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Figure 2. ERpdd Specifically Interacts with 1P,A1 in a Cendition-Dependent Manner

(A} Schematic representation of recombinant proteins,
(B3] ERp44 directly interacts with 1L3V In acidic bufler, Purified GST (fanes

MBP {lanes 1 and 3) or MBP-ERp44 (fanes 2 and 4) in acidic solution (pH 5.2} containing 4 mM Ca®' and then precipitated w
Precipitated proteins were subjected to Western blotting with 6-GS5T of a-

1 and 2 or GST-1L3V {anes 3 and 4) w.as inculated with purified
vith GEH-Sepharose.

MBP,

{C) ERp44 directly interacts with 1L3V in the presence of DTT and EGTA in neutral buffer. To obtain untagged ERp4a4, purified GST-ERp44
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region of ERp44 by lusing the {ull-length (without the
signal sequence) or subfragments of ERp44 to MBP and
testing their interactions with GST-11.3V in the presence
ot DTT at neutral pH. Wild-type MBP-ERp44 and MBP-
ERp44 (the C-terminal hal) strongly interacted with
GST-1L3V (Figure 2J, lanes 2 and 3, respectively), indi-
cating that THD is not required for the interaction. MBP-
ERp44c, which contains a highly conserved glutamate-
rich region but is devoid of the histidine-rich region, also
bound to GST-1L3V, albeit somewhat weakly (Figure 2J,
lane §), whereas other rmutants tested did not (Figure 24,
lanes §-8). These resuits indicate amino acid residues
23G-285 of ERp44 to be necessary and sufficient for
binding to 1L3V. The primary sequence of this region
has no similarities to any seguences in the database
but is well conserved among species (Supplemental Fig-
ure S3 on the Celf website}.

Finally, MBP-ERp44 interacted with GST 1L3V, but
not with GST-2L3V or GST-3L3V {Figure 2K}, which is
consistent with the results of the initial screening with
L.3V-Fc and the IP experiment (Figures 1C and 1F, re-
spectively). Based on all of the above findings, it was
concluded that ERpd4 directly interacts with the L3V
domain of IP;R1 in a subtype-specific and ER lumenal
environment-dependent manner. '

Expression of ERp44 Inhibits HCR via IP;R{

To explore the functional consequences of ERp44 bind-
ing to IP;RT, we performed Ga*t-imaging experiments
with the fluorescent Ca®* indicator fura-2. First, we
tested Hela cells, approximately half ot whose IP;Rs
are 1PyR1 (Hattori et al,, 2004). Red fluorescent protein
(RFP})-tagged ERp44 (RFP-ERp44) or AFP with an ER
retention signat (RFP-RDEL, negative control} was then
expressed in Hela cells, and the cells were stimulated
with ATP in Ca?*-free medium, In nonexpressing cells,
ATP {3 pM) typically caused a single Ca™ transient,
occasionally with small oscillations (Figure 3A, black
trace), and the response of the cells expressing RFP-
RDEL was indistinguishable from that of the nonex-

pressing cells (Figure 3A, red trace). Cells expressing
RFP-ERpP44, on the other hand, typically exhibited signif-
icantly smaller Ca?* transients (Figure 3B, red trace),
and the average peak amplitude in celis exprossing RFP-
ERp44 was significantly smalier {63.3% + 1.8%, p <
0.05) than that in the nonexpressing celis {Figure SC).
The ditference was not due 1o a decrease in releasable
Ca** in the £R because the amount of the passive Ca’
leakage elicited by Tg was unchanged {Figures 3D and
3E). Also, IP, production was not influenced by overex-
pression of ERpd4 (data not shown).

Next, we tested the effect of ERp44 overexpression
in COS-7 cells because they are known to express no
1P;R1 {Boehning and Joseph, 2000; Hattori et al., 2004),
Stimulation of cells expressing RFP-RDEL with 1 pM
ATP typically elicited a single Ca** transient (Figure 3F),
while expression of RFP-ERp44 had no effect on the
pattern or amplitude of the transient (Figures 3G and
3H). Ne effect of RFP-ERp44 expression was ohserved
when cells were stimulated with lower ATP concentra-
tions (0.3 wM) {data not shown).

The above results suggest that ERp44 inhibits 1P,R1
but does not inhibit IP.A2 or IP;R3. To further confirm
this, we needed 1o compare cells that express IP;R1
only to thoseé expressing no IP;R1. This was achieved
by employing BT40-KMNGQ and DT40-1KO cells, both
of which were derived from the same parent cell line,
CT40 cells. The DT40-KMNED cell line was established
by stably transfecting the mouse 1P;R1 gene on a back-
ground of IP;R-deficient DT40 cells {DT40-TKO, Suga-
wara et al., 1997). DT40-1KO cells express IP;R2 and
IP;A3, but not IP,A1 (Sugawara etal., 1897}, Crosslinking
of the B cell antigen'receptor {BCR) activates PLGC-y,
which results in production of IP; in DT40 cells, The
peak amplitude of BCR-induced Ca™ release in DT40-
KMNGBO cells expressing RFP-RDEL was approximately
the same {96% = 2.9%)} as in nonexpressing cells (Figure
3K), but it was significantly smaller in DT40-KMN60 cells
expressing RFP-ERp44 (60.6% * 9.6%, Figures 31 and
3K}. There was no reduction in Tg-induced Ca?* leakage

was cleaved by thrombin and the GST released then was removed by incubiation with GSH-Sepharose. This ERp44 protein was Incubated
with GST-1L3V in neutral solution {pH 7.5} containing 5 mM EGTA in the presence or absence of 3 mM DTT, The Inputs and bead bound
proteins were resolved with SDS-PAGE under nonreducing conditions and analyzed by Westem blotting with «-ERp44 {top and middie} or
a-GST {botton),

(D} Purified GST-1L3V (lane 1) and its cysteine mutanis, C24565 (lane 2), C25045 (lane 3), C25275 (lane 4), and 303 (C24965/025045/C25275,
iane 5), were incubated with ERpd4 {as prepared in [C)) in the presence of 3 mM DTT and 5 mM EGTA. Proteins were then precipitated with
G8H-Sepharose and subjected to Westem blotting with «-ERp44 (middie) or a-GST {bottom). The amount of ERpd4 added 1o the binding
reaction is shown at the top. The histogram depicts densitometric analyses from five independent experiments.

(E) Ca*' dependency of the interaction between 1L3V with ERp44. A binding assay was performed with 3 mM DTT in the presence of EGTA
orthe Ca** concentration indicated. Proteins bound to GSH-Sepharose were subjected to Western blotting with a-MBP (top) or «~GST (potiom},
(F) tn vivo Interaction between IP,R1 and ERp44 is enhanced under redlucing conditions. COS-7 cells expressing GFP-IP,R1 and HA-ERpa4
were frealed with § mM DTT for 30 min {+) or not { -}, then treated with D8P, and [P was performed. The lysales and IP samples were analyzed
by Western blotting with o-GFP {top and middie) or a-HA (bottom),

{G and H) In vivo interaction between IP,R1 and ERpM is enhanced atier ER Ca®’ depletion. COS$-7 cells expressing GFP-IP.R1 and HA-
ERp44 were stimulated with 10 uM ATP (4} or not (~) for 5 min (3}, or 2 xM Tg (+) or not {-) for 30 min (H), treated with DSP, and finalty IP
was performed. The lysates and IP saimples were anzlyzed by Western blotting with «-GFP or a-HA.

{1) Schematic representation of ERp44 and its mutants,

{J} Amino acid residues 236-285 of ERpA4 are responsible for interaction with 1L3V. GST-1L3V was incubated with MBP {lane 1) or MBP
fusion protsins containing subfragments of ERp44 {lanes 2-8). Binding assay was parformed as in (E). The “control” MBP protein lane 1} is
in fact MBP plus 94 unrelated aming acids derived from Hie vector [DMAL-C) sequence and its molecular weight is thus larger than those of
some ERp44-tusion proteins.

K] ERp44 specifically interacts with the L3V of 1P,R1, but not that of IP,R2 or |P4R3, Purified GST {lane 1), GST-1L3V {lane 2), GST-2L3V fane
3), or GST-3L3V (jane 4) was incubated with MBP-ERp44 in neutral solution {pH 7.5) containing EGTA and DTT Proteins bound 1o GSH-
Sepharosa were subjecied 16 Waestern blotting with o-MBP flop and middie] or a-GST (botiom).
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ERp44 Inhibits IP,R1 from ER Lumen

in these cels {Figures 3L and 3M), In DT40-1KO celis,
on the other hand, expression of RFP-ERp44 had little
effect on the peak amplitude (Figures 3J and 3K). These
results indicate that ERp44 inhibits IP;R1, but not IP,R2
or IP,R3, '

IPsRs have a ¢ritical function in BCR-induced apopto-
sis in DT40 celis (Sugawara et al., 1997). We found that
expression of REP-ERp44, but not RFP-RDEL, signifi-
cantly inhibited apoptosis in DT40-KMN&0 cells (Figures
3N and 30}, but no such effect was observed in DT40-
1KO cells (Figure 30), implying that inhibition of IP,R1
by ERp44 affects cell functions, such as apoptos's.

Specific Knockdown of ERp44 Resuits
in Augmentation of IiCR via IP,R1
Next, we used the ANA interference technique toinvesti-
gate the role of endogenous ERp44 by testing two difter-
ent small interfering RNA {SIRNA) sequences targeted
to the open reading frame (SiERp44-0RAF) and the
3'-untransiated region (SIERp44-3U), respectively, of
human ERp44. To provide negative contrals, we intro-
duced three-point mutations in these sIRNAs {siControl-
ORF or siControl-3U, respectively). Westérn analysis re-
vealed both siERp44-ORF and siERp44-3t to efficiently
and specifically “knock down” ERpd4 in Heba and
COSB-7 cells (Figure 4A). Unfortunately, however, none
of the siRNAs targeted to chicken ERp44 decreased the
amount of ERp44 in DT40 cells {data not shown). In
Hela cells, knockdown of ERp44 neither affected the
expression of other ER oxidoreductases nor induced
unfolded protein response within 48 hr (Supplemental
Figure 85 online). : : :
SiANA-transfected Hel.a cells were stimulated with 1,
3, and 10 pM ATP. Stimutation with 1 pM ATP rarety
{4.0% = 0.3% of all cells} evoked discernible Ca?* sig-
nals in siControl-3U-transfected cells (Figures 4B and
4C, black trace and bar), whereas approximately five
times the number (20.1% * 2.5%) of siERP44-3U-trans-
fected cells responded ({Figures 4B and 4C, red trace
and bar). Subsequent stimulation with 3 pM ATP elicited
IICR in 46.9% = 1.6% of the control cells and 80.3% *
1.2% of the cells transfected with siERp44-3U (Figures
4B and 4C), whereas most of the cells in both prepara-
tions responded when stimulated with 10 .M ATP (Fig-
ure 4C). The average peak amplitude was higher in

SiERp44-3U-transfected cells than in the siControl-3U-
transfected cells at all ATP concentrations {Figure 4D).
These ERp44 knockdown effects were confirmed to be
specific by transfecting the cells with RFP-ERp44 {“res-
cue” experiments, Supplemental Figure S4). Knock-
down ot ERp44 had no effect on the Ca®* leakage in-
duced by Tg {(data not shown).

