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(KO) to OXA- or TNBS-induced colitis, 2 representative
colitis models for IBD. CD30LKO mice were highly sus-
ceptibile to OXA-induced colitis but resistant to TNBS-
induced acute colitis. In vivo administration of agonistic
anti-CD30 monoclonal antibody (mAb) ameliorated
OXA-induced colitis but aggravated TNBS-induced acute
colitis in CD30LKO mice. These results suggest that
CD30L is involved in development of both types of IBD.
Implications of these findings for a novel biologic ther-
apy in controlling IBD are discussed.

Materials and Methods

Mice

Age- and sex-matched BALB/c or C57BL/6 male
mice were obtained from Charles River Laboratories (At-
sugi, Japan). The generation of CD30LKO mice with
BALB/c background were described previously.3%%3
CD30LKO mice with C57BL/6 background were back-
crossed into C57BL/6 mice more than 8 times, and their
littermates were used as control. This study was approved
by the Committee of Ethics on Animal Experiment in
Faculty of Medicine, Kyushu University.

Induction of Colitis

Colitis was induced by intrarectal administration
of OXA or TNBS according to the methods described
previously.116 Briefly, mice were anesthetized with di-
ethyl ether (Nacalai Tesque, Inc, Kyoto, Japan) and then
administered TNBS (3 mg, Sigma-Aldrich Japan Co, To-
kyo, Japan) or OXA (0.8% or 1%, 4-ethocymethylene-2-
phenyl-2- oxazolin-5-one) (Sigma Chemical Co, St Louis,
MO) dissolved in 45% ethanol intrarectally via a 3.5-
French catheter equipped with a 1-mL syringe. The cath-
eter was inserted so that the tip was 4 cm proximal to the
anal verge, and the haptenating agent was injected with a
total volume of 150 uL. To ensure distribution within
the entire colon and cecum, mice were held in a vertical
position for 30 seconds after the injection. Control mice
were administered an ethanol solution without haptenat-
ing agent using the same technique.

Histology Assessment of Colitis

The middle parts of colons were removed and
fixed with 10% neutral buffered formalin and then em-
bedded in paraffin. After cutting in round slices, the thin
tissue sections were stained with H&E. Histology was
scored as follows: epithelium (E): 0, normal morphology;
1, loss of globlet cells; 2, loss of globlet cells in large areas;
3, loss of crypts; 4, loss of crypts in large areas; and
infiltration (I): 0, no infiltrate; 1, infiltrate around the
crypt basis; 2, infiltrate reaching the L muscularis muco-
sae; 3, extensive infiltration reaching the L muscularis
mucosae and thickening of the mucosa with abundant
edema; 4, infiltration of the L submucosa.3* The total
histologic score was given as E + L
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Antibodies and Reagents

FITC-conjugated anti-CD3e, anti-CD4, anti-
CD11c, anti-NK (DXS), anti-CD11b, anti-Foxp3, anti-
CD25, and anti-IL-10 mAbs; PE-conjugated anti-Ly-6G,
anti-CD30L, anti-CD30, anti-CD8«, anti-CD4, anti-
CD25, anti-IEN-v, anti-IL-10, and anti-IL-4 mAbs; allo-
phycocyanin (APC)-conjugated anti-CD3e and anti-
CD44 mAbs; and biotin-conjugated anti-F4/80 (BM8)
and anti-CD30L and APC-conjugated streptavidin (SA-
APC) mAbs were purchased from e-Bioscience (San Di-
ego, CA). PE-conjugated anti-TCRy8 (GL-3) mAb and
PerCP-CyS.5-labeled anti-CD4 were purchased from BD
PharMingen (San Diego, CA). Armenian Hamster IgG1
was purchased from Wako Pure Chemicals (Osaka, Ja-

pan).

In Vivo Treatment of Mice With Abs

Agonistic anti-CD30 mAb (clone 30.1) and rat
anti-mouse IL-4 (clone 11B11) mAb were obtained by
growing hybridoma cells in CELLine CL-1000 (BD, Bio-
sciences, San Diego, CA) with serum-free medium (me-
dium 101; Nissui Pharmaceutical, Tokyo, Japan) and
collecting these antibodies by HiTrap Protein G HP (Am-
ersham Biosciences). The purity of the preparation was
confirmed by SDS-PAGE, and the concentration of Ab
was determined by the Lowry method. The mAbs, diluted
to 1 mg/mL in phosphate-buffered saline (PBS), were
stored at —70°C until use. Por in vivo neutralization,
various doses of rat anti-mouse IL-4 or isotype control
(rat IgG; e-Bioscience) were intraperitoneally (IP) injected
into mice at the time of disease induction with OXA. For
in vivo activarion, 100 pg agonistic anti-CD30 mAb or
isotype control (hamster IgG1; BD Biosciences) was in-
jected IP into mice before or after induction of colitis.

Flow Cytometriy Analysis and Intracellular
Cytokine Synthesis Analysis

Lamina propria (LP) cells in the large intestine
were isolated by a modified method described previous-
ly.34 LP lymphocytes (LPLs) were purified on a 45%/66.6%
discontinuous Percoll (Pharmacia, Uppsala, Sweden) gra-
dient at 600g for 20 minutes. For flow cytometry analysis,
isolated cells were preincubated with an Fcy receptor-
blocking mAb (CD16/32; 2.4G2) for 15 minutes at 4°C
then incubated with saturating amounts of FITC-, PE-,
APC-, and biotin-conjugated mAbs for 30 minutes at
4°C. To detect biotin-conjugated mAD, cells were stained
with APC-conjugated streptavidin, and the stained cells
were analyzed by using a FACS Calibur flow cytometer
(Becton Dickinson, Mountain View, CA). For intracellu-
lar cytokine staining, 106 LP cells were simulated with
phorbol myristate acetate (PMA) and ionomycin for 5
hours at 37°C. Brefeldin A (10 pg/mL; Sigma Chemical
Co) was included during the final 4 hours of stimulation.
These cells were harvested, washed, and incubated for 30
min at 4°C with mAbs for surface staining then cells were
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subjected to intracellular cytokine staining using the Fast
Immune Cytokine System according to the manufactur-
er’s instructions (Becton Dickinson Co). The data were
analyzed with CellQuest software (BD Biosciences).

