride ol wet A Ao m oFaf7t A& =1
O A= &9 54 PY(output feature map) 22 YERHTE

=9 As ]/\1L e w ATes Ad 5F e ¥E Fole ditel
P, A % (max pooling)¥ ¥+ E® (average pooling)s o] &AM,
7 Aol A 4‘“%& 2 Heps 0

Time (300)

Input

(100)

Filter
(128)

(100)

Output
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Asl FHodua dEA Aok AR, 1 2o F w5 AAEY] A9 [19
I Ze olojtjojE Fe A2 HAE folHE AL 4tk o
Tl Hdl 5 AFgoE A2 HdIHA 5F F=F 7hssith (Collobert
=, 2011). ¥3F Denil 5(2014)3 Kalchbrenner %(2014)e] 93] AldAX~
Hlo]2 meo] CNN o] ARE 7hsdho] &defA] Art.
e Al agr Axse dEo YRS <t &3 oo A EA F
=9 54 W& wE7] "o W A2 = HAY HARE 1y dgo
o 7] witolt}. o]#st 5 uwiol], CNN & HH7} €A EXFHo & 1
H~E HolHE &4 s7]d+= A HsHA et

M ox = B
=

2.2 A7) 719 +=x

Z3 29 Zo ¥ wgow s=:

=
H
A7 % (recurrent neural network, RNN)<

e

AHE ol FHE whEal, o] FHE UA gHo=z vkt AZE 2E A
3 AATe] 28 ol AIZFY] BE JHo| 3k BEE FH5eE S0l
ol RNN 2 49 7|9AZA'E 23 k. ojgfsh Ajftel]l ZAA dolE g
A E BESE A wH22g A(memory cell)o|zta 3o},

21¢F 2ok [19 2] Stoll h$} o, & FAHOE YERW

O
o
_\T‘_I,
L
O

ht = tanh (Wht—l + Uxt + b)

0; = softmax(Vh; + b,)

01 0 Orv1
A I o] o] o]

[w]> =0+ O= O=-

----------------- hey he heq
u
«f I l
Xe-1 Xe Xe+1

[ 2] RNN 9] =2

sHARF RNN 35 AL, W A R-27bA] ggS gt AAdA 3
l(recurrent weight)7} WHE X o] Fa|x]7] W &4 49 7]L7]|7}
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7NetgEAow ZFolx= AHAF A~ FAl(vanishing gradient problem)”}
urAEktl, olget FAE  ddsty] Y&l ety Aol  Hochreiter  9F
Schmidhuber (1997)¢] #Hwtr] wrgl AL o]&3 Al W(long short-term
memory, ©]3}F LSTM)olt}. LSTM 9] A2 A AE(cell state)’} 24 Zﬂr
HINZ EAST = Aol o]& whx] Hwo]o] HMEXF HA AL F+x
Ty Ays FEAeR, VM Ay A e doyj YRe Ax ‘ﬂ@r
slo] Autth LSTM 2 o] A Zejo] sigmoid A1AYW T3 84 H4
Arto =z FAE AolE(gate)E °©l&ste HEE YA ALt olHgh
AlE F27F RNN oA @Ash= AAF 24 45 S 5 9tk LSTM 9
AOlE Fx A F319 Fumo] Al Aile] ofd TQAl Aitor AlteBm=,
7VeAE wetth B A= AN 24 FA7F gle Aeolth LSTM ¢ wd
EA2 [ 3]9 2k

Cr—1 Cy
|© tahn(c,)
h, 4 — h.

[23 3LSTM ¢ ¢ =24

LSTM ¢ 24 spAo] A wlolgel oJ9A zgah= A =45 2dd [1d
9lek #&vh. 7 249 Fo LSTM WS dstA doz didstel 3
SHARE, LSTM 2 o]’ H3d 7= ds Azt 3ol RNN of H]d)
A7kt Bl Go] @ol ARHET= B o] St
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(300, 100)

le S

o o

(300, 100)

h, Al m,

’ ;l C o (128) ® (128)
Embedded data !/ Hidden layer !/ Hidden layer Output
@ ® Dense
hy 4 hyy