We then performed the same experiments in COS-7
cells, Since COS-7 cells do not express IF,R1, we pre-
dicted that knockdown of ERp44 would have no effect
on {iCR in this cell line, and the results confirmed our
prediction {Figures 4E-4G). These findings indicate that
ERp44 specifically inhibits IP,R1.

Cysteine Residues in the L3V Domain Are Impertant
for inhibition of IP,RT Activity by ERp44

Next, we investigated the significance of the cysteine
residue(s) in 1L3V in terms of the inhibition of iP,R1 by
ERp44. We first investigated whether mutations of these
residues in full-length {and GFP-tagged) IP,A1 affected
IICR activity (Figure 5A). When Cys2527, whichis located
adjacent to the channe! pore region, was mutated, chan-
nel activity was completely lost {Figure 5A), and this
mutant was riot used any further. Mutations in Cys2496
and Cys2504, however, had no effect on channel activity
{Figure SA). Interaction between these IP,R1 mutants
and ERp44 was significantly decreased (Figure 5B}, can-
sistent with the results obtained with recombinant pro-
teins {Figure 2D). The IP;R1 mutant was cotransfected
into DT40-TKO cells with either RFP-RDEL or RFP-
ERp44, and a Ca?*-imaging experiment was performed.
HCR via GFP-IPR1 {i.e., wild-type) was suppressed by
coexpression with RFP-ERp44, but not with RFP-RDEL
{Figures 8C and 5F). Surprisingly, this inhibition by
ERp44 was almost completely abofished by substitution
of the Cys2496 or Cys2504 of GFP-IP,R1 (Figures 5D and
SE, respectively, and Figure 5F). These results clearly
demonstrated that the presence of free thiol groups
in the L3V domain is important for inhibition of PR
by ERp44.

ERp44 Inactivates Channel Activity of IP,R1

in Lipid-Bilayer System

To unambiguously demonstrate that ERp44 inhibits
tPsR1, we performed single-channel current recording

Figure 3. Expression of ERpd4 Inhibits ICR in Hel.a and DT40-KMNGO Gells, but Not in COS-7 or DT40-1KO Cells

{A and B) ERp44 Inhibits IICR In Hela celis. Cells transfected with either REP-RDEL {A) or RFP-ERp44 (B} were stimutated with 2 uM ATP,
Representative Ca®* responses In nonexprassing {btack) and expressing cells (red} are shown, :

[C) Quantitation of resufts in (A} and (B). Normalized responses were calcufated with the averaged peak amplitude of nonexpressing cells set
equal te 100%. p < 0.05 compared to RFP-RDEL (Student's 1 test).

{0} The Ca*' storage capacity is unchanged in Hela cells expressing RFP-ERp44, Cells were stimulated with 1 M Tg, and representative
Ca®' responses in nonexpressing (black) and expressing cells {red) are shown.

{E) Quantitation of the results in {D),

{F-H} ERp4d does not affect ICA in COS5-7 cells. Cells transfected with either RFP-RDEL {F} or RFP-ERp4d {G] were stimulated with 1 uM
ATP. Representative Ca?' responses in nonexpressing (black) and expressing cells [red) are shown,

{H} Quantitation of results shown in (F} and {G).

'(I-KJ ERp44 inhibits ICA in DT40-KMNB0 but not in DTA0-1KQ celis. Cells were stimulated with 2 11g/mi anti-IgM. Representative Ca'' responses
in nonexpressing fblack) and expressing cells {red) are shown, and their quantitations are shown in (K.

{L and M) ERp44 dues not atect Ca®* storage capacity in DT30-KMNSO cells. Ca?* responses in nonexpressing {black) and expressing cells
{red} and their quantitations are shown in (M). '

{N and O} ERpd4 inhibits BCR-induced apoptosis in DT40-KMNGS0 cefis, but not in DT46-1KO cells. Cells were treated with anti-igM {2 pg/mY)
for 24 be and apoptosis was assessed by TUNEL assay. Data are TUNEL-positive cells as a percentage of all celis expressing RFP-RDEL
{gray) er RFP-ERp44 (red) from two independent experiments, p < 0,002 compared with RFP-RDEL {Student’s 1 test).
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Figure 4. Knockdown of ERp44 Augments ICR in Hela Cells, but Not in COS-7 Cells

{A} Knockdown of ERp44 in Heia and COS-7 cells. Toe lysates of HelLa {feft] and COS-T cells {right) transfected with the $iRNA indicated

were analyzed by Western blotling with the antibodies indicated.

(B} Knockdown of Efpd4 augments HCR in Hela cells. Cells were stimulated with 1, 3, and 10 uM ATP in the presence of extraceliular Ca®',
Representative Ca®* responses in siControl-3U-transfected {black) or SIERp44-3U-transfected cells {red} are shown.
{C} Percentages of Hela cells transfec:ed with siControl-3U (gray} or $IERp44.3U [red] that showed discernible Ca* responses al the ATP

concentrations incicated.

{D) Average peak amplitude of the Ca** response in Hela cefis transtected with siControl-3U {gray) or SIERp44-3U {red).
(£) COS-7 cells were stimutated with 0.1, 0.3, and 1 M ATP in the presence of extracellular Ca®' . Representative Ca?! responses in siCuntrot-

3U-transfected {black) and siERp44-3U-transtected celis (red) are shown.

{F) Percentages of COS-7 cells transfected with siContro®-3U (gray bars) or SlERp44—3U {red bars) that showed discernible Ca®' responses

at the ATP concentrations ingicated.
(G) Average peak amplitude of the Ca™'

respanse in COS-7 cefls fransfected with anontrol-SU {gray columns) or siERpR44-3U {red columns).
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Figure 5, Cysteine Residues of 1L3V Are Required for Inhibition of IP,R1 by ERpd4 : o }
(A} DT40-TKQ cells expressing GFP, GFP-IP,R1, or GFP-IP)R1 with cysteine replacements were stimulated with 2 pg/mi anti-ighd. Average

peak amplitudes of the Ca°* response are shown,

(B} Cysieine residues of the L3V damain of IP,A1 are important for Interaction between IP;R1 and ERp44. GFP-IP,R1 or its cysteine mutant
was transfected with HA-ERp44 in COS-7 cells. Thinty-six hours after transfection, the cells were treated with DSP, and 1P was performed
with anti-HA. The lysates and IP samples were analyzed by Western biotting with a-GFP {top and middie] or a-HA (bottom).

{C~E) EApA4 inhibits IICR iy DT40-TKQ cells expressing IPyR1, but not in cells expressing I1P,A1 cysteine mutants. AFP-RDEL or RFP-ERp44
was transfected Into DT40-TKO cells with GFP=IP;AT or Its cysleine mutant, Thirty-six hours after transfection, the cells were stimulated with
2 pg/ml anti-lgM. Representative Ca®* responses in RFP-RDEL-expressing {black) and RFP-ERp44-expressing cells {red) are shown,

{F} Summary of the Ca?'-imaging experiments in {C)~{E). Average peak amplitudes of the ratios are shown.

in a planar lipid bilayer fused with mouse cerebellar
microsomes in which 88% of the IP,Rs are IP,R1 (Taylor
et al,, 1999}, We first confirmed the interaction between
MBP-ERp44 and GST-1L3V in the lumenal-side solution
containing 3 mM DTT (Figure 6A). IP,R1 activity was
recorded with Ba** as a charge carrier in the presence
of 3 mM DTT in the trans (fJumenal} compartment. Addi-
tion of MBP-ERp44 resulted in inhibition of the channel
activity in a dose-dependent manner (Figures 6B-58E},
but addition of MBP {negative control) to the lumenal

compartment had no effect on IP,R1 activity (data not
shown). Whether or not addition of more MBP-ERp44

- can completely block the channel activity was not testa-

103

bie since we were unable to obtain a more concentrated
recombinant ERp44 protein and adding more of the so-
lution had nonspecific effecis on channel activity (data
not shown). ERp44 decreased the frequency of channel
opening, but did not affect the mean open time of the
channel (1.6 * 0.5 ms and 1.5 * 0.7 ms [mean * 8D,
n = 6] before and after addition’of 7.5 oM MBP-ERp44,
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Figure 6. ERp44 Inhibits IP4R1 in a Lipid Bilayer System

{A} MBP-ERpd4 and GST-1L3V were incubated in the trans solution with (1) dr without {~} 3 mM DTT and then precipitated with GSH-
Sepharose. Precipitated proteins were anafyzed by Western blotting,

{B and C} Sequential records before (B) and after addition {C) of 7.5 uM MBP-ERp44. Channels were recorded at —20 mV. Continuous 1 §
records filtered at 1 kHz are shown.

{D} Etfects of ERp44 on single-channel activity of 1PyR1 in the presence of 6.4 M cytosdlic (cis) [Ps and 3 mM lumenal {trans) BTT. Serial
additions of purified MBP-EAp44 were made 10 the lumenal compartment, Channet apenings are shown as downward dellections from baseline
{denoted by the horizontal lines). The data shown are representative of six independent experiments. Data were fillered at 0.5 kHz. The
absolute values of open probability before the addition of ERp44 were in the 0.008-0.086 range.

