
35 mM sonaz~d.  and 3.5 mM MnCI,, buffered at pH 
7 5 with 50 mM Hepes. Before InhA was added to 
the reactlon mxture, it was stored In 1 mM EDTA, 1 
mM d~thothreitol, and 0.5 mM phenylmethylsulfonyl 
fluoride, buffered at pH 7.5 with 50 mM Hepes, InhA 
actvlty was measured by removng aquots  from the 
ncubaton mxture and spectrophotometr~cally mon- 
torng the turnover of fresh NADH to NAD+ at 340 
nm In the presence of a fatty acyl-CoA substrate (6). 
lnhA actlvlty decreased by 90% wlthln 2 days and 
concded wlth the reaction mxture turnny bright 
yellow. Crystals of sonazd -nhb ted  lnhA were pro- 
duced by combining the ncubaton mxture In a 1 : I  
ratlo wlth 12% methyl pentane d~ol,  4?& dlmethyl 
sulfoxlde, 100 mM Hepes at pH 7.5, and 50 mM 
sodum citrate at pH 6.5 and placng t In a hangtig 
drop enclosure Wlthln a week, c ~ ~ s t a l s  reached a 
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group derlved from sonazd  No other peaks exsted 
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Ultraviolet-Induced Cell Death Blocked by a 
Selenoprotein from a Human 

Dermatotropic Poxvirus 
Joanna L. Shisler, Tatiana G. Senkevich, Marla J. Berry, 

Bernard Moss* 

Selenium, an essential trace element, is a component of prokaryotic and eukaryotic 
antioxidant proteins. A candidate selenoprotein homologous to glutathione peroxidase 
was deduced from the sequence of molluscum contagiosum, a poxvirus that causes 
persistent skin neoplasms in children and acquired immunodeficiency syndrome (AIDS) 
patients. Selenium was incorporated into this protein during biosynthesis, and a char- 
acteristic stem-loop structure near the end of the messenger RNA was required for 
alternative selenocysteine decoding of a potential UGA stop codon within the open 
reading frame. The selenoprotein protected human keratinocytes against cytotoxic ef- 
fects of ultraviolet irradiation and hydrogen peroxide, providing a mechanism for a virus 
to defend itself against environmental stress. 

T h e  trace element selenium is essential for 
survival, as demonstrated by the  early em- 
bryonic lethality of targeted disruption of the 
selenocysteine (Sec) t R N A  gene ( 1  ). Sever- 
al lines of evidence, mostly based o n  a de- 
crease or increase in dietary selenium, sug- 
gest that selenoproteins have roles in anti- 
oxidant defenses, thyroid function, repro- 
ductive capacity, and protection against 
tumors and virus infections (2 ,  3). Although 
selenoproteins are present in Bacteria, Ar- 
chaea, and Eukarya, heretofore no  viral sel- 
enoprotein has been demonstrated. A recent 
analysis of the D N A  sequence of mol l~~scum 
contagiosum virus (MCV)  revealed an  open 
reading frame (ORF), MC066L, with hornol- 
ogy to human glutathione peroxidase (4), a 
well-characterized selenoenzyrne that reduc- 

es cytotoxic peroxides (2 ,  5). T h e  M C V  
contains more than 150 genes (6) and, like 
other poxviruses, replicates in the cytoplasm 
of infected cells (7). It resides exclusively in 
the huinan epidermis, where it causes persis- 
tent, benign neoplastns in children and es- 
sentially untreatable opportunistic infections 
in  AIDS patients (8). Apoptosis plays a n  
important role in the biology of the epider- 
mis and tnay provide a mechanism for regres- 
sion of some epidermal neoplasms (9). T h e  
putative M C V  glutathione peroxidase may 
protect infected cells against ultraviolet 
(UV)  irradiation, which is known to induce 
apoptosis through the action of hydrogen 
peroxide and superoxide anions ( 10). 