[2¥ 4] IMDb dlo]E 9] LSTM #4] 7l8 &4

2.3 ¥HIF ZFA7] 719 =

Bidirectional long short-term memory (BILSTM)S dwkAel LSTM ol A
HgE Felolth, Al dolEo A o]d ARERE ofyzl, o]F AHR7LA
AgEA &8 7 Yo u F2 Aes U & due HdA
gE ATk 2 EE BILSTM 24 Zdd= AW e AEE 73 e
ol FHEHoR EAsta

.

s ol
i)
o
o
o
ox
=
ox
f
il
)
X
k1

o 12
rlr
flo
1C

B o 0 rlo kI
flo o T 1T
o9
c
flo =
iy 29‘:
01}11 10

.
)
—
o =Z

18 O 0 > o
M oL N, X U off

>,

A 5 % AAY (CRNN)2 28 dagsol oy, w3 &84 +
AR Zo £33 AAYE AxE, 29 ‘A(stacked) HEfo]t}. CRNN 9



T
[" (]
L L

S S Fow dAXEr] wjFEo| ojulx A e FFEH
A oﬁéoﬂ F2 AFREATY Xu %5, 2015). L Byl opyg, €2ES
e Aol AHgoAE CRNN 9 AJfx Hlo]x~ Rdo] o]& rhgslrhal
AFH A Lai 5, 2015).
CRNN & H~E9] A&y = EAS A & & ,
AINE GA| AFXE 7}le A8 dolHZ Hi £33 AAEE AH &9
e Azt Al 1A= dlolH
AREEF7] el AlZERE Bl &A1 Fdo]l QUi o] 7H )
B =FdAe g4 F 5 Fol, LSTM & 22 34 & Za7) 79 +x

=
s S

Z o
2 Ho

1

ey
Al 74 "(convolution long short-term memory, ©
LSTM 9] 7§24l =22 [Z7 5]k #th

< AREE Zhou
5(2015)9] AFolA= FAE v T Foll EHo] flo] LSTM 55 %+ 4&
P Aet. shARt EPow 5EA FE& WdsteE Aol AzF Aitel ¢S
a9 Rolvlo] # w=RAAE Edo] It Aol AFE naA B
N i
0N | ©
(300, 100) ) (296, 128) (98, 128) /
N I: "
S, 100; 2 o § @
(300, 100) Gr1om Z N (98, 128) ';‘:
Embedded data Filter (200 128) i LST™M Output
(128) ® (128)
Convolution Max pooling ; :? Dense
[2¥ 5] C-LSTM with pooling & T& E4]
3. IMDb HI°|EE §% Hlx
e ARz "92E HoHES 7 4 M dugFoR #A% & AnE
Hlasl] wWazp gy #4 o) dlolHs= IMDb ¢ <43k g dleolgo|th. 7}
e HHES 722 0 #A5H 3 #A7AE F4(negative), 7 H5-H
10 A7MA= FA-(positive) 22 Ui IMDb 93} HHES 4 7MA] dugFo=z

T
A B gAoR offHH FULR Bistaal drh



#2404 AlPeh=s dropout & Il HF(overfitting) S U= P g
ofojtioj, 7} goloje] jr#le] 3F pE AT W2yl EEE mErs
744 stoll AAELt %, Agebl FES AASRT BHL APt Aol o
#4& 58, LSTM 3 BILSTM o] 22 374 glelA] 248 uf o] 23 Fds})
224 A 7bo] o]l AL FHE A, C-LSTM ©¢] a3y oz BEAANIE d73=XA

etolw 12} 3}, EAL  python Oﬂ’\ﬂ tensorflow backend = keras =
0]-€3} 3L, NVIDIA GTX 1050 gpu & AF&-3+ ).

A Ayes 2 7HA] HER A 5 9o A HAE AERES LS
A3 = (accuracy)elr, F HAE= £HdEE AAE £4(oss)v E
=AM E BFo #Ag AxE B FolEE, HIZ 2HS GFo] AMES