{E} Dase-dependent inactivation of 1P;R1 by ERp44 under lumenal reducing conditions, The averages of open probabilities were normalized
1o the maximum iP,RT activity observed in each experiment. The data are means = SD. Statistical analysis was done using repeated measures
ohe-way ANOVA with Bonferoni's post-hoc lests. The number of independent trials is indicated above each bar,
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respectively), indicating that ERp44 modulated the
closed state of IP;R1. Similarly, addition of ERp44 did
not alter the amplitude of the single-channel current
(3.7 = 0.2 pA and 3.6 + 0.2 pA [mean + SD, n = 6] at
—20 mV before versus after addition of MBP-ERp44,
respectively). Raising the IP; concentration to 25 uM did
not reverse the. inhibitory effect of MBP-ERp44, and
there was no indication that MBP-ERp44 lowers the 1P,
sensitivity of IP,R1 (data not shown). No inactivation
was observed in the absence of DTT (data not shown),
further supporting the hypothesis that the free thiol
group{s) in the L3V domain are involved in inhibition
by ERp44. These bilayer studies revealed that ERp44
functions to maintain the closed state of IPJR1 rather
than affecting the characteristics of its open state,

Discussion

In this study we demonstrated that ERp44 directly inter-
acts with the L3V domain of 1P,R1, thereby inhibiting its
channel activity. This functional interaction is dependent
on the pH, redox state, and [Ca®"}ea. R Is particularly
noteworthy that cysteine residues in the L3V domain
of IP,it1 play ctitical roles in both interaction with and
inhibition by ERp44. This is the first example of a nega-
five regulator of IP,Rs on the ER lumen side and provides
support for the hypothesis that IP.Rs are specifically
‘controlled by the intralumenal, in addition to by the ¢cyto-
solic, environment. -

Roles of Redox State, [Ca’jm, 2nd pH in Dynarnic
Regulation of IP,R by ERpa4

K is widely accepted that the ER lumen is more oxidizing
than the cytosol, and the ratio of reduced to oxidized
glutathione in the ER lumen has been estimated to be
from 3:1 to 1:1 {(Hwang et al., 1992; Bass et al., 2063},
suggesting that roughly 50%-75% of all lumenal cys-
teine residues are in the reduced (free thiol) form, How-
ever, itis also known that some proteins are either exclu-
sively in the oxidized or the reduced state. While the
mechanisms that control the redox state of extracetiular
proteins and ER oxidoreductases are being clarified
{Sevier and Kaiser, 2002}, how the redox state of other
ER resident proteins (including IP:Rs} is regulated is
poorly understood. Our results indicate that the interac-
tion between ERp44 and 1L3V weakens as the number
of free thiol groups on 1L3V decreases {Figures 2D, 2F,
and 58}, Therefore, if the cysteine residues of an IP;R1
tetramer form a disulfide bond or are modified by, for
example, nitrosylation, it would not bind to ERp44.
Based on all of the evidence considered, we hypothesize
that some of the cysteine residues in the L3V domain

of IPyR1 are in their free {reduced) form and that others’

have formed disulfide bonds or are modified. The disul-
fide bonds may be formed in the same polypeptide,
between subunits, or with other molecules. IP;R1 that
have free cysteine resicues in the L3V domain are sub-
ject to inhibition by ERp44. It must be pointed out that
the number and approximate positions of cysteine resi-
dues are conserved in all IP;R subtypes (Figure 1B},
raising the possibility that forming a heterctetramer with
these subtypes by disulfide bonds may be one way that
the 1P,R1 polypeptide escapes inhibition. Whether the
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redox state, modification, or disulfide bond formation
of these cysteine residues is controfled by a specific
mechanism is a crucial and challenging guestion,

Previous studies have shown HICR to be diminished
at low {Ca?*]:s, and this finding cannot be fully expiained
by the decreased Ca** concentration gradient across
the ER membrane {e.g., Caroppo et al., 2003}, Since the
interaction between ERp44 and iP;R1 is weaker when
[Ca e exceeds 100 uM (i.e., at resting levels, Figure
2E), it is tempting to speculate that the inhibition of HCR
previcusly cbserved at low [Ca®* ]y is due to enhanced
binding of ERp44 to IP;R1. More detailed investigation
at both the cellular and the single-channel levelis neces-
sary to resolve this issue.

The pH in the ER lumen has been considered to be
almost neutral and stable even during and after Ca#*

.release (Foyouzi-Youssefi et al., 2000; Kim et al., 1998),

However, itis also known that the pH in the lumen of the
sarcoendoplasmic reticulum changes drastically after
Ca®' release (Kamp et al., 1998}, and oligodendrocytes
{glial cell type that have long and branched protrusians
like neurons) have pH “microdemains,” some of which
<could be below 6.5 (Ro and Carson, 2004). Thus, the pH
in the ER lumen may also change in certain cell types
or under certain conditions; and in such cases IP,R1
may be more subject to inhibition by ERp44.

Physiclogical Significance of {P,R1

Inhibition by ERp44

Central neurons express exclusively IP,R1 (Taylor et al,,
1999} and it is well known that localized Ca** release
plays a variety of roles in these cell types (Berridge,
2002). In view of the fact that ERp44 can regutate IP,R1
in a microenvironment-dependent manner, itis tempting
to hypothesize that ERp44 is invelved in the spatictem-
poral regulation of localized Ga** release in neurons.
Particularly, as both HCR and the redox state are in-
volved In synaptic modulations (Inoue et at., 1998; Nishi-
yama et al., 2000; Knapp and Klann, 2002), ERp44 may
also function in these processes. In addition; it was
recently appreciated that some of the genetic abnermat-
ities that cause neurodegenerative diseases augment
ICR (Tang et al., 2003; Stutzmann et al,, 2004), which
may be the direct cause of neuronal death. Whether
these HCR-activating mutations affect the function of
ERpdd, or even whether ERp44 can counteract them,
are important pathological questions.

More generally, since the ER is the mtersectlon of
many signaling pathways {Berritige et at., 2003; Orrenius
et al,, 2003}, inhibition of IP;R1 by ERp44 may be in-
volved in the feedback system by which information
that has converged in the ER lumen is conveyed to the
cytosol/nucleus in the form of {Ca**).. In other words,
ERp44 translates the ER lumenal environment into a
[Ca**}. by moduiating IP{R, and such a mechanism
would allow the functions of the ER lumen (e.g., folding
and glycosylation) and of the cytosol/nucleus {e.g.,
phosphorylation signaling and gene expression}to oper—
ate in a conceried matter.

Since the functions of many ER lumena! enzymes and
chaperones are Ca?* dependent, inhibition of Ca®* re-
lease when the [Ca™],, falls below the resting level
would be consistent with maintaining their functions.
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ERp44 was identified as a protein that forms mixed disul-
fide bonds with Erota, an ER oxidoreductase {Anglli et
al., 2002}, and it was shown to be involved in ER retention
of Erola (Anefli et al., 2003). The functions of Ero1 family
proteins are not fully understood, but since they play
pivotal roles in oxidative protein folding {Tu and Weiss-
man, 2002}, ERp44 may play dual roles in protein folding:
inhibiting Ca** release (which reinforces Ca®*-depen-
dent chaperones) by inactivating IP,;R1 and supporting
disulfide bond formation by reinforcing the Eroia/oxido-
reductase system. The fact that ERp44is induced during
the unfolded protein responses {Anelli et al., 2002) fits
well with this model.

Redox-Dependent Regulation of Cellutar

Ca?* Signaling

It was very recently reported that SERCA 2b actwrty is
modulated by CRT and ERp57, an ER lumenal oxidore-
ductase, in a [Ca?*|w- and redox state-dependent man-
ner {Li and Camacho, 2004). Since the pump activity of
SERCA 2b is higher when thicl groups in its lumenal
loop are reduced, when the ER lumenal environment
shifts to the reducing condition, Ca?* uptake by SERCA
2b should be enhanced {by ERp57} and Ca®* release
via IP;R1 should be inhibited {by ERp44). In other words,
SERCA 2b and IP;R1 work tagether to increase {Ca?*}x
under reducing conditions. This is reasonable since a
reduced ER lumenal environment is unfavorable for pro-
tein folding and increasing [Ca®* J, benefits the function
of the many chaperones and oxidoreductases that re-
quire a relatively high [Ca**]es. Finally, we obtained no
indication that ERp57 {or PDI) associates with P.R1
{Supplemental Figure $6 online} or that EFp44 associ-
ates with SERCA 2b (data not shown).

Euture Directions

To learn how ER {umenal conditions regulate the interac-
tion between ERp44 and IP,R1 and what the conse-
quences of the interaction are in greater detail, it wili be
necessary to monitor ER lumenal conditions and the
[Ca®}c in redl time. 1t is atso imperative to investigate
the effect of £Rp44 on IPR1 by using the planar lipid
bilayer system under various conditions,

Finally, we were unable to find any proteln in the brain
(where IP;R1 is exclusively expressed) that binds to the
lumenal domain of IP;R2 or 1PyR3, but these subtypes
are likely to have different binding proteins that are not
present in the brain, The fact that the cysteine residues
in the L3V domain are conserved (Figure 1B) supporis
this hypothesis. Searching for such interacting pro-
tein{s), investigating how the lumenal environment regu-
lates IP,R2 and PR3, and how it is related to ERpd4/
IP,R1 are our next research challenges.

Experimental Procedures

Plasmids

Full-length ERp44 cDNA was obtained from P14 mouse cerebeffum
by the reverse transcriptase-polymerase chainreaction, The expres-
sion vectors for ¢pitope-tagged or fluorescent protein-lagged
ERp44, 1#,Rs, and their mutams were constructed by utilizing the
polymerase chain reaction. The details of these methods, including
the sequences of the primers used, will be supplied on request. All
consiructs were verified by DNA sequencing,
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Antibodies

Rabbit polyclonal antibody to ERp44 was raised to purified His;-
EfRp44 and affinity-purified with MBP-ERp44 coupled 1o CNBr-acti-
vated Sepharose 4B {Amersham}. Other antibodies used were anti-
1P;R1 13A10, anti-1P,R3 KM1082 (for both, see Hattori ¢t al., 2004),
anti-HA (12CA5, a gift of Dr. T. Yamamoto), anti-HA-Peroxidase
{3F10, Rochej, anti-CRT {Affinity BioReagents), anti-MBP {(New En-
gtand Biofabs), anti-human igG - (Yeclor Laboratories), anti-GST
{Amersharn), anti-GFP, and anti-actin (both Santa Cnuz). The hybrid-
oma producing anti-igM {M-4 clone) was kindly provided by Dr, T,
Kurcsaki {Kansal Medical University),

Cell Culture and Transfection

COS-7, Hela, and 293T cells were cullured in Dulbecco's moditied
Eagle medium supplemented with 1 0% heat-inactivated fetal bovine
serum. DT40 celis were cultured in RPMIi840 medium supple-
mented with 10% heat-inactivated fetal bovine serum, 1% chicken
serum, 100 U/ml penicilliin and streptomycin, 2 mM glrtamine, and
50 niM 2-mercaptaethanol. Hela, COS-7, and 2937 cells were trans-
fected with expression vectors or $iRNAs by means of TransiT
{Mirus} or Lipofectamine2000 (fnvitrogen), DT40 celis were trans-
fected by electroporatioh with Nuclecfector (Amaxa).