Culture of LP Cells for Assay of Cytokine
Production

To measure cytokine production by LP cells, 10
LP cells from mice were cultured without any stimulation
for 24 hours at 37°C under 5% CO, in 96-well flac-
bottomed plates in a volume of 0.2 mL RPMI containing
10% fetal bovine serum (FBS). For cytokine production
by LPT cells, LP cells purified as described above were
loaded into uncoated culture wells or wells coated with
10 wg/mL anti-CD3g mAb and 1 pg/mL soluble anti-
CD28 mAb and cultured for 48 hours. The culture su-
pernatants were then harvested and assayed for cytokine
concentration by enzyme-linked immunosorbent assay
(BLISA) using an ELISA Development Kit (Genzyme Di-
agnostics, Cambridge, MA).

Statistical Analysis

The difference in survival rates was evaluated by
the log-rank test (Mantel-Cox). Disease activity index
and histologic scores were statistically analyzed using the
Mann-Whitney U test. Differences in parametric data
were evaluated by Student ¢ test. Differences of P < .05
were considered statistically significant.

Results

CD30LKO Mice Are Susceptible to OXA-
Induced Colitis

To examine the role of CD30L in development of
OXA-induced colitis in mice, CD30LKO mice with BALB/c
background were subjected to induction of colitis by intrar-
ectal administration of 1.0% or 0.8% OXA. We first exam-
ined the expression levels of CD30L and CD30 on LPL in
the colon from naive mice and mice with colitis. The CD30L
was expressed mainly on a part of CD4* T cells from freshly
isolated LPL in naive BALB/c mice and mice treated with
0.8% OXA 4 days previously (see Supplemental Figure 14
and 1B online at www.gastrojournalorg). Although the
CD30 expression was not detected on freshly isolated LPL
cells in the colon of naive mice or OXA-treated mice (data
not shown), appreciable numbers of CD30" cells were de-
tected in the CD4* T-cell population from naive and OXA-
treated mice after 24-hour in vitro culture with or without
anti-CD3 mAb stimulation (see Supplemental Figure 1C
online at www.gastrojournal.org).

The survival rates were significantly decreased in
CD30LKO mice compared with those in WT mice after 1%
OXA administration (Figure 14, *P < .05). CD30LKO mice
showed exacetbated colitis as indicated by the significant
weight loss from day 3 to day 10 after 0.8% OXA adminis-
tration (Figure 1B, *P < .05). Macroscopic examinations on
day 2 after 0.8% OXA administration revealed that the colon
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was shorter in CD30LKO mice than that in WT mice (Fig-
ure 1C and 1D, *P < .05). On histologic examination of
involved colon of 0.8% OXA-treated wild-type (WT) mice,
we observed a supetficial inflammation characterized by the
presence of epithelial cell loss and patchy ulceration, pro-
nounced depletion of mucin-producing goblet cells, and
reduction of the density of the tubular glands. In addition,
in the LP, a mixed inflammatory cell infiltrate consisting of
lymphocytes and granulocytes was associated with an exu-
dation of cells into the bowel lumen. These histopathologic
changes of OXA-induced colitis were more serious in the
colon of CD30LKO mice than in WT mice, and the histo-
logic score of the colon was significantly higher in
CD30LKO mice than in WT mice on day 2 after OXA
administration (Figure 1E and F, *P < .05). Thus,
CD30LKO mice were highly susceptible to OXA-induced
colitis compared with control WT mice.

Cell Accumulation in the Colon Mucosa of
CD30LKO Mice With OXA-Induced Colitis

Populations of LP cells in the large intestines from
CD30LKO mice before and on day 4 after 0.8% OXA
administration were analyzed by flow cytometry. As
shown in Supplemental Figure 2A (see Supplemental
Figure 24 online at www.gastrojournal.org), the propor-
tions of CD11b*Gr-1* and CD11b*F4/80* cells were
significantly higher than OXA-treated WT mice (*P <
.05), whereas the proportions of ySTCR*CD3* and
DX5*CD3" cells had slightly decreased in OXA-treated
CD30LKO mice compared with OXA-treated WT mice
(see Supplemental Figure 2B online at www.gastrojournal.org,
#*p < 05 ot **P < .01). The relative numbers of
CD4*CD25* and CD4+CD44* T cells were significantly
lower in CD30LKO mice before or after OXA-adminis-
tration (see Supplemental Figure 2C online at www.
gastrojournal.org, *P < .05). Intracellular staining analysis
for expression of Foxp3 revealed that CD4*CD25* T cells were
divided into 2 populations on the basis of Foxp3 expres-
sion.3s CD4*CD25*Foxp3~ T cells were selectively reduced in
CD30LKO mice before and after OXA administration (see
Supplemental Figure 2D online at www.gastrojournal.org,
*P < ,05). CD30L was expressed by CD4*CD25*Foxp3~
T cells but not by CD4*CD25%Foxp3* T cells (see Sup-
plemental Figure 2D online at www.gastrojournal.org).

Cytokine Production by LP Cells of
CD30LKO Mice With OXA-Induced Colitis

The spontaneous release levels of IFN-y, TNF-c,
IL-12p40, and IL-10 were significantly lower in
CD30LKO mice than in WT mice before and on day 4
after 0.8% OXA administration (Figure 24, *P < .05 or
**p < 01), but the levels of IL-18 and IL-6 were signif-
icantly higher in CD30L KO mice than in WT mice (*P <
.05 and **P < .01). The secretion of IL-4 and IL-13 were
significantly higher, but the levels of IL-10 and IFN-y
were significantly lower in naive and OXA-treated

-

3
"-
u>"
-
1721
22
@z
il
Z
=1
I




-Jisve

>
c
=
m
5
z
<
9

450 SUN ET AL

GASTROENTEROLOGY Vol. 134, No. 2

A B . =4 WT{*)ethanol - WI(*)sthano/OXA
-0~ CD30L--(+)elhanol -3 CD30L-/-(+)ethanolOXA
120 - , 120~ . I
im l_ e et :;: 1 _E:?f:
0+ N 4
§ 8 » gsooc ;
of L [
T 404 & 80 + <o
=1 Q- .
0 204 m * - X
60 v ey v
24 6 8 10
Day
» 16+ - WT .
- £ GD30L~
£ :
£ 124
g ;
§
g
-
(3]
8- : v
Ethanol Ethanol/lOXA
10 ‘mm WT
© v
o £ ¢D30L- *
Ethanol 9 &
o
® 69
°
2 4 .
S
» B 2
Ethanol/OXA | b j r}]
Ethanol Ethanol/OXA

Figure 1. Susceptibility of CD30L/~ mice to OXA-induced colitis. Survival rate (A) and welght loss (B) of mice after intrarectal administration of 1%
or 0.8% OXA, respectively. (C) Macroscopic changes of colons on day 2 after administration of 0.8% OXA. (D) Colon length measured on day 2 after
0.8% OXA administration. () Histologic analysis of the colons from mice on day 2 after 0.8% OXA administration (original magnification, X200). (F)
Histologic scores of the colons from ethanol- and OXA-treated WT and CD30L~/- mice. Data shown represent mean values * SD of 24 mice of each
group obtained from 3 independent experiments. Statistically significant differences from the value for OXA-treated WT mice are shown (*P < .05).