Z18) 3} 3Tt
WA G FEY AeS vlusty] 98, train HolE 25,000 7, validation
do]8 15,000 7, test Hl°lEH 10,000 Ao 2 YFth #H9 ©@of 749
H-& 224.05, ﬁ%ﬂx} 164.14 t}. o] sl 2] H-oll A /\]%Jé-é— 300 71<]
GojZbA stk e zlel oz 300 ) wwkel 2l 2 £
845 0 o2 HYsqar, @7k 300 7 239l vh>ﬂ5ﬁoi.§ﬂﬂ
A7 skt
HXE folHE #Ashe Zlo] FH SHoln=r golojg 27| o Al@2d
<  Z#spolop vk vE]  ggH(pre-trained) HUHIE &
a# ekl o, validation ©lo]Eol] sk w7t vrolx dHlo]Hol| Yk keras
duld #olds ol&ddy TIHS HIsth vE sgHoldy dwidol
oluel, keras o dHld #HeolojE o]&std vE AlAW #olojet Tdg
WoR 7 dlolge] ] EATFE Fol= WIFoR hGsty] witel
deoly stFolztil & 4 Stk webA wE gEE YRt FE vt
FolA Al == Zlo|th IMDb dlo|He] A9, d¥tA o Apg3l= whojRth 54

okl #3 dolge] FE ] ng HHEA tolo AAAS wE 5
AP rhE A shgste] FAEE keras YMIEol H@strial whdsilct
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3}
oft
filo
f
:Oé
=
An)
r
ﬂ‘:
22
%
2
=
b
s

dulg 2 100 o2 aHEla
5000 /et o] A& IHoR

Raw data (Ng, m) (M, m) Embedded data

)] Nl 2|7 20 4 M AL o) (M, D)
- DU EH Hof & D U A
[1“__53 6] m: D2{UI= %] o 4 HIT AT Pre_
I | | | 1 I
Tokenize Padding Embedding

processing & =4

T4 e faEE vlaE gl SuA o Fe Holoe] s TS
A7 8kA k. C-LSTM 2 CNN #lo]o] o]Fo] RNN #ejo]E 7 xokstr] wiol
Ha 270 oo dololE 7pA ok &t} webA 1d  CNN, LSTM, biLSTM, C-
LSTM RE5 2 7He delolE aesiditt. z A% #eolold Y w==+
128 M= meetgla, Ao A3S 27] 98l dropout o pE 0.5 9 o=
Xyttt LSTM 7]dke] Bdlo A= 3 dropout & pXE3H 0.5 o o=
Atk CNN dolol7b EAlste= 45, Ade A7l= 5 2 AAs A
gdst &9+ rectified linear unit (ReLU)E ©] &3}t CNN #HoJo] 9
% #HoldE AAE Aed EHLS ALY A7) 3 ¢ HU EF¥H(max
pooling)S a3ttt &9 @ e~ negative ¢ 49 0, positive ¢ 45
1 otk webd =9 ololo] &3t 4% sigmoid & o &3kt R
optimizer == RMSprop & ©]&, &4 3+ binary crossentropy & AH&3}¢]
15 9] epoch 35S zlaatinh

3.1 1d CNN

1d CNN #41& 28g wdo] -2 7} gojojo] wE B9 Jigs= o
[ 1]% o 1d CNN =249 15 9 epoch o st AyE gz =
el (28 7139 #a, A8 A7 122.03 %o|th



[3 1] 1d CNN 7z} m5 7%

Layer type Output Shape Parameter number
Embedding (None, 300, 100) 500000

Conv1D (None, 296, 128) 564128
MaxPooling1D (None, 98, 128) 0

Dropout (None, 98, 128) 0

Conv1D (None, 94, 128) 82048

Global MaxPooingl1D (None, 128) 0

Dropout (None, 128) 0

Dense (None, 1) 129

Total parameters : 646,350

Training and validation accuracy

Training and validaition loss

o7

i

[ ]
75 @ ] °
® ®e
®e
]
0.65 ®e LN
0.6
® Training acc Validation acc ® Training loss Validation loss
[71¥ 7] 1d CNN Az}
3.2 LSTM

219} ﬂu} LST

M X
Al 78 10,409. 41 z

Y 28A7]

s} 2} #olold] we

%19] 1 “H epoch ©] EHKF Axe= |

Itk CNN 2 vl s 3
A% % & 9

& o, 259

%u

249
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[3 2] LSTM =29} B4 75

Layer type Output Shape Parameter number
Embedding (None, 300, 100) 500000

LSTM (None, 300, 128) 117248

LSTM (None, 128) 131584

Dense (None, 1) 129

Total parameters: 748,961

Training and validation accuracy i Training and validaition loss

]
..l.. 0.5 ®

0.85 o

0.25 o
0.75 L] e °
02 ® e
]