!dennficauon of ERp44 )
1L3V-Fe or control Fe was expressed in 2837 cells. After collecting
the medium and incubating it with Protein-G Sepharose (Amerghamy)
for 2 hr at 4°C, ‘the beads were washad with 10 mM Tris-HCI (pH
8.0} and 150 mM NaCl. Approximately 0.2 mg of 11.3V-F¢ or control
Fec was coupled to beads, and the beads were lpaded into a column,
P14 mouse cerebella were washed with ice-cold PBS and homaoge-
nized in a buffer containing 0.32 M sucrose, 10 mM Tris-RC! {pH
7.5}, 2mM EDTA, and 1 mM DTT. The hamogenates were centrifuged
for 1 hr at 100,000 X g at 2°C, and after solubllizing the peliet in
butfer containing 30 mM soditm acetate, 150 m# NaCl, 4 mM CaCl,,
and 1% Triton X-100, the solution was centrifuged at 10,000 X g
for 15 min. The supematant was applied to affinity columas, and
the columns were washed with the same butfer, followed by neutral
Ca** buffer (10 mM Tris-HCI [pH 8.0}, 150 mM NaCl, 4 mM CaCl,,
and 1% Triton X~100}, and finally neutral chelator bufier (10 mM
Tris-HCI [pH 8.8], 150 mM NaCl, § mM EDTA 5mM EGTA, and 1%
Triton X-100}.

Westem Blot Analysis

Proteins were resofved by SDS-PAGE and !ransferred 10 a polyvinyli-
dene difluoride membrane. The mambranes were blocked with 5%
skim itk in PBS containing 0.05% Tween-20 (PBST) for 30 min and
probed with the primary antibody for 3 br al rooim temgerature (RT).
After washing with PEST, the membranes were incubated with a
suitable secondary antibody and signats were detected with an ECL
Pius kit {Amershamj,

1P and GST-Pulldown Assay

For 1P, ceils were washed with PBS and then exposed to 2 mM DSP
(Pierce) in PBS for 30 min at AT. After washing with PBS, the cells
were solubilized in TNE butfer (150 mM Tris-HCI [pH 7.5), 500 mM
NaCt, 1 mM EDTA, 1% Triton X-~100, 0.1% SDS), and the lysates
were incubated with the antibodies indicated and Protein-G Sepha-
rose for 2 hr at 4°C. The beads were then washed five times with
THE bufier, and the proteins were eiuted by bolling in SDS-PAGE
sampling butfer.

Recombinant proteins were expressed in £, cofi BL21 and purified
with GSH-Sepharose (Amershaim) or Amylose Resin {New England
Biolabs). GST or GST fusion proteins were incubated with MBP or
MBP fusion proteins for 1 hr at 4°C in acidic solution (30 mM NaDAc
fpH 5.2], 150 mM NaCl, 4 mM CaCl,, 0.1% Triton X-100). ERp44 and
GST fusion proteins were incubated in neutral buffer (20 mM Tris-
HCI {pH 7.5], 150 mM NaCl, 5 mM EGYA, 0.1% Triton X-100) with
or without 3 mM DYT. GST-1L3V and MBP-ERp44 were incubated
in neutral buffer or neutral buffer in which EGTA had been replaced
with CaCl,. The experiments in Figures 20, 2E, 29, and 2K were
carried out in neutral butier containing 3 mi DTT.
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BNA Interferance

SiBNA duptexes were purchased from Dharmacon. The target se-
guences were siContral-C (§-AAGUAGUGUAUGCUAGAGUGG-3),
siERp44-C  {5'-AAGUAGUGUUUGCCAGAGUUG-3, siControl-3ut
(5 -AACAGCACCAUCGACCAAGGL-3), siERp44-3U {5'-AACAGCA
GCALCANCCUACGL-3.

Ca** imaging

At 24-48 hr following transiection, celis were tucuba!ed for 30 min
with 5 pM fura-2 AM {Dojindo). The celis were then placed on the
slage of an inverted microscope {X-70; Olympus, Japan) and per-
fused with balanced salt solulion {BSS). image caplure and pro-
cessing were performed with an Argus 50/CA systemn {Hamamatsu
Photonics, Japan) at RT by a standard ratiometric method {excited
at 340 nm and 380 nm}. Fluorescence images of GFP and RFP were
acquired separately and saved in the computer in the same optical
fields as the flucrescence images for Ca*’ #maging. We also per-
formed Ca?' -imaging experinents using fura-4F AM in ail cell types
used in this stedy and confirmed that ali of the responses chtained
in experiments using fura-2 were not saturated {data not shownj.

Planar Lipid Bilayer Experiments

Siagle-channel recordings of IP,R1 in mouse cerebellar microsomes
were performed &s described previously (Michikawa et al., 1999},
with some modifications. The ¢is chamber contained 168 mM Tris
dissolved in 250 mM HEPES {pH 7.33), 1.11 mM K;-H-HEDTA
{N-hydroxyethylethylenediamine-N,N',N'-{riacetic acid), 0.12 mM
K-Ca-HEDTA. The frans chamber contained 250 mM HEPES {pH
7.33), 53 mM Ba(OH});, 3 mM DTT. IP;R1 was activated by the addition
of 6.4 M IP; and 0.5 mi ATP to the cis chamber. Purifiad MBP or
MBP-ERp44 was acded directly to the trans side. The currents were
amplified {Axon instruments}, fitered at t kHz with alow-pass Bessel
filter {(NF Instruments), and sampled at 10 kHz. Single-channel data
were analyzed as described previously {Michikawa et al., 1998).
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A novel protein-conjugating system for Ufm1,

a ubiquitin-fold modifier
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Several studies have addressed the importance of various
ubiquitin-like (UBL) post-translational modifiers. These
UBLs are covalently linked to most, if not all, target
protein(s) through an enzymatic cascade analogous to
ubiquitylation, consisting of E1 (activating}, E2 (conjugat-
ing), and E3 (ligating) enzymes. In this report, we des-
cribe the identification of a novel ubiquitin-fold modifier 1
(Uirm1) with a molecular mass of 9.1kDa, displaying
apparently similar tertiary structure, although lacking
obvious sequerice identity, to ubiquitin. Ufm1l is first
cleaved at the C-terminus to expose its conserved Gly
residue. This Gly residue is essential for its subsequent
conjugating reactions. The C-terminally processed Ufm1 is
activated by a novel El-like enzyme, Uba5, by forming a
high-energy thicester bond. Activated Uim]1 is then trans-
ferred to its cognate E2-like enzyme, Ufcl, in a similar
thioester linkage. Ufml forms several complexes in
HEK293 cells and mouse tissues, revealing that it conju-
'gates to the target proteins. Uiml, Uba5, and ‘Uicl are all
conserved in metazoa and plants but not in yeast, suggest-
ing its potential roles in varicus multicellular organisms.
The EMBO Journal (2004) 23, 1977-1986. doi:10.1038/
sj.emboj.7600205; Published online 8 April 2004

Subject Categories: proteins

Keywords: Ubas$; ubiquitin; ubiquitin fold; ubiguitin-like
protein; Ufml

Introduction

Protein modification plays a pivotal role in the regulation and
expansion of genetic information. In the past two decades, a
new type of post-translational protein-modifying system has
been identified whose uniqueness is that protein(s} is used as
a ligand, that is, modification of protein, by protein, and for
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protein. A typical system is the ubiquitylation, a modification
system in which a single or multiple ubiquitin molecules are
attached to a protein, which serves as a signaling player that
controls a variety of cellular functions (Hershko and
Ciechanover, 1998; Pickart, 2001). Protein ubiquitylation is
catalyzed by an elaborate system highly regulated in the cells,
which is catalyzed by a sequential reaction of multiple
enzymes consisting of activating (E1), conjugating (E2), and
ligating {(E3) enzymes. E1, which initiates the reaction, forms
a high-energy thiolester bond with ubiquitin via adenylation
in an ATP-dependent manner. The El-activated ubiquitin is
then transferred to E2 in a thioester linkage. In some cases, E2
can directly transfer the ubiquitin to substrate proteins in an
isopeptide linkage; however, E2s mostly requires the partici-
pation .of E3 to achieve substrate-specific ubiquitylation
reaction in the cells. E3s are defined as enzymes required
for recognition of specific substrates for ubiquitylation, other
than E1 and E2 (Varshavsky, 1997; Bonifacino and Weissman,
1998; Glickman and Ciechanover, 2002).

A set of novel molecules called ubiquitin-like proteins
(UBLs) that have structural similarities to ubiquitin has
been recently identified (Jentsch and Pyrowolakis, 2000},
They are divided into two subclasses: type-1 UBLs, which
ligate to target proteins in a manner similar, but not identical,
to the ubiquitylation pathway, such as SUMO, NEDDS, and
UCRP/ISG15, and type-2 UBLs (also called UDPs, ubiquitin-
domain proteins), which contain ubiquitin-like structure
embedded in a variety of different classes of large proteins
with apparently distinct functions, such as Rad23, Elongin B,
Scythe, Parkin, and HOIL-1 (Tanaka et al, 1998; Jentsch
and Pyrowolakis, 2000; Yeh et al, '2000; Schwartz and
Hochstrasser, 2003).