CD30LKO mice than WT mice upon stimulation with
anti-CD3/anti-CD28 mAbs (Figure 2B, *P < .05 or **P <
.01).

To identify T-cell populations producing IFN-v, IL-4,
or IL-10, we examined intracellular cytokine flow cytom-
etry analysis on LP T cells in OXA-induced colitis. CD4*
T cells were major producers of IL-4 and IL-10 (Figure 34
and 3C), whereas CD4~ T cells produced an appreciable
level of IFN-v in addition to CD4* T cells (Figure 3B).
The absolute numbers of IL-4*CD4* T cells were signif-
icantly higher in naive and OXA-treated CD30LKO mice
than in WT mice (Figure 34, *P < .05 or **P < .01). The
absolute numbers of IFN-y*CD4%" T cells and IL-
10*CD4* T cells were significantly lower in OXA-treated
CD30LKO mice compared with OXA-treated WT mice
(Figure 3B and C, **P < .01). We further characterized
these CD4* T cells in the LP of the colon in mice with
OXA-induced colitis. IFN-y was produced mainly by the

CD4*CD25~ T-cell population, whereas CD4*CD25* T
cells mainly produced IL-10. CD4*CD30L™ T cells pref-
erentially produced IEN-y and IL-10 (see Supplemental
Figure 2F and F online at www.gastrojournal.org).

In Vivo Treatment With Anti-IL-4 mAb
Ameliorates OXA-Induced Colitis in
CD30LKO Mice

To determine the involvement of elevated IL-4
in the pathogenesis of OXA-induced colitis in
CD30LKO mice, we examined the effect of in vivo
administration of anti-IL-4 mAb on OXA-induced co-
litis in CD30L KO mice. In vivo injection of more than
0.3 mg anti-IL-4 mAb significantly ameliorated OXA-
induced colitis in CD30LKO mice (Figure 44-C, *P <
.05 or *¥*P < .01). The levels of IL-10 and IFN-y were
significantly higher in anti-IL-4 mAb- and OXA-treated
CD30LKO mice than in control IgG- and OXA-treated
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CD30LKO mice upon stimulation with anti-CD3/anti-
CD28 mAbs, (Figure 4D, *P < .05 or **P < .01). IL-13
production was not affected in CD30LKO mice by
anti-IL-4 mAb treatment. Similarly, anti-IL-4 mAb
treatment ameliorated OXA-induced colitis in WT
mice (see Supplemental Figure 3 online at www.gas-
trojournal.org). Thus, these results suggest that IL-4 is
involved in the pathogenesis of OXA-induced colitis in
WT and CD30LKO mice.

In Vivo Treatment With Agonistic Anti-CD30

mAb Ameliorates OXA-Induced Colitis in

CD30LKO and WT Mice

To elucidate the roles of CD30L/CD30 signaling
in OXA-induced colitis, we examined the effect of in vivo
administration of agonistic anti-CD30 mAb (CD30.1)!#
on OXA-induced colitis in CD30L KO mice. Mice wete
injected IP with anti-CD30 mAb or control hamster IgG1
24 hours before 1% OXA administration for survival rate

or 0.8 % OXA treatment for weight loss. In vivo injection
of anti-CD30 mAb significantly protected against OXA-
induced colitis in CD30LKO mice as assessed by both
sutvival rate and weight loss (Figure 54, *P < .05 or **P
< .01). These results suggest that CD30 signaling is
important for controlling OXA-induced colitis. The se-
cretion of IL-4 and IL-13 were significantly lower, but the
levels of IL-10 and IFN-y were significantly higher in
anti-CD30 mAb- and OXA-treated CD30LKO mice than
in control antibody and OXA-treated CD30LKO mice
upon stimulation with anti-CD3/anti-CD28 mAbs (Fig-
ure 5B, *P < .05 or **P < .01). Thus, these results
suggest that stimulating reagent for CD30 signaling may
be useful to control OXA-induced colitis.

We further examined the effect of in vivo treatment
with agonistic anti-CD30 mAb on OXA-induced colitis in
WT mice. Although in vivo treatment with anti-CD30
mADb 1 day after 1.5% OXA administration did not affect
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Figure 3. Intracellular cytokine expression by LP T cells from OXA-treated CD30L~"~ mice. LP T cells from mice treated with 0.8% OXA 4 days
previously were cuftured with PMA plus ionomycin and analyzed for the expression of CD4 and IL-4 (4), IFN-y (B), or IL-10(C) by intracellular staining.
The absolute number of each subset was calculated by multiplying the total number of LP T cells by the percentage of each subset. Values of each
column and vertical bar indicate means = SD for 5 mice within each group. Representative data are shown from 3 independent experiments.

Statistically significant differences are shown (*P < .05 or **P < .01).

OXA-induced colitis, the treatment 1 day before or at the
same time as OXA administration significantly extended
the survival period and decreased weight loss of WT mice
with OXA-induced colitis (Figure 5C, **P < .01). Thus,
anti-CD30 mAb may be useful as a novel biologic therapy
for UC.

CD30LKO Mice Are Resistant to TNBS-
Induced Acute Colitis

TNBS-induced acute colitis is thought to be a
Th1 cell-mediated inflammation.!-1* To examine the
role of CD30L in development of TNBS-induced acute
colitis in mice, we next examined TNBS-induced acute
colitis with a Thl-like response in CD30LKO mice
with C57BL/6 background. The CD30L was expressed
mainly on a part of CD4* T cells from freshly isolated
LPL in naive C57BL/6 mice and mice treated with

TNBS 7 days previously (see Supplemental Figure 14
online at www.gastrojournal.org). The CD30 expres-
sion on CD4* T cells from LPL was detected only when
the LPLs were cultured in vitro and the level of CD30*
in CD4* cells were significantly increased in mice
with TNBS-induced colitis than naive mice (see Sup-
plemental Figure 1C online at www.gastrojournal.org,’
*p < .05).