@ Training acc Validation acc @ Training loss Validation loss

[28 8] LSTM ZA ¥}

3.3 BiLSTM

ol£ % BILSTME W& gugel 24 & W Aitsinz, s
dojol& Ad w 7 &9 T& 7ML e FEolA, B =@M e 24
o= golojE 28 2E FHe] 4 RPE9 vus HYPsta gJom o] A
ol BILSTM2 4709 &4 F& ztal vk & 5 Slvh 7 249 52 A
1 at7] wiEel, BILSTM #ojol& A rﬁ% =8 el 2ol 99 &Y LSTM
2dyt= Zpol7b ) ek 2o Jax trE RdRt st Be AS
gHelst 4= 9t} BILSTM =Edle] 15 9] epochoﬂ e A3E gz eE Jehy
Wo[2d 9l Aok @ LSTMET Aee o Fou, 4 & QAze] oF
2ul= Zolith. 91¢] 1d CNN# vlas) B, Sddh e LAk of
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1708 2 Eoyk i, validation o8¢ AT 1%p =A Y]

Training and validation accuracy Training and validaition loss
0.6
go0®?® 055
o®®
® 5| @
-
4 as
0.85 v o
1 ]
(]
-5
g =3 w
3 ® @9
-
N 2 L™ °a
2 ®eo9 P
- alidath 0.15
@ Training acc Validation acc @ Training loss Validation loss

(29 9] BILSTM 2}

3.4 C-LSTM

C-LSTM #Ao]A = CNN #lojo] o]Fo] max =% 7 101-3— AA 5EH F=
< AYPst F LSTM dololE et £90] = C-LSTM +4S 18
g mdlo] el 7k golojo wE B A4 ofd [X 313 Ao =9 9
olo}7b 9l C-LSTM = =e] 15H¢] epochdl ﬂw A3E gz Yepgd

C-
KL

.
iy
—
2
_grr

[ 3] C-LSTM with pooling 7%} =<+ /5

Layer type Output Shape Parameter number
Embedding (None, 300, 100) 500000

Conv1D (None, 296, 128) 64128
MaxPooling1D (None, 59, 128) 0

Dropout (None, 59, 128) 0

LSTM (None, 128) 131584

Dense (None, 1) 129

Total parameters: 695,841
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Training and validation accuracy

Training and validaition loss

0.85

.8 b Y
. ) ‘ee,
75 01 L] ® e
o L ] o
@ Training acc Validation acc @ Training loss Validation loss
[29 10] C-LSTM Zx}
A 28 AT E¥o] gl C-LSTM Edld vl wacs 318 203 5
AT HEo] v E”aﬂr AT HE = dropouts WA FEoN=E train
olgfell thal Ewo] wek e Aol dojupar k. olell, validation ¥ <]
A= oY S2x e Yehgth IMDb g3t 2l dHolE ol i 4 A
g aopshe [E 419 2ok
[ 4] IMDb g3} &4 dloly 23}
1d CNN LSTM BiLSTM C-LSTM
A8 A 7H(sec) 122.03 10,409.41 20,619.61 615.05
Validation acc 0.8760 0.8877 0.8885 0.8845
Test acc 0.8593 0.8961 0.8892 0.8623
4. 34
IMDb <33} &/ dlo]lgd A& BILSTM X 2o] validation HoJE A=

88.85%% 7} =9k

validation dHl°o]¥ A3t

ﬂr Yelp 2015 #H do]goA %= =3 BILSTM E=o]
T 94.7%% JFE ki, EHo] Qe

C-LSTM =R #o]

94.69%= A< T4 o}OﬂE} LSTM Rde AH3w 64.57%, o] 3l C-
LSTM R A3® 94.39%E 7H4

2 o= 24 A%E C-LSTM 9 =do] ®xEet e FAtdolEE
wAsk7le] F-=gho] flvks AS B 5 Stk 53 £7 wlelolE 7kl C-
LSTM ¢ =do] HILF leo}UdH AP Az FaEd RES Blth



aeER giE dolHd Rl 24% £Es FREE wE welgohy
£ dojolE 7t C-LSTM S ol §3H: Zo] 78 Aol 8¢ & +
Atk
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