In this report, we describe a unique human UBL-type
modifier named ubiquitin-fold modifier 1 (Ufml) that is
synthesized in a precursor form consisting of 85 amino-acid
residues. We also identified the human activating (Uba5) and
conjugating (Ufcl) enzymes for Ufml. Prior to activation by
Ubas, the extra two amino acids at the C-terminal region
of the human proUfm1 protein are removed to expose Gly
whose residue is necessary for conjugation to target mole-
cule(s). Lastly, we show that the mature Ufmn1 is conjugated
to yet unidentified endogenous proteins, forming ~28, 38,
47, and 70kDa complexes in human HEK293 cells and
various mouse tissues, '

Results

ldentification of a novel protein-activating enzyme,
Ubas

Qur initial plan was to identify the molecule(s) that interacts
with human Atg8p homelog GATE1S6, a type-1 UBL modifier
required for autophagy (Klionsky and Emr, 2000; Ohsumi,

- 2001), using a yeast two-hybrid screening. Please note that

the nomenclature of the autophagy-related genes was re-
cently unified as ATG (Klionsky et al, 2003). Among several

The EMBO Journal VOL 23 | NO 9§ 2004 1977



Ufm1, a novel ubiguitin-fold modifier
M Komatsu et af

positive clones, we identifled fragments of FLJ23251
(Figure 1A), which encodes a 404-amino-acid protein
highly conserved in various multicellular organisms, such
as Homo sapiens, Caenorhabditis elegans, Drosophila
melanogaster, and Arabidopsis thaliana, but absent in yeasts
{Saccharomyces cerevisiae and Schizosaccharormyces pombe)
(Figure 1B). The sequence of FLJ23251 in the region contain-
ing residues 72-229 is highly homologous to the correspond-

ing regions in Ubal (i.e., El for ubiquitin) and other E1-like
proteins for UBLs including the ATP-binding motif (GXGXXG)
(Figure 1A and B). We named this protein UbaS, because it is
a member of the El-like enzyme family. UbaS also has a
metal-binding metif conserved in other El-like enzymes such
as Uba2, Uba3, Uba4, and Atg?. Most of El-like enzymes
have an active site Cys residue within the conserved 10-20
amino-acid residues downstream from the metal-binding
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Figure 1 Uba$, a novel E1-like enzyme. (A) Schematic representation of Ubal and Uba5 in H. sapiens. Ubal is divided into several domains,
including I, Ib, 11, III, and IV boxes, which are conserved in other El-like enzymes, and other regions without obvious similarity, described
previously (Komatsu et al, 2001). Note that Uba5 is of a relatively small size and includes the box I and two other parts, The box I region of
Ubal {amino acids 459-611) has 48.4% similarity and 22.3% identity to amino acids 72-229 of Uba5, which includes the conserved ATP-
binding motif (GXGXXG). The sequence of Uba5 is available from GenBanK™ under the accession number AK026904, hs, H. sapiens; ce, C.
elegans; dm, D. melanogester; at, A. thaliana. (B) Sequence alignment of hsUba$ and its homologs of other species {dm, NM_132494; ce,
NM_058847; at, NM_100414). The amino-acid sequence of hsUba$ is compared by the ClustalW program. Asterisks, identical amino acids;
single and double dots, weakly and strongly similar amino acids, respectively, determined by the criteria of ClustalW program. Open box
indicates an ATP-binding motif. The putative active site Cys residue is boxed in black. The metal-binding motif is underlined. (C) Identification
of the intermediate linked to Uba5 in HEK293 cells. Both Uba5 and Uba5%**%, in which the predicted active site Cys positioned at 250 was
changed to Ser by site-directed mutagenesis, were tagged with Flag peptide at N-terminus, resulting in Flag-Uba5 and Flag-Uba5%505,
respectively. Each Flag-Uba$ and Flag-UbaS®®*® was expressed in HEK293 cells. The cell lysates were subjected to SDS-PAGE and analyzed by

immunoblotting with anti-Flag antibody.
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motif. In the case of Ubas, the Cys®*® seems to be the most
possible active site Cys residue (Figure 1B). If an active site
Cys residue within an E1 and El-like enzymes is changed to
Ser, an O-ester bond instead of a thioester bond is formed
with its respective modifier protein and the intermediates
become stable even under reducing conditions. Therefore, we
mutated Cys>*® within Ubas to Ser and expressed it as a Flag-
fused Uba5%%% (Flag-Uba5°**%) or Flag-Ubas as control in
HEK293 cells. As shown in Figure 1C, both Flag-UbaS and
Flag-Uba5%®°% were expressed as ~S50kDa proteins in
HEK293 cells. When Flag-Uba5“"% was expressed, an addi-
tional band with a higher motecular mass of ~60kDa was
clearly observed, indicating that Flag-Uba5%*™ forms an
intermediate complex with an endogenous protein. These
results suggest that Uba5 is indeed a novel protein-activating

enzyme for a presumptive modifier. (see below). .. ..

Identification of & novel ubfq;xitin;fold fhd!‘qguig,.:(.‘{fnﬁ; "
Because Uba5 was identified as GATE-16-binding protein, we

initially assumed that UbaS is’ another GATE-16-activating

enzyme, in addition to Atg7: To' test this’ possibility, we
examined whether Uba5¢2° (the ‘présumptivé active'site
Cys at position 250 was replaced by Seér) forms.an intermedi-- . .
ate complex with GATE-16 or not. Uniexpeciedly; we could. "
not identify a stable complex between Ubas®%% and GATE-

16 (data not shown). Therefore, we attempted to identify a
protein{s) that physically associates with’ Uba$ in-the'cells,” , -
To do this, Flag-Uba5 was expressed in HEK293 cells, then -
jmmunoprecipitated by anti-Flag -antibody. The immuno--: |
precipitates were eluted with a Flag.péptide, theri digested :
with Lys-C endopeptides (Achroiz"idbaétér.ﬁfé'ié._a';':_é‘_l‘}féf{d‘thé '

cleaved fragments were diréctly analyzed " using- a- highty
sensitive ‘direct nano-flow LC-MS/M$’ system as described
in Materials and methods. Following database search, a total
of 28 peptides were assigned to MS/MS spectra obtained from
four nano-LC-MS/MS analyses for the Flag-UbaS-associated
complexes. These peptide data identified three proteins as
Ubas-associated components: GATE-16, and hypothetical
proteins BM-002 and CGI-126 (excluding the bait protein
Uba$ and the background proteins, such ‘as HSP70 and
keratins). ‘
One of these identified proteins, BM-002, is an 85-amino-
acid protein with a predicted molecular mass of ~9.1kDa.
This protein is conserved in multicellular organisms, but not
in yeasts, like Uba5 (Figure 2A). The human BM-002 has high
identity over the species in the central region but has elon-
gated sequences at both N- and C-terminal regions in some
species. Although the protein shows no clear overall sequence
identity to ubiquitin or other modifiers (Figure 2B), the tertiary
structure of BM-002 displays a striking resemblance to human
ubiquitin (Figure 2C). The human structure of BM-002 was
constructed by a computer-assisted modeling, based on the

structure of its C. elegans homolog that has been analyzed -

previously, as a protein possessing ‘ubiquitin-like fold” with
secondary structure elements ordered p-p-o-p-p-o {u-helix
and p-sheet) atong the sequence {Cort et al, 2002). Thus, we
named human BM-002 as Ufml.

Ubiguitin is synthesized in a precursor form that must be
processed by de-ubiquitylating enzymes (DUBs) to generate a
Gly-Gly sequence at the C-terminus. Similarly, Ufml has a
single Gly residue conserved across species at the C-terminal
region, although the length and sequences of amino acids
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extending from this Gly residue vary among species. To test
whether the C-terminus of Ufml is post-translationally
cleaved, we constructed an expression vector for Ufml
tagged at both the N- and C-ends, that is, a Flag epitope at
the N-terminus and an HA epitope at the C-terminus (Flag-
Ufm1-HA) (Figure 2D). After transfection of Flag-Ufm1l-HA
into HEK293 cells, the cell lysate was subjected to SDS-PAGE,
and Flag-Ufm1-HA was detected by immunoblotting. A 10-kDa
protein corresponding to Ulm] was recognized with anti-Flag
antibody, while ne appreciable protein was observed with
anti-HA antibody (Figure 2E, lanes 2 and 7). The mobility on
SDS-PAGE was similar to that of Flag-Ufm1AC2 (equivalent
to mature Ufm1~*® protein) lacking the C-terminal Ser® and
Cys® of proUfm1 (Figure 2E, lane 4). These results suggested

- that the C-termjnus of Ufm1.is post-translationally cleaved in
. the-¢ells, producing matute Ufm1. with the C-terminal Gly®
- residue’ It is known that the replacerent of C-terminal Gly

. residue of Ub and other UBLs With ani‘Ala residue inhibits the
* C-términal processing (Kabeya et al,;2000; Tanida et al, 2003).
To- examing -whether; Gly®" of- Ufm1 ‘is essential for the

cleavage, Gly® of Flag-Ufmi-HA was mutated to Ala, and

" expressed il HEK293' cells (Figure 2D, Flag-Ufm1°**~HA).

The ‘mobility of most ‘Flag-Ufm1$®*HA oh SDS-PAGE was

' apparently slower than that of Flag-Ufm1-HA (Figure 2E, lane

3). This fnutant iwas recogized by immunoblotting with anti-

. HA “antibody as’ well. as apti-Flag antibody, suggesting that

iﬁ‘utéiiori‘f.dlyaa’.‘tc‘»""Alé ‘confers resistance to its C-terminal

“Ufmi-activating enzyme Caa

" We mext 1nvest1gatedwhether Ubas forms an intermediate
complex” with - Ufm1. -We expressed . Flag-Uba5 or Flag-

Uba5c5% with Myc-tagged Ufml (Myc-Ufinl) in HEK293
cells. Myc-tagged Ufm1AC3 lacking the C-terminal Gly®* of
mature Ufm} (Myc-Ufm1AC3; i.e., deletion form of three
residues from precursor Ufm1'-** protein) was used as con-
trol. Each cell lysate was prepared and analyzed by immuno-
plotting with anti-Flag antibody. Flag-Uba5*** formed an
intermediate with an endogenous protein  as shown in
Figure 1 (Figure 3A, lane 7). When Flag-Uba5“** was
coexpressed with Myc-Ufml, the intermediate shifted to
higher molecular weight (Figure 3A, lane 8). The higher
band was not detected when Myc-Ufm1AC3 was coexpressed
{Figure 34, lane 9). To verify that the intermediate is indeed
the UbaS-Ufm1 complex, Flag-Ubas2*% was immunopreci-
pitated and blotted with anti-Flag and anti-Myc antibedy.
Consistent with the above data, a higher sized intermediate
was observed when Flag-Uba5“%°% was coexpressed with
Myc-Ufm1 (Figure 3B, top panel, lane 5}, but not alone or
with Myc-Ufm1AC3 (Figure 3B, top panel, lanes 4 and 6). The
intermediate was also recognized by anti-Myc antibody
(Figure 3B, lower panel, lane 5), indicating the existence of
the Flag-UbaS®?*%-Myc-Ufm1 complex. Note that the small-
sized intermediate is presumably a complex with an ende-
genous Ufm1, as mentioned. These results indicate that Uba5
forms an intermediate with Ufm1 and the Gly** residue of
Ufm1 is essential for the formation of the intermediate with
Ubas in vivo,

We subsequently tested whether UbaS can activate
Ufm1 in vitro. The thioester formation assay was performed
using recombinant proteins expressed in Escherichia coll.
Recombinant GSTtagged Uba5 and mature Ufml
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Figure 2 Ufm1, a novel ubiquitin-fold molecule. (A) Sequence alignment of hsUfm1 and its homologs. The sequence of hsUfm1 is available
from GenBanK™ under the accession number BC005193 (dm, a coding region of dmUfm1 was found from D. melanogaster genomic sequence;
ce, NM_066304; at, NM_106420). The homology analysis was performed as described in Figure 1B. The C-terminal conserved Gly residue is
boxed in black. (B) Sequence alignment of hsUbiquitin with hsUfm1. The homology analysis was performed as described in Figure 1B, The
C-terminal conserved Gly residue is boxed in black. (C) Structural ribbon of hsUbiquitin and predicted structural ribbon of hsUfm1. a-Helices
and P-strands are shown in green and yellow, respectively. The homology model of hsUfml was created from the C. elegans Ufml structure
{Cort et at, 2002) by using MOE program (2003.02; Chemical Computing Group Inc., Montreal, Quebec, Canada). {D) Schernatic répresentation
of mammalian expression plasmids for Ufml and the derivative mutants. Flag epitope tags at the N-terminus, HA epitope tags:at the
C-terminus, and putative cleavage site Gly* residue (vertical dotted lines) are indicated. To construct Ufm1%%*4, a single point mutation was
introduced into Ufm1, which led to an amino-acid substitution from Gly to Ala at position 83, To construct Ufm1AC2, the two C-terminal
residues were deleted by PCR. Ufm14C2%%** was also produced by site-directed mutagenesis of Ufm1AC2. The AC2 mutants were tagged with
the Flag epitopes -at N-terminus. (E) ProUfml processing. HEK293 cells were transfected with Flag-Ufml-HA, Flag-Ufm1®**AHA, Flag-
Ufm1AC2, or Flag-Ufml1AC26834. The cell lysates were subjected to SDS-PAGE and analyzed by immunoblots with anti-Flag and anti-HA
antibodies. ProUfmt and mature Ufml are indicated on the left. The numbers at the top from I to 1V are similar to those in (D).