As shown in Figure 6A and B, TNBS-induced acute
colitis was attenuated in CD30LKO mice as indicated by
survival rate and weight loss (*P < .05). Macroscopic
inspection showed a significantly longer colon in
CD30LKO mice than in WT mice on day 7 after TNBS
administration (Figure 6C, *P < .05). The histologic
score of the colon was significantly lower in CD30LKO
mice than in WT mice (Figure 6D, **P < .01).
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Figure 4. Effects of in vivo treatment with anti-IL-4 mAb on OXA-induced colitis. CD30L~~ mice were treated with indicated doses of anti-IL-4 or control
rat IgG at the time of colitis induction with OXA, The body weight {A) and macroscopic appearance of colons (B), colon length (C), or cytokine production
(D) on day 3 after OXA and 0.3 mg of anti-IL-4 mAb administration. Each column and vertical bar indicates means = SD for 6 mice of each group. Data of
a representative experiment are shown from 3 independent experiments. Statistically significant differences are shown (*P < .05 or P < .01).

To determine whether CD30 signaling is involved in
TNBS-induced acute colitis, we examined the effect of in
vivo administration of agonistic anti-CD30 mAb to
CD30LKO mice with TNBS-induced colitis. Anti-CD30
mADb aggravated TNBS-induced colitis in CD30LKO mice
as assessed by both survival rate and body weight (Figure
6E, *P < .05 or **P < .01). Thus, these results indicate
that CD30L/CD30 signaling is involved in development
of TNBS-induced acute colitis.

Cytokine Production by LP Cells of

CD30LKO Mice With TNBS-Induced Acute

Colitis

The levels of IFN-y, TNF-a, IL-18, IL-6, and IL-
12p40 production by LP cells without stimulation were
significantly lower but IL-10 secretion was higher in
CD30LKO mice than in WT mice on day 7 after TNBS
administration (Figure 74, * P < .05 or **P < .01). The
secretion of IL-4, IL-13, and IL-10 was significantly higher
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Figure 5. Effects of in vivo treatment with agonistic anti-CD30 mAb on OXA-induced colitis. (A) Anti-CD30 mAb (100 ug/head, clone CD30.1) or
hamster IgG1 was injected intraperitoneally into CD30L~/- mice on day 1 before 1% OXA administration, and then welght loss and survival rates were
monitored daily. (8) LP T cells of anti-CD30 mAb and 0.8% OXA-treated CD30L~/~ mice were cultured coating with or without anti-CD3/CD28 mAbs,
and cytokines secretion were assayed by ELISA on day 4 after OXA treated. {C) Anti-CD30 mAb or hamster IgG1 was injected intraperitoneally into
WT mice on day —1, day 0, or day 1 after 1.5% OXA treated, and weight loss and survival rates were monitored daily. Each column and vertical bar
indicates means *+ SD for 6-10 mice of each group obtained from a representative experiment in 3 independent experiments. Statistically significant
differences from control hamster IgG1- and OXA-ireated mice are shown (*P < .05 or P < .01).

but the level of IEN-y was significantly lower in TNBS- Discussion
treated CD30LKO mice than in TNBS-treated WT mice
upon stimulation with anti-CD3/CD28 mAbs (Figure 7B, In the present study, we found that OXA-induced

*P < 05 or P < .01). These results suggest that CD30L  colitis was exacerbated in CD30LKO mice, of which
signaling is involved in development of TNBS-induced ~ CD4" T cells in the LP of large intestine produced higher
acute colitis in association with Thl-like response. levels of Th2-type cytokines but less IFN-vy than those in
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WT mice. However, CD30LKO mice are resistant to
TNBS-induced colitis with impaired IFN-y production in
LP T cells of the colon. Thus, Thl-like immunity char-
acterized by IFN-y production was impaired, whereas
Th2-like immunity capable of producing IL-4 and IL-13
was enhanced in both murine experimentally induced
colitis models in CD30LKO mice. Stimulation with
CD30 signaling by agonistic anti-CD30 mAb increased
Th1-like response in the mucosa of colons and amelio-
rated the course of OXA-induced colitis but aggravated

TNBS-induced acute colitis in CD30LKO mice. These
results proved that CD30 signaling via CD30L played a
role in controlling colitis by deviating the balance of
Th1/Th2 to Th1 response in colon.

Th1 cells inhibit the proliferation of Th2 cells, and Th2
cells shut down IFN-y production by Th1 cells, indicat-
ing that Th1 and Th2 cells are mutually regulated 337
Therefore, it is most likely that the Thl response pro-
ducing IFN-y is selectively suppressed in the mucosa of
the colon of CD30LKO mice, resulting in the dominant
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Th2 responses. As a consequence, OXA-induced colitis
was exaggerated but TNBS-induced colitis was amelio-
rated in CD30LKO mice. CD30L is expressed on acti-
vated T cells irrespective of Th1 and Th2 types, macro-
phages, DC, and B cells.!®-?2 On the other hand, CD30
has been reported to be preferentially expressed by effec-
tor and memory Th cells but not by macrophage/DC or
B cells.?3-26 We showed here that CD30L was expressed
mainly by a part of freshly isolated CD4* T cells but not
apparently by B cells or DC/macrophages in the colon of
naive mice. Although CD30 expression was not detected
on freshly isolated CD4* T cells in the colon of naive
mice and mice with colitis, it was apparent after in vitro
culture with or without anti-CD3 mAb stimulation. It is
notable that the numbers of CD30% T cells in CD4*
population of the colon were significantly increased after
inducrion of colitis by OXA or TNBS. These results

suggest that CD30/CD30L signaling executed by CD30*
T cell to CD30L* T cell interaction may at least partly
responsible for Th responses in the colon.

It has recently been reported that both UC in humans
and OXA-induced colitis in mice are at least partly me-
diated by CD1d-restricted NKT cells producing IL-13.17:38
Furthermore, both Thl and Th2 pathways have been
implicated in the pathogenesis of OXA-induced colitis.>
We found in our study no difference in the number of
DX5*CD3* T cells in the LP of the colon between
CD30LKO and WT mice. The experiment with anti-IL-4
mADb treatment revealed the involvement of IL-4 in OXA-
colitis in CD30LKO and WT mice. CD30L/CD30 signal-
ing may be involved in the shift of CD4* Th1/Th2
balance to Thl type. Blazar et al have recently reported
that the homing of alloreactive CD4* T cells to the
gastrointestinal tract was inhibited in CD30LKO recipi-
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ents, leading to reduced mortality and lower weight loss
in graft vs host disease.*© CD30L/CD30 signaling is re-
ported to be involved in chemokine receptor expres-
sion.32#1 Therefore, it is also possible that migration of
CD4* Thi cells to the colon may be selectively impaired
in CD30LKO mice. Further experiments are required to
elucidate these possibilities.