{Ufm1AC2) with exposed C-terminal Gly®’ residue were Uba5 intermediate' complex was clearly observed when the
purified, mixed and incubated in the presence of ATP and mixture was applied at nonreducing conditions (Figure 3C,
then subjected to SDS-PAGE at either reducing er nonredu- lane 3). This intermediate was not cbserved when ATP or
cing conditions. GST-Ufml1AC3 was used as control. An GST-UbaS was excluded from the mixture (Figuré 3C, lanes 1
~100kDa band correspending to the GST-UfmlAC2-GST and 2), or when the mixture was loaded in the presence of
The EMBO Journal VOL 23 | NO 9 | 2004 ©2004 European Mclecutar Biology Organization
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Figure 3 Demonstration that Uba5 is an Ufml-activating enzyme.
(A) Immunoblotting analysis. Each Myc-tagged Ufml (Myc-Uiml)
and Myc-Ufm1AC3 was expressed alone (lanes 2 and 3, respec-
tively), and coexpressed with Flag-Uba5 (lanes 5 and 6, respec-
tively) or Flag-Uba5“**" (lanes 8 and 9, respectively). Each
Flag-Uba5 and Flag-Uba5%*"® was also expressed alone {lanes 4
and 7, respectively). The cell lysates were subjected to SDS-PAGE
and analyzed by immunoblotting with anti-Flag antibedy. The bands
corresponding to Flag-Ubas, Flag-Uba5%*%, and Flag-Ubas®*®
intermediates are indicated on the right. (B) Immunoblotiing ana-
lysis after immunoprecipitation, Each Myc-Ufml and Myc-
UfmlAC3 was expressed alone (lanes 2 and 3, respectively), and
coexpressed with Flag-Ubas®" (lanes 5 and 6, respectively). Flag-
UbaS©%%% was also expressed alone (lane 4). The cell lysates were
immunoprecipitated with anti-Flag antibody. The resulting immu-
noprecipitates were subjected to SDS-PAGE and analyzed by im-
munoblotting with anti-Flag and anti-Myc antibodies. The bands
corresponding  to - Flag-Ubas®>*"S, Flag-Ubas“***-endogenous
Ufml, and Flag-Ubas“®*%-Mye-Uim1 intermediates are.indicated.
(C) In vitro activating assay of Ufm1 by Uba5. Purified recombinant
GSTUfm1AC2 (2 pg) (lanes 1-7) was incubated for 30 min at 25°C
with some of the following: 2 pg of Puriﬁed recombinant GST:Uba5
(lanes 2-5, 7, and 8), GST-Ubas“**** (lane 6), and 5 mM ATP (lanes
1 and 3-8). Lane 8 was conducted similar to lane 7, except that GST-
UfmiAC3 was used instead of GST-Ufm1AC2. Reactions were then
incubated with SDS loading buffer lacking reducing ageni (lanes
1-3 and 5-8) or containing 100mM DTT (lane 4). The presence
or absence of various components is indicated above the lanes.
The bands corresponding to free GST-Uba5, GST-Uba5™2™*, GST
. UfmlAC2 (mature Ufml), GST-Uim1AC3, and GST-Uba5s-GST-
Ufm1AC2 thioester product are indicated on the right.
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a reducing agent dithiothreitol (DTT) (Figure 3C, lane 4}.
Furthermore, GST-tagged Uba5%*°* mutant, a presumptive
active site Cys mutant, could not form the intermediate even
at nonreducing conditions (Figure 3C, lane 6). G5T-tagged
UfmlAC3 was also incapable of forming the intermediate
in this reaction (Figure 3C, lane 8). Taken together, we
concluded that Uba5 is an Ufm1-activating enzyme and has

the active site in Cys*".

Identification of a novel protein-conjugating enzyme,
Ufel

The LC-MS/MS analysis revealed CGI-126 protein as another
Uba5 interacting protein. CGI-126 is a protein of 167-amino-
acid residues with a predicted molecular mass of 19.4kDa.
This protein is also conserved in multicellular organisms, like
Uba5 and Ufmil (Figure 4A). The C-terminal half of human
CGI-126 has a high identity across species as shown in
Figure 4A. CGI-126 has a highly conserved region, for exam-
ple, residues 113-126, with limited similarity to the region of
Ubc’s that encodes an active site Cys residue capable of
forming a thioester bond (Figure 4A). We assumed that this
protein may be an E2-like conjugating enzyme for Ufml and
thus named it Ufm1-conjugating enzyme 1 (Ufcl). If Ufcl is
an authentic E2 enzyme for Ufml, it is expected to form an
intermediate complex with Ufm1 via a thioester linkage.- To
test this possibility in the same way as Uba5, we mutated the
predicted active site Cys residue within Ufcl (Figure 4A,
Cys™®) to Ser. We expressed Flag-Ufcl or Flag-Ufc1“"® (a
presumptive active site Cys at position 116 was replaced by
Ser) in combination with Myc-Ufml or Myc-UfmlAC3 in
HEK293 cells. Flag-Ufc1"%® formed a stable intermediate
band when coexpressed with Myc-Ufm1 (Figure 4B, lane 8},
but not alone or with Myc-UfmiAC3 (Figure 4B, lanes 7 and
9). To ascertain that this is the Flag-Ufcl®"¢*-Myc-Ufml
intermediate, Flag-Ufc1®"'®® was immunoprecipitated and
blotted with anti-Myc antibody (Figure 4C). Indeed, Mye-
Ufml, but not Myc-Ufm1AC3, formed a complex with Flag-
Ufc15M5% (Figure 4C, lanes 5 and 6, top and bottom panels).
Note that Flag-Ufc1°"%® intermediate with a faster electro-
phoretic mobility than the Flag-Ufc1“*%-Myc-Ufm1 complex
is presumably the intermediate with the endogenous Ufml
{Figure 4C, lanes 4-6, upper panel). These results indicate
that Ufcl forms an intermediate with Ufm1 in vivo.

To confirm that Ufcl is indeed an E2-like enzyme that
conjugates with Ufm1 via a thicester linkage, we conducted
an in vitro Ufml conjugation assay. Recombinant GST-Uba5,
GST-Ufcl, and GST-Ufm1AC2 were mixed and incubated in
the presence of ATP. GST-Ufc1"** mutant and GST
Ufm1AC3 were used as negative controls, Under nonreducing
conditions, an ~70kDa band corresponding to GST-
Ufm1AC2-GST-Ufcl intermediate was observed (Figure 4D,
lane 4). This product was not formed at reducing conditions,
or when any of the components. was omitted from the
reaction (Figure 4D, lanes 1-3 and 5). GST-tagged Ufc1°%*
mutant could not form the intermediate, suggesting that
Cysll16 is indeed the active site (Figure 4D, lane 7). GST-
Ufm1AC3 was again unable to form the intermediate complex
in this reaction (Figure 4D, lane 9). Taken together, we
concluded that Ufcl functions as an Ufml-conjugating en-

zyme and has the active site in Cys"®.
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Figure 4 Ufcl, a novel E2-like enzyme. (A) Sequence alignment of hsUfcl and its homologs. The sequence of Ufel is available from
GenBanK™ under the accession number BCO05187 (dm, NM_137230; ce, NM_066654; at, BT001180). The homology analysis was performed
as described in Figure 1B. The putative active site Cys residue is boxed in black. (B) Immunoblotting analysis, Each Myc-tagged Ufim1 (Myc-
Ufm1) and Msyc-Ufm 1AC3 was expressed alone (lanes 2 and 3, respectivelw{), and coexpressed with Flag-Ufcl {lanes 5 and 6, respectively) or
Flag-Ufc1“"'® (lanes 8 and 9, respectively). Each Flag-Ufcl and Flag-Ufc11%% was also expressed alone {lanes 4 and 7, respectively). The cell
lysates were subjected to SDS-PAGE and analyzed by immunoblotting with anti-Flag antibody. The bands corresponding to Flag-Ufcl, Flag-
Ufc11'5, and Flag-Ufc1°"®® intermediates are indicated on the right. (C} Immunoblotting analysis after immunoprecipitation. Each Myc-Ufm1
and Myc-Ufm1AC3 was expressed alone (lanes 2 and 3, respectively), and coexpressed with Flag-Ufc165 (lanes 5 and 6, respectively). Flag-
Ufc1!"%® was also.expressed alone (lane 4). The cell lysates were immunoprecipitated with anti-Flag antibody. The resulting immunopre-
cipitates were subjected to SDS-PAGE and analyzed by immunoblots with anti-Flag and 2ni-Myc antibodies. The bands corresponding to Flag-
Uic1“"'%, Flag-Ufc1“"%5_endogenous Ufm1, and Flag-Ufc1<1%_Myc-Ufm1 intermediates are indicated. (D) In vitro thioester bond formation
assay of Ufmi by Ufcl. Purified recombinant GST-Ufm1AC2 (2 pg) (lanes 1-8} was incubated for 30 min at 25°C with the following: purified
recombinant GST-Ubas {0.2 pg) (lanes 2-9}, GST-Ufc1 (2 ug) (lanes 3-6, 8, and 9), GST-Ufc1'%% (2 ug) (lane 7), and 5 mM ATP (lanes 1, 2, and
4-9). Lane 9 was conducted similar to lane 8; except that GST-Ufm1AC3 was used instead of GST-UIm1AC2. Reactions were then incubated
with SDS loading buffer lacking reducing agent (lanes 1-4 and 6-9) or containing 100mM DTT (lane 5). The presence or absence of various
components is indicated above the lanes, The bands corresponding to free GST-Ufm1AC2 (mature Ufm1), GST.Um1ACS, GST-Uba5, GST-Ufcl,
GST-Ufc1“"'%*, and GST-Ufc1-GST-Ufm1AC2 thioester product are indicated on the right. . .

Conjugation of Ufm1 to cellular protein(s) {Hodgins et al, 1992; Kamitani et al, 1997). Since C-terminal
We next examined whether Ufnl conjugates to the target Gly to Ala mutation confers resistance to the Ufm1 proces-
protein(s) in cells. To this end, we expressed Flag- and 6xHis- sing, the conjugates with FlagHis-Ufm1%*** mutant may be
tagged Ufm1 constructs in HEK293 cells, and purified them  more stable than those with FlagHis-Ufm1AC2 (Figure 54,
under denaturing conditions by Ni** beads. The resulting compare lanes 4 and 5). These results suggest that the Ufm1
precipitates were then analyzed by immunoblotting with conjugation is also a reversible reaction. .

anti-Flag antibody. When FlagHis-Ufm1-HA (proUfm1) or We further investigated the expression of Ufml and its
FlagHis-Uim1AC2 (mature form) was expressed, several conjugated proteins in mouse tissues using anti-Ufm1 serum.
proteins with sizes of about 28, 38, and 47 kDa were detected, Uiml was widely expressed in all tissues examined, such as
in addition to the 10kDa corresponding to free FlagHis- brain, heart, lung, liver, and kidney (Figure ‘5B, left panel}.
Ufm1AC2 (Figure SA, lanes 2 and 4). These bands were not In addition, several bands with striking similarity to proteins
detected by FlagHis-Ufm1“®*~HA and FlagHis-Ufm1AC3, detected in HEK293 cells were observed. These bands
suggesting that both C-terminal cleavage and C-terminal were not detected by preimmune or preabsorbed antiséra
Gly residue are required for the conjugation reaction (Figure 5B, right panel), suggesting that they are likely the
(Figure 5A, lanes 3 and 6). Moreover, these protein bands Ufm1 conjugates. Although the intensity of each band varled
were resistant 1o reducing agents, such as DTT and B-mer- among tissues and HEK293 cells, 28 and 38 kDa proteins were
captoethanol. These results indicate that Ufml is covalently commonly detected. The 70-kDa band observed in all tissues
attached to some target proteins, probably through an iso- was also detected faintly in HEK293 cells (Figure 5A, lane 5).
peptide bond between the C-terminal Gly*® of Ufm1 and a The 47-kDa band observed in HEK293 cells was not clear.
Lys residue in the cellular proteins. It is of note that FlagHis- These protein bands were resistant to reducing agents, such
Ufm1%%** mutant with exposed C-terminal Ala instead of Gly as DTT and B-mercaptoethanol, indicating that Ufml cova-
can conjugate to target proteins (Figure 5A, lane 5), consis- lently attaches to cellular proteins like other Ubl proteins.
tent with the previous report on ubiquitin and SUMO The targets of Ufml appeared to be common in a variety
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Figure 5 Formation of a covalent protein conjugate(s) with
Ufm1 in HEK293 cells and mouse tissues, (A) Ufml conjugates in
human HEK293 cells. HEK293 cells were transfected with FlagHis-
Ufml-HA, FlagHis-Ufm1%®*A-HA, FlagHis-Ufm1AC2, FlagHis-
Ufm1AC25%*A, or FlagHis-UIm1AC3 expression plasmids. These
cells were lysed under denaturing conditions, and the lysates
were precipitated with Ni?*.beads. The precipitates were subjected
to SDS-PAGE and analyzed by immunoblotting with anti-Flag anti-
body. The bottom panel shows the short exposure of the upper
panel, The bands corresponding to mature Ufml, proUfm, and
Ufml conjugates are indicated on the right. (B} Ufml conjugates
in various mouse tissues. Homogenates from mouse tissues as
indicated were prepared and subjected to SDS-PAGE and analyzed
by immunoblotting with anti-Ufm1 serum {left panel) or preim-
mune serum (right panel). The bands corresponding to Ufm1 and
conjugates between Ufm1 and target proteins are indicated on' the
left.

of tissues. These results suggest the universal roles of
Ufm1 in the regulation of celtular function in multicellular
organisms.

Subcellular localization of Ufm1 in Hela cells
We finally examined the subcellular distribution of Ufm1 in
HeLa cells. Immunocytochemical analysis using anti-Ufml
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Figure 6. Intracellular distribution of Ufm1 in HeLa cells.’(A) HeLa
cells were seeded on coverslips 24h before fixation for immuno-
staining. Ufm1 was detected with anti-Ufm1 serum and visualized
with Alexa 488 nm anti-rabbit antibody. (B} Immunocytochemical
analysis was conducted as for (A), except that preimmune serum
was used. Cells were observed using a fluorescence microscope.
Magnification, x 400. :

i

serum revealed that Ufm1 was predominantly localized in the
nucleus and diffusely in the cytoplasm (Figure GA). These
staining patterns were not observed when anti-Ufml serum
had been preadsorbed with excess amounts of recombinant
Ufm1 protein or preimmune serum was used instead of anti-
Ufm1 serum (Figure 6B). Moreover, Ufml localization in
the cytoplasm and nucleus was similar to the localization
of exogenously expressed GFP-tagged Ufml in Hela cells
(data not shown). In the nucleus, strong immunoreactivity to
anti-Ufml serum was observed as a dotlike structure,
Although such dots-like structures were detected by preim-
mune serum, those intensities were weak. Thus, some of
these dot-like structures may represent conjugates of Ufml.

Discussion

In the present study, we reported that Ufml acts as a
new post-translational UBL modifier, based on the following
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criteria: (1) It is a.small protein of 9.1 kDa with a ubiquitin-
fold structure (2} Ufrml:is synthesized in a precursor form,
and the exira amino-acid resrdues at the C-terminal side need
to be processed to expose the G]y residue. (3} The C-terminal
processing and. exposure ‘of glycme residue are essential to
the forrnatron of Ufm con]ugates in the cells (4) Ufm] has
specific E1-like (Ubas), and E2-like (Ufcl) enzymes for activa-
tion and con]uganon respectrvely lntrrgmngly, many UBL
mod:hers are evolunonanly conserved from yeast to human
except mterferon inducible UBL mod;flers such 'as UCRP/
ISG15, Fat10, and’ Faul /MNSFB (Nakamura et al .1995;
D Cunha et al; 1996 Liret al, 1999) Ufrnl UbaS and Ufel
found - 1n the present study are, c0nserved in vanous _multi-
ce]lular organrsms (Frgures 1B, 2A, and 44), but not in both
buddmg and fission yeasts suggestrng that they all have been
generated by coevolution

] _ n. El enzyme for Ufml ThlS
enzyme is relatrvely small compared to Ubal; that is, an El
for ubiquitin {Figure :1A). In the in vitro assay, the recombi-
nant UbaS protéin formed a thloester Jmkage with recombi-
nant Ufm1 (Frgure 3C) “and transferred the actwated Ufml to
recombmant Ufcl (an E2: enzyme) {Frgure 4D);" ‘indicating
that UbaS can actwate Ufml: as 4, smgle moleciile. This is in
marked contrast o other- Elsr such as:Uba2 and Uba3, which
retain Obvious s:mllantres to: the Cterminal half of Ubal but
requrre the forrnatwn of heter dnner comp]exes w1th respec-
tive partner molecules, AOSl'and APP BPl respecuvely, with
similarities;to* the N—termmal ‘half of Ubal (Johnson. et al,
1997; L1akopoulos et'al;: 1998j’ _Osaka et al 1998)'.'_ I
E1-Jike enzyme, ‘Ubad that ‘activates Urml is'of snmlar sizeto
Ubas - (Furukawa et al y remains unknown
whether Uba4 . acts as'a: 1ngle molecule'or needs d partner
subunit,’ The homology of Ubas: to Ubal i Jless than’ those of
Uba2 and Uba3 except the1r Tth domam conserved in Els,
and thus i ‘15 lrkely that Uba5 may umquely activaté Ufm1,
drffermg ‘from’ other ‘Els such’ as 'Ubal; Uba2/A0S1, and
Uba3/APP-BP1. Thus, ‘although the structure of APP-BP1/
Uba3 heteredimer is determined and the mechanism by
which Els  activate. their cognate UBLs was proposed
(Walden et al, 2003a,b), the weak homology of Uba5 with
other Els hampered the computer-assisted structural analy-
sis. To clarify this issue, structural analysis of Uba$ is
required. This issue is currently under investigation in our
laboratories. So far, most El-like enzymes activate single
species of UBL protein, although Atg?7 is exception, which
can activate both Atg8 and Atgl2 (Mizushima et al, 1998;
Tanida et al, 1999; Ichimura et al, 2000). A total of 10 El-like
enzymes can be identified in the human genome by computer
analysis. Considering the limited number of El-like proteins,
it is possible that some El-like proteins can activate a distinct
set of UBL proteins. Whether or not UbaS is capable of
activating proteins other than Ufm1 remains to be clarified.
There are more than a dozen of E2 family genes in human
genomes. In the budding yeast, 13 different E2s, namely
Ubcl-Ubel3, have been documented and functionally char-
acterized. Functionally, miost of them catalyze the conjuga-
tion of ubiquitin, except that Ubc? and Ubcl2 are for SUMO
and NEDDS8/Rubl, respectively (Johnson and Blobel, 1997;
Lammer et al, 1998; Osaka et al, 1998). In addition, in the
autophagic pathway, Atg3 and Atgl0 are both E2 enzymes for
Atg8 and Atgl2, respectively, but they do not have obvious
sequence similarities to known Ubc’s, except for a short
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region encompassing an active Cys residue (Shintani et al,
1999; Ichimura et al, 2000). Similarly, Ufel is a unique E2-like
enzyme with no obvious sequence homology with other E2s,
except approximately 10 amino-acid residues encompassing
the active site Cys residue.