Itis noted that IL-10 production by CD4*CD25*Foxp3~
T cells corresponding to T-regulatory typel (Trl) cells were
fewer in the LP of CD30LKO mice. T cells capable of
producing IL-10 in the intestine are termed T71 cells, which
are able to prevent the development of experimentally
induced colitis when transferred in vivo.#>-4* Therefore, it
is also speculated that CD30L/CD30 signaling plays a
role in induction of Tt1 cells producing IL-10, which may
contribute to attenuate the development of colitis. How-
ever, IL-10 production was impaired in CD30LKO mice
with OXA-induced colitis, whereas it was augmented in
CD30LKO mice with TNBS-induced colitis. Considering
all of the data, it appears that CD30L plays a critical role
in deviating CD30* Th cells to Thl cells in the colon,
which may regulate the development of both OXA-in-
duced and TNBS-induced acute colitis.

It is notable in our study that therapeutic application
of the agonistic anti-CD30 mAb ameliorated OXA-in-
duced colitis in WT mice. Furthermore, attenuation of
colitis induced by TNBS in CD30LKO mice suggests that
neutralizing anti-CD30 mAb is potentially useful for con-
trol of TNBS-induced colitis. Taken together, our study
suggests that Abs against CD30L/CD30 could be a novel
biologic therapy for IBD.

Supplementary Data

Note: To access the supplementary material accom-
panying this article, visit the online version of Gastroenterol-
ogy at www.gastrojournal.org, and at doi:10.1053/j.gastro.
2007.11.004.
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Supplementary Figure 1. Flow cytometry analysis of CD30L or CD30 expression on LP cells in the colon from naive and mice with colitis. (A)
CD30L expression on laminal propria (LP) cells in the large intestine from naive CD30LKO mice {negative control) and naive WT mice or mice with
colitis. Representative staining of various cell surface molecules on LP cells in the colon from mice before and on day 4 after OXA-administration or
day 7 after TNBS-treatment. The results are presented as typical profiles after an analysis gate had been set on lymphocyte cells. F4/80*CD11b*
and CD11c*MHC class II*, (B) CD3*. {C) LP cells of BALB/c or C57BL/6 mice before and after induction of colitis by 0.8% OXA or 3 mg TNBS were
obtained and cultured in 96-well plate stimulation with or without 10 pg/mL antl-CD3 mAb. These cells were collected after 24 hr cultured and then
analyzed by flow cytometry for CD30 expression with PE-CD30 and isotype control hamster IgG1. Values of each column and vertical bar indicate
means *+ SD for 5 mice within each group. Representative data are shown from 3 independent experiments. Statistically significant differences are

shown (*P < .05).
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Supplementary Figure 2. Flow cytometry analysis of LP cells in the large intestine from naive and OXA-treated CD30L~/~ mice. Representative
staining of various cell surface molecules on LP cells in the colon from mice before and on day 4 after 0.8% OXA administration, The resuilts are
presented as typical profiles after an analysis gate had been set on no gate {A), lymphocytes (B), CD3* cells (C), CD3*CD4+ cells (D) and
CD4*CD25* cells. Intracellular cytokine expression by LP T celis from OXA-treated WT mice or CD30L~/~ mice. LP T cells from naive or mice treated
with 0.8% OXA 4 days previously were cuitured with PMA plus ionomycin and analyzed for the expression of CD4, CD25, CD30L, and IFN-y (E) or
IL-10 {F) by intracellular staining. The absolute number of each subset was calculated by multiplying the total number of LP T celis by the percentage
of each subset. Values of each column and vertical bar indicate means = SD for & mice within each group. Representative data are shown from 3
independent experiments. Statistically significant differences are shown (P < .05 or *P < .01).
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Escherichia coli signal peptidase I (SPase I) is a membrane-bound serine endopepti-
dase that catalyses the cleavage of signal peptides from the pre-forms of membrane
or secretory proteins. Qur previous studies using chemical modification and site-
directed mutagenesis suggested that Trp®®® and Arg”, Arg®??, Arg®'® and Arg®® are
important for the proper and stable conformation of the active site of SPase L
Interestingly, many of these residues reside in the C-terminal region of the enzyme.
As a continuation of these studies, we investigated in the present study the effects of
mutations in the C-terminal region including amino acid residues at positions from
319 to 323 by deletions and site-directed mutagenesis. As a result, the deletion of the
C-terminal His®?*® was shown to scarcely affect the enzyme activity of SPase I,
whereas the deletion of Gly**-His**® or Ile®'%.His"** as well as the point mutation of
11e®*?? to alanine was shown to decrease significantly both the activity in vitro and
in vivo without a big gross conformational change in the enzyme. These results
suggest a significant contribution of 1e®?? to the construction and maintenance of
the proper and critical local conformation backing up the active site of SPase I

Key words: carboxyl-terminal residues, deletion, Escherichia coli, signal peptidase I,

site-directed mutagenesis.

Most membrane and secretory proteins in Escherichia coli
are synthesized in vivo as precursors that bear an
NH,-terminal signal (leader) peptide of 15-30 amino
acid residues. This signal sequence is involved in guiding
the protein into the targeting and translocating pathway
by interacting with the membrane and other components
of the cellular secretory machinery. The signal peptides
are removed by the action of signal peptidase I (leader
peptidase, SPase I) during or shortly after the protein
export (1-3). Following the discovery of E. coli SPase I1(4),
the enzyme was cloned (), sequenced (2), overexpressed
(6, 7), purified (2, 7, 8, 9) and enzymatically characterized
(7, 10) from a wild-type strain of E. coli. The substrate
specificity has also been investigated, indicating that
small, uncharged amino acids are usually present in the
substrates at the —1 and -3 positions from the site of
cleavage by SPase I (11). This enzyme is an integral
membrane endopeptidase that is typically anchored to the
membrane by amino-terminal transmembrane segments
(12, 13). The active site and the substrate recognition site
of the enzyme are in the carboxyl-terminal domain that
resides on the outer surface of the cytoplasmic membrane
(2, 14). Further, a soluble catalytically active SPase I
(A2-75 SPase I), which lacks the two amino-terminal
transmembrane segments (residues 1-22 and 62-75)
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tCorrespondence may also be addressed. Fax: +81 49 2978168,
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and the cytoplasmic domain (residues 23-61), was
produced (I5) and crystallized (16, 17). By using site-
directed mutangenesis and chemical modification meth-
ods (10, 18-20), the catalytic activity of SPase I was shown
to depend on the operation of a serine-lysine catalytic
dyad, whereby Ser®® serves as the nucleophile and Lys*®
serves as the general base in the catalytic mechanism. The
Ser-Lys catalytic dyad structure of SPase I has been
recently confirmed by elucidation of the three-dimensional
structure of the enzyme in complex with a B-lactam
inhibitor (3, 16). Results of the enzymatic characteriza-
tion, site-directed mutagenesis, chemical modification and
three-dimensional structure study indicated that E. coli
SPase I belongs to a novel class of serine protenases
(7, 18-23) that utilize a Ser-Lys catalytic dyad mechanism
as opposed to the more common Ser-His—Asp catalytic
triad mechanism in the cleavage reaction (3).

In our previous studies, we investigated the roles of the
tryptophan and arginine residues in the activity of SPase I
using chemical modification and site-directed mutagen-
esis (7, 22, 24). The results indicated that Trp®’® and some
(Arg™, Arg??% Arg®® and Arg®'®) of the arginine residues
are important for the activity. However, these residues are
located fairly apart from the active site and are not
directly involved in the catalytic machinery (17), although
the P7 residue of a substrate was reported to come in close
proximity to the Trp®°® by a modelling study (17). They
were thus assumed to be important to maintain the active
conformation of the enzyme. Interestingly, many of these
residues reside in the C-terminal region of the enzyme.

© 2007 The Japanese Biochemical Society.
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As a continuation of these studies, we investigated
in the present study the effects of mutations in the
C-terminal region including amino acid residues at
positions from 319 to 323, which sits behind the active
site region (17) by deletions and site-directed mutagen-
esis. The results thus obtained strongly suggest that I1e%22
is also important for maintaining the proper and critical
local conformation of the structure backing up the active
gite of SPase I.

MATERIALS AND METHODS

Bacterial Strains, Expression Plasmids, and Other
Materials—Escherichia coli strain MV1190 was used as
a host for the expression vector pT7-7 as well as for
the overproduction of the wild-type and mutant proteins.
The pT7-7 plasmid that has the T7 promoter and the
M13 phage mGP1-2 plasmid carrying the T7 polymerase
gene were obtained by Dr S. Tabor (25). The plasmid
pT'7-7/lep was used for overproduction of SPase I in E. coli
MV1190 as described previously (7). Escherichia coli
strain IT41 encoding a chromosomal temperature-
sensitive SPase I was a gift from Dr Y. Nakamura (26).
Restriction endonucleases, DNA amplification reagents
and Tag DNA polymerase were purchased from Toyobo
(Tokyo, Japan) and the T4 DNA ligation kit was obtained
from Takara (Kyoto, Japan). The reagents for DNA
sequencing were from GE Healthcare (Foster city, CA,
USA). All other reagents used were of analytical grade
and obtained from Wako Pure Chem. Industries (Osaka,
Japan).

Mutagenesis and Enzyme Purification—DNA manipu-
lations were carried out as described by Sambrook et al.
(27). Mutagenesis was performed according to the proce-
dure of Kunkel (28). Mutations were confirmed by DNA
sequencing. Each of the mutated genes was inserted back
into the corresponding protein gene of the pT7-7/lep
expression vector (7). The mutant enzymes were
expressed and purified as described previously (7, 22).

In Vitro and In Vivo SPase I Activity Assay—To
determine the enzymatic activity of the mutant enzymes
in vitro, we used the chemically synthesized peptide
substrate (FSASALAKI) corresponding to part of the
maltose-binding protein precursor containing the cleavage
site (A/K) by SPase 1. In the routine assay, a 10l aliquot
of each enzyme was added to 40ul of substrate at a final
concentration of 0.4mM in 25mM sodium phosphate
buffer, pH 7.7. The reaction was allowed to proceed at
37°C for 30 min, and stopped by the addition of 50l of
0.1% trifluoroacetic acid, and the reaction mixture was
subsequently analysed by HPLC using a Cig column as
described previously (7). The activity of SPase I in vivo
was determined using the temperature-sensitive E. coli
SPase I strain IT41 (26). Measurement of SPase I activity
in vivo was performed as described previously (22).

Kinetic Study—XKinetic parameters (kca, K and kegt/
K,) for the synthetic substrate (FSASALA/KI) were
determined as described previously (22). The reaction
was initiated by the addition of each mutant enzyme to a
substrate solution containing 25mM sodium phosphate
buffer, pH 7.7. The reactions were carried out at 87°C
at six or more different initial substrate concentrations

Y.-T. Kim et al.

(0.04-0.8 mM). The enzyme concentration used in kinetic
experiments was 1.69 uM.

Determination of Thermostability—To test the thermo-
stability, the wild-type and mutant enzymes in 10mM
potassium phosphate buffer, pH 7.0, containing 0.1%
Lubrol PX, 10% glycerol and 35 mM NaCl were incubated
at the indicated temperatures for 1h. Remaining activities
were measured by mixing 10pl of each heat-treated
enzyme with 40pl of the synthetic substrate solution.
The reaction was allowed to proceed at 37°C for 30 min
and was stopped by the addition of 50ul of 0.1%
trifluoroacetic acid. Then the reaction mixture was
analysed by HPLC as described previously (7).

Circular Dichroism Spectroscopy—The circular dichro-
ism (CD) spectra of the wild-type enzyme and its mutants

-were recorded at a protein concentration of 2.0uM in

25 mM sodium phosphate buffer, pH 7.7, containing 0.1%
Lubrol PX and 10% glycerol with a Jasco J-720 spectro-
polarimeter at room temperature using the water-jacketed
quartz cell with a light path of 1 mm. The sample solutions
were prepared by appropriately diluting the solutions of
the enzyme with 25 mM sodium phosphate buffer, pH 7.7,
just before measurement. For all measurements, 1.0nm
bandwidth and 1.0s time constant were used, and 32
scans were repeated from 200 to 250 nm at the speed of
50nm/min with 0.1nm/point resolution. The protein
concentrations of the mutants used for CD spectroscopy
were determined by amino acid analysis after acid
hydrolysis.

Alignment of the Amino Acid Sequences of SPases I—
The amino acid sequences of SPases I from various
bacteria were aligned using the program ClustalW (29).