In assessing the biological roles of the Ufml-modifying
system, characterization of the target molecule(s) is of parti-
cular importance. Regarding this issue, we identified several
putative proteins that are conjugated with Ufml in human
HEK293 cells and various mouse tissues. It is noteworthy that
the sizes of these bands (28, 38, 47 kDa) increase by 10 kDa,
which is consistent with the size of Ufm1. Considering that
several Ubl modifiers can attach io target proteins as a
polymer, it is possible that these bands correspond to multi-
or poly-Ufml conjugates. In fact, Ufm1 has six Lys residues.
Whether Ufml is conjugated to’ several distinct proteins or
multiple Lys residues in a single _target or polymerized in a
single Lys residue awaits future study, Unfortunately, we
could not identify the protein, and .detailed analysis of the
cellular function of Ufml‘conjugation awaits future study. It
was recently reported that Uba$ is induced by certain re-
agents that induce stress in the endoplasmic reticulum (ER), a
so-called ‘unfolded protein response’ (Harding et al, 2003).
However, we could not observe the induction of Ubas, Ufcl,
and Ufml by treatrment with various compounds known to
induce ER stress in mammalian cells (data:not shown). In
addition, exposure to other stressés including high tempera-
ture or heavy metals also did not induce the appearance
of obvious new conjugation band(s} of Ufm1, by immuno-
blot analysis. Further studies on the biological roles of the
Ufml conjugation pathway are under investigation in our
laboratories.

Materials and methods -~

DNA construction

The ¢DNA enceding human Uba5 was obtained by PCR from
human liver cDNA with the Uba5-s5 primer (5'-CGGAGGGATCCC
CATGGCGGAGTCTGTGGAG-3') and the Uba5-r3’ primer (5'-
CAGTCCTCGAGCTACATATTCTTCATTTT-3'). It was then subcloned
into pcDNA3 vector (Invitrogen, San Diego, CA). A point mutation
for Cys at position 250 to Ser or Ala was generated by PCR-based
site-directed mutagenesis. The Flag tag was introduced at the
N-terminus of Uba$ or Uba5%5%; Similarly, cDNA enceding human
Ufm1 was amplified by PCR" frorn human liver eDNA with the
Ufm1-s5’ primer {(5-TTCCGGGATCCCCATGTCGAAGGTTTCCTTT-3)
and the Ufml-r3’ primer (5-AGTAGCTCGAGTTAACAACTTCCAA
CACGAT-3'), and subcloned into pcDNA3 vector. The Flag, FlagHis,
or Myc tags were introduced at the N-terminus of Ufm}. The HA tag
was introduced at the C-terminus of Ufm1. The C-terminal deletion
mutants of Ufml named Ufm1AC2 and Ufm1AC3, encoding amino
acids 1-83 and 1-82, respectively, were generatéd by PCR, A point
mutation for Gly at position 83 to Ala of Ufm] and UfmiAC2
(Ufm1%%*4 and Ufm1AC25%*4, respectively) was generated by PCR-
based site-directed mutagenesis. The ¢DNA encoding human Ufcl
was obtained by PCR from human liver cDNA with the Ufcl-s5/
primer [S'-GCCCTGGATCCAGATGGCGGATGAAGCCACG-B’) and the
Ufclr3” primer (5"-TTCTCGAGTCATTGGTTGCATTTCTCTT3).
was then subcloned into pcDNA3 vector. A point mutation for
Cys at position 116 to Ser or Ala was generated by PCR-based
site-directed mutagenesis, The Flag tag was introduced at the
N-terminus of Ufcl and Ufc1M®. To express GST-fused Ufm1AC2,
Ufm1AC3, Uba5, Ubas“*%, Ufcl, and Ufc1®"'®A in E. coli, these
¢DNAs were subcloned into pGEX-6p vector {Amersham Bio-
sciences). All mutations mentioned above were confirmed by DNA
sequencing. .
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Cell culture and transfection

Media and reagents for cell culture were purchased from Life
Technologies (Grand Island, NY}. HEK293 celis were grown in
Dulbecco’s maodified Eagle’s medium {DMEM) containing 10% fetal
calf serum {FCS), SU/ml penicillin, and 50 pg/ml streptomycin.
HEK293 cells at subconfluence were transfected with the indicated
plasmids using Fugene 6 reagent (Roche Molecular Biochemicals,
Mannheim, Germany). Cells were analyzed at 20-24h after
transfection.

Immunological analysis

For immunoblot analysis, cells were lysed with ice-cold TNE buffer
(10 mM Tris-HCl, pH 7.5, 1% Nonidet P-40, 150 mM NaCl, 1mM
ethylenediaminetetraacetic acid (EDTA), and protease inhibitors)
and the lysates were separated by SDS-PAGE (12% gel or 4-12%
gradient gel} and transferred to a polyvinylidene diflucride (PVDF}
membrane: Mouse monoclonal anti-Flag antibody (M2; Sigma
Chemical Co., St Louis, MO}, anti-HA antibody (F7; Santa Cruz
Rintechnology, Santa Cruz, CA), and rabbit polyclonal anti-Myc
antibody ‘(N14; Santa Cruz) were used for immunodetection.
Development was performed by the Western lighting detection
methods. -

For immunoprecipitation analysis, cells were lysed by 2001l of
TNE, and the lysate was then centrifuged at 10000g for 10 min at
4°C to remove debris. In the next step, 800l of TNE and 30l of
M2-agarose (Sigma) were added to the lysate, and the mixture was
mixed under constant rotation for 12h at 4°C. The immunopreci-
pitates were washed five times with ice-cold TNE. The complex
was boiled for 10min in SDS sample buffer in the presence of
B-mercaptoethanel to elute proteins and centrifuged at 10000g for
10min at 4°C. The supernatant was subjected to SDS-PAGE,
transferred to PVDF membrane, and analyzed by immunoblots
with anti-Flag (M2} or anti-Myc (N14) antibody. .

For purification of 6xHis-tagged proteins under denatunng
conditions, cells were lysed by 1ml of denaturing lysis buffer
(8 M urea, 0.1M NaH,P04, and 0.00 M Tris-HCI, pH 8.0} in the
presence- of 20mM N-ethylmaleimide as an inhibitor- of isopepti-
dases, and the lysate was sonicated briefly and then centrifuged at
10000g for 10min at room temperature to remove debris. Then,
30p] of Ni-NTA Superflow {QIAGEN) was added to the lysate, and
the mixture was shaken under constant rotation for 30 min at room
temperature. The precipitates were washed five times with
denaturing wash buffer (8M urea, 0.1M NaH,PC,, and 0.001 M
Tris-HC], pH 5.9}. To elute proteins, elution buffer (8 M urea, 0.1 M
NaH,P0,, and 0.01 M Tris-HCI, pH 4.5) was added to the complex,
and the mixture was centrifuged at 10000g for 10min at room
temperature. The resulting supernatant was subjected to SDS-
PAGE, transferred to PVDF membrane, and analyzed by immuno-
blots with anti-Flag (M2).

Freshly isolated tissues from mice were homogenized in lysis
buffer {50mM Tris-HCl, pH 7.5, 1% SDS, SmM EDTA, and 10mM
B-mercaptoethancl) using potter-Elvehjemn homogenizer. The
homogenate was centrifuged at 10000g for 10min to remove
debris. The resulting supernatant was subjected 10 SDS-PAGE,
transferred to PVDF membrane, and anzalyzed by immunoblotting
with anti-Ufm1 or preimmune serum. The ant-Ufml polyclonal
antibody was raised in rabbits using the recombinant protein
produced in E. coli as an antigen.

In vitro thioester formation assay
Recombinant GST-UfmlAC2, GSTUfmlAC3, GST-Ubas, GST-
Uba5™%%4, GST-Ufcl, and GST-Ufc1“""®* (tagged N-terminally with
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GST) were produced in E. coli and recombinant proteins
were purified by chromatography on glutathione sepharose 4B
(Amersham Bicsciences). After elution of proteins from the beads,
the preparations were dialyzed against 50mM BisTris {pH 6.5),
100 mM NacCl, 10mM MgCly, and 0.1mM DIT (reaction buffer).
Most thioester formation reactions contained reaction buffer with
4pug GST-Ufm1AC2 or GST-UfmlAC3 and some of the following:
5 mM ATP, 2 or 0.2pg GSTUbaS or G$T-Uba5%**%, and 4 ;g GST-
Utel or GST-Ufc1SV%A. Reactions were incubated for 30 min at 25°C
and stopped by the addition of SDS-containing leading buffer either
lacking reducing agent or containing 100 mM DTT, followed by a
10min incubation at 37°C, SDS-PAGE (4-12% acrylamide gradient)
and Coomassie brilliant blue staining.

Protein identification by LC-MS/MS analysis

The UbaS-associated complexes were digested with Achromobacter
protease I and the resulting peptides were analyzed using a
nanoscale LC-MS/MS system as described previously (Natsume
et al, 2002). The peptide mixture was applied to a Mightysil-PR-18
(1pym particle, Kanto Chemical) frit-less column (45mm x
0.150mm ID) and separated using a 0-40% gradient of acetonitrile
containing 0.1 % formic acid over 30 min at a flow rate of 50 nl/min.
Eluted peptides were sprayed directly into'a quadropole time-of-
flight hybrid mass spectrometer (Q-Tof Ultima, Micromass, Man-
chester, UK). M5 and MS5/MS specira were obtained in a data-
dependent mode. Up to four precurser ions above an intensity
threshold of 10¢ounts/s were selected for MS/MS analyses from
each survey scan. All MS/MS spectra were searched against protein
sequences of Swiss Prot and RefSeq (NCBI} using batch processes of
Mascot software package (Matrix Science, Londen, UK). The
criteria for match acceptance were the following: (1) When the
match score was 10 over each threshold, identification was accepted
without further consideration. (2] When the difference of score and
threshold was lower than 10, or when proteins were identified
based on a single matched MS/MS spectrum, we manually
confirmed the raw data prior to acceptance. (3) Peptides assigned
by less than three y series ions and peptides with + 4 charge state
were all eliminated regardless of their scores.

Immunofluorescence

HelLa cells grown on glass coverslips were fixed in 4% paraformal-
dehyde (PFA) in PBS for 15 min, and permeabilized with 0.2% (vol/
vol) Triton X-100 in PBS for 30 min. After permeabilization, the cells
were blocked for 30 min with 5% (vol/val) normal goat serum in
PBS, incubated for 1h at 37°C with anti-Ufm1 serum or preimmune
serum, washed with PBS, and incubated for 30min with Alexa
488 nm anti-rabbit antibodies (Molecular Probes). The coverslips
were washed and mounied on slides. Fluorescence images were
obtained using a flucrescence microscope {DMIRE2; Leica)
equipped with a cooled charge-coupled device camera (CTR MIC;
Leica). Pictures were taken using Leica Qfluoro software (Leica).
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