RESULTS AND DISCUSSION

To investigate the roles of the C-terminal region in E. coli
SPase I, we constructed three C-terminally truncated
mutants and two kinds of site-directed mutants: SPC1
(A323), SPC3 (A321-323), SPC5 (A319-323), 1322A and
I319A. All mutants were expressed in E. coli MV1190
successfully and were purified to homogeneity. Figure 1
shows that the protein expression efficiency of the
mutants in E. coli MV1190 was similar to that of the
wild-type enzyme. All the expressed mutants were
purified by successive column chromatographic proce-
dures using DEAE-cellulose, Mono P and Sephadex G-75
as described previously (7). All the purified mutant
enzymes were homogeneous, giving a single band on
SDS-PAGE at the position corresponding to an apparent
molecular mass of 37 kDa, identical with that of the wild-
type enzyme (Fig. 1B). In each case, the mutant enzyme
was produced in the amount of 0.2-1.5mg per 11 of the LB
broth (Table 1).

The enzymatic activities of the mutant enzymes were
determined using a synthetic substrate (FSASALA/KI)
(Table 1). The mutant enzyme SPC1 (A323) retained full
catalytic activity. In contrast, SPC3 (A321-323) and SPC5
(A319-323) exhibited activities that were only about 12%
and 4%, respectively, of that of the wild-type enzyme.
Furthermore, the replacement of Ile%%? or I1e®® with
alanine also significantly decreased the specific activities.
Especially, the mutation of Ile®?? to alanine resulted in
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84% loss of activity. We also measured the activity of all
mutant enzymes using the in vivo assay (Table 1). In this
assay, the three mutants, SPC3, SPC5 and I322A, were
shown to have practically no activity, whereas I319A
retained the activity. These results indicate that I1e®* is
somehow important for the enzyme activity but that He3*®
is not so important as Tle®?2,

The kinetic parameters (kcat, K and ke./Kp,) of the
wild-type and all mutant enzymes were determined by the
in vitro assay using the synthetic substrate described
above (Table 2). The k. and E../K., values decreased
roughly in parallel with the relative activities by muta-
tion, but it is notable that the K,, values of SPC3
and I322A were elevated by 1.6-fold and 2.3-fold, respec-
tively, as compared with that of the wild-type enzyme.

A wr {;_4 3 &is y/d RIGGmi
2
$6%1 L] (3) [x) 7 m;:;
(A?i!q'cag.") Lt 9 a /A »:fg
355, & L ————
B19A [ (3] (] /-
11224 (€ 5] k) -]
B O
E & 6 4 ¥ 8

{K)
92.5
66.2

450

21.5

144

Fig. 1. Schematic diagram and SDS-PAGE of the SPase I
mutants. (A) A schematic view of the deletion and point
mutations in E. coli SPase 1. Two active sites (S°° and K#°) are
also shown. (B) SDS-PAGE of the mutant enzymes performed
on a 12.5% polyacrylamide gel under reducing conditions
followed by the Coomassie brilliant blue staining, MW, molec-
ular weight markers.

Table 1. Enzymatic activities of SPase I mutants.
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These results suggest that the deletion or mutation to
Ala of 11632 significantly reduces not only the catalytic
efficiency but also the substrate-binding affinity of the
enzyme. As compared with the wild-type enzyme, 1322A
showed a lower k., value and a higher K, value, whereas
SPC5 had a lower kg, value, but a similar K, value. The
reason for this difference is not clear at present; the
deletion of the C-terminal five-residue peptide (IGGIH)
might somehow favour the substrate binding as compared
with SPC3 and 1322A. It is tempting to assume that the
newly formed C-terminal carboxyl group of Arg®'® might
effectively interact with some other residue in the enzyme.

Far-UV CD spectrum was measured to compare the
secondary structures of the SPase I mutants with the
wild-type enzyme. As shown in Fig. 2, the CD spectra of
the mutant enzymes were roughly similar to that of the
wild-type enzyme. These results indicated that no gross
misfolding or changes in the secondary structure of the
enzymes occurred through the mutations. Figure 3 shows
the thermostability profiles of the mutant enzymes. After
the enzymes were incubated in 25 mM sodium phosphate
buffer, pH 7.7, at various temperatures for 60 min, the
remaining activities were assayed. The thermostability
was significantly decreased for all the mutants except
SPC3. Especially notable is the decrease in thermostabil-
ity of 1322A; the T\, value of I322A was about 5°C lower
than that of the wild-type enzyme. This suggests that
He??? is important for the conformational stability of the
enzyme. SPC3 was apparently more thermostable than
the wild-type enzyme; the reason for this result is not
certain at present.

Table 2. Kinetic parameters for SPase I mutants.

Enzyme keat Em keat/ K
) (mM) {h—! mM-1)
Wild-type 86.4 0.52 166.2
SPC1 56.6 0.56 101.1
SPC3 20.0 0.83 24.1
SPC5 5.3 0.65 8.2
1322A 26.2 1.20 21.9
1319A 47.1 0.60 78.4

The initial rates were determined at 37°C in 25mM sodium
phosphate, pH 7.7. The concentration of the synthetic peptide
(FSASALA/KI) was varied in the range of 0.04-0.8 mM. The kinetic
data were analysed by double-reciprocal plots.

Enzyme Mutation Relative enzyme In vitro assay In vivo assay
site amount produced
Specific activity Relative activity Cell viability
(units/mg) (%)

Wild-type 1.00 12,800+ 130 1001 Yes
SPC1 A323 0.95 11,263 +450 87+4 Yes
SPC3 A321-323 0.15 1,574+ 330 12+3 No
SPC5 A319-323 0.25 550640 415 No
1322A Te3** -5 Ala 0.97 2,048 + 150 161 No
1319A Ie3® 5 Ala 0.90 6,244 £900 4947 Yes

The activities were determined by measuring the initial rates of the substrate hydrolysis. One unit is defined as the activity hydrolysing I pmol
synthetic peptide/min. The relative activity in the in vivo assay was estimated from the increase in absorbance at 600 nm of E. coli IT41/pGP1-2
encoding each mutant enzyme relative to that encoding the wild-type enzyme. Values are means=£SD, generally based on at least five
independent determinations (n>5).
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Fig. 2. Far-UV CD spectra of the SPase I mutants. The CD
spectra of the wild-type enzyme and its mutants were recorded
at a protein concentration of 2.0 uM in 25 mM sodium phosphate
buffer, pH 7.7, containing 0.1% Lubral PX and 10% glycerol
with a Jasco J-720 spectropolarimeter at room temperature
using the waterjacketed quartz cell with a light path of 1mm.
The sample sclutions were prepared by appropriately diluting
the solutions of the enzyme with 25mM sodium phosphate
buffer, pH 7.7, just before measurement. For all measurements,
1.0nm bandwidth and 1.0s time constant were used, and 32
scans were repeated from 200 to 250nm at the speed of 50 nm/
min with 0.1nm/point resolution. The protein concentrations of
the mutants used for CD spectroscopy were determined by
amino acid analysis after acid hydrolysis.

In the three-dimensional structure (Fig. 4) (17), Ile3%? is
suggested to interact with the side chain of Leu®. The
distance between the Cy? atom of 11e**? and the C5% atom
of Leu® is 3.68 A. The side chain of Leu®® can also interact
with that of Met®* neighbouring to the catalytic Ser®®. The
distance between Cp atoms of Leu® and Met™ is 3.97 A
Therefore, the lack of the interaction with Leu® due to
the mutation of I1e®* may cause a local conformational
change of the catalytic Ser®® through the reorientation of
Met®?, On the other hand, the side chain of Ile®®
protrudes outside the enzyme molecule and does not
interact with any group near the active site (Fig. 4). Thus,
the mutation of Ile®'® may cause less effect on the local
conformation near the active site of the SPase I and hence
its enzymatic activity (Table 1).

Figure 5 shows an alignment of the 14-residue amino
acid sequences in the C-terminal regions of the 57
proteobacteria SPases I thus far available which corre-
spond to the C-terminal 14-residue sequence of E. coli
SPase 1. As is clear from this figure, the residue 11e3%2 of
E. coli SPase I is well conserved in many proteobacteria
except that it is partially replaced with bulky hydrophobic
amino acids such as Phe, Leu, Val and Trp. Furthermore,
this homology appears to extend to other bacteria (data
not shown). On the other hand, the residue I1e%'° of E. coli
is less conserved than Tle®®? and even partially replaced
with non-hydrophobic amino acids. These results are
thus consistent with the supposition obtained above.
Incidentally, it may be worthy of note that the residue
Arg®®® of E. coli SPase I, which was previously deduced
to be one of the few important Arg residues in the
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Fig. 3. Thermostability of the SPase I mutants. The wild-
type and mutant enzymes in 10 mM potassium phosphate, pH
7.0, containing 0.1% Lubrol PX, 10% glycerol and 35mM NaCl
were incubated at the indicated temperatures for 1h. Remaining
activities were measured by mixing 10pul of each heat-treated
enzyme with 40pul of the synthetic substrate solution. The
reaction was allowed to proceed at 37°C for 30min and
was stopped by the addition of 50ul of 0.1% trifluoroacetic
acid. Then the reaction mixture was analysed by HPLC as
described previously (7). Wild-type (solid circle); SPCI (open
circle); SPC3 (open triangle); SPC5 (open square); I319A (solid
square); I322A (solid triangle).

Fig. 4. Schematic representation of the backbone con-
formation of SPase I The side chains of Ile®’® and Ile®*?
(black), and Ser®® and Leu®® (grey) are drawn by the ball-
and-stick model. The structure was presented from the PDB
atomic coordinates 1B12 (16) with a slight modification using
the program MolScript (30).

enzyme (24), is also highly conserved in the SPases I of
other bacteria (Fig. 5).

1122 (this study), Trp®%° (22) and some Arg residues
including Arg®'® (24) are located fairly apart from the
active site of SPase I and are not directly involved in the
catalytic machinery. Their mutations, however, resulted
in a great loss of enzymatic activity, indicating that

J. Biochem.
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Escherichia coli (NP_417063) WPTGLRLSRIGGIH
Shigella flexneri (NP_708420) WPTGVRLSRIGGIH
Salmonella enterica (NP_A57111) WPTGVRLSRIGGIH
Yersinia pestis (NP_406234) WPTGVRLSRIGGIH
Yersinia enterocolitice (AAQ11415) WPTGVRLSRIGGIH
Erwinia carotovora (YP_051368) WPTGVRLSRIGGIH
Photorhabdus luminescens (NP_930561) WPTGVRFSRIGGIN
Vibrio cholerge (NP_232091) IPTGVRFNRVGGIH
Vibrio parahaemolyticus (NP_798952) IPTGVRFNRIGGIH
Vibrio wlnificus (NP_760461) IPTGVRFNRIGGIH
Buchnera aphidicola (NP.240083) WPTGIRINRIGSTH
Buchnera gphidicola (NP_660598) WPTGIRIKRIGNLY
Buchnera-ophidicola (NP.777862) WPTGIQFDRIGNIY
Candidatus Blochmannia florida (NP.878820) WPTGIKLDRIGMLK
Haemophilus influenzae (ZP_O0157522) PTGFRFERFFTAIK
Haemophilus influenzae (NP_438188) PTGFRFERFFTAIK
Haemophilus influenzae (ZP_00154746) PTGFRFDRFFTAIK
Haemophilus somnus (IP_00133139) PKGIRFSRMFYSIK
Actinobacillus pleurcpneumo (ZP.00134799)  PSGLRFDRMFTSIN
Pseudomonas aeruginosa (KP.249459) MSNLPNFSRVGVIH
Pseudomonas fluorescens (P26844) LSHLPNFSRVGLIK
Burikholderia pseudomallei (YP.109922) WNFSDLKRIGSFN
Ralstonia solanacearum (NP_.519182) WMNLGOWKRIGSFH
Azoarcus (YP_160177) WENFSOMKRIGGFH
8ordetella bronchiseptica (NP_890282) WMNFSDLSRIGRFH
Bordetella parapertussis (NP_885463) WMNFSDLSRIGRFH
Bordetella pertussis (RP_881060) WMNFSDLSRIGRFH
Nitrosomonas europaea (NP.842323) WNFNDLSRIGTLIK
Acinetobacter (YP_047167) GFKIPSFNRNGTID

Fig. 5. Alignment of the C-terminal 14-residue sequence of is given in
E. coli SPase I with the corresponding sequences of ing to Ile

SPases 1 from other proteobacteria. The accession number

certain amino acid residues away from the active site
may contribute significantly to the active conformation,
hence the activity of the enzyme. These results thus
constitute an example of the impact of non-active site
mutation in enzyme. Similar results may be obtained
with other enzymes. Indeed, non-active site amino acid
substitutions were reported to be the major factors lead-
ing to the decreases in inhibitor binding to the HIV-1
protease (31).
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