T h e  MC066L ORF was predicted to en- 
code a selenoprotein because of the presence 
of a potential U G A  stop codon, which could 

J, L. Sh~sler,T. G. Senkevch, B.  Moss, LaboratoryofVral be decoded as Sec, within the region of ho- 
Dseases, Natonal lnsttute of Allergy and lnfectous D s  mology glutathione peroxidase (4). Rec. 
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in prokaryotic mRNA and in the 3' noncod- 
ing region of eukaryotic mRNA (1 1 ). Inspec- 
tion of the nucleotide sequence within and 
following the MC066L ORF suggested the 
presence of a SECIS element in the 3' non- 
coding region (Fig. 1) that would be required 
to read through the UGA codon for synthesis 
of the predicted 30-kD MC066L protein. Be- 
cause the length of the MCV mRNA is not 
known, we constructed recombinant plasmids 
with a bacteriophage T7 promoter adjacent to 
the MC066L ORF with 2, 127, or 297 base 
pairs of downstream noncoding sequence (Fig. 
1). DNA encoding an influenza virus hemag- 
glutinin (HA) epitope tag of nine amino acids 
was added to the NH2-terminus of the 
MC066L ORF to allow detection with mono- 
clonal antibody (mAb) 12CA5 (12). 

The plasmids containing the T7 promoter 
and MC066L ORF were transfected into BS- 
C-1 cells that were infected with recombinant 
vaccinia virus vTF7-3 encoding T7 RNA 
polymerase (1 3). A protein immunoblot re- 
vealed several nonspecific bands in all lanes 
and a 30-kD band specifically from cells trans- 
fected with plasmids that included both the 
MC066L ORF and the adjacent 127 (Fig. 2A, 
lane 4) or 297 (Fig. 2A, lane 5) nucleotides of 
MCV 3' noncoding sequence. The 30-kD 
band was not detected when the transfected 
plasmid contained the MC066L ORF without 
significant MCV 3' noncoding sequence (Fig. 
2A, lane 3). The size of the protein was 
consistent with the length of the ORF, assum- 
ing translation of the UGA codon; the re- 
quirement for the 3' noncoding sequence 
confirmed the presence and 3' location of the 
predicted SECIS element. To bolster this in- 
terpretation, we made two MC066L plasmids 
with point mutations in the UGA codon. In 
one, the G at position 191 was changed to A, 
thereby converting UGA to a UAA stop 
codon that cannot be decoded as Sec (Fig. 1, 
MC066L-E). In the other plasmid, the G was 
changed to C, thereby converting the UGA 
to a serine codon, which should greatly en- 
hance translation of the ORF (Fig. 1, 
MC066L-D). The infected and transfected 
cells were labeled with r5S]methionine 7 to 
16 hours after infection, and the proteins were 
immunoprecipitated with mAb 12CA5. Al- 
though there were background bands, a spe- 
cific 30-kD polypeptide was prominent with 
the G+C mutation (Fig. 2B, lane 4), faint 
with the wild-type sequence (Fig. 2B, lane 3), 
and absent with the G+A mutation (Fig. 2B, 
lane 5). 

Selenium incorporation was directly dem- 
onstrated by metabolically labeling infected 
and transfected cells with 75Se (University of 
Missouri Research Reactor, Columbia, Mis- 
souri) and analyzing the lysates by gel electro- 
phoresis. A single prominent 30-kD band was 
detected by autoradiography only when the 
transfections were performed with the 

MC066L ORF containing 127 (Fig. 2C, lane 
4) or 297 (Fig. 2C, lane 5) nucleotides of 3' 
noncoding sequence. The identity of the 
75Se-labeled 30-kD 'polypeptide was con- 
firmed by immunoprecipitation with mAb 
12CA5. The selenoprotein bands detected in 
uninfected cells (Fig. 2C, lane 1) were not 
seen in the infected and untransfected (Fig. 
2C, lane 2) or other infected cells because the 
labeling was carried out after vaccinia virus 
shuts off the synthesis of cellular proteins. The 
absence of any labeled band in the infected 
and untransfected cells suggests that vaccinia 
virus, unlike MCV, does not encode a seleno- 
protein. 

The putative SECIS element located 
about 40 nucleotides downstream of the 
MC066L ORF was initially identified by the 
presence of conserved nucleotides found in 
all eukaryotic SECIS elements (shown in 
bold in Fig. 3A) and by the characteristic 

stem loop (14) [obtained by the manual 
manipulation of a structure derived from the 
FOLD program (15)l. The SECIS activity 
was confirmed by the functional substitution 
of MCV noncodine seauences for the SECIS - .  
element of type I iodothyronine deiodinase 
(16) (Fig. 3B). Thus, the 3' noncoding re- 
gion following the MC066L ORF was nec- 
essary and sufficient for synthesis of homol- 
ogous and heterologous selenoproteins. 

Having established that MC066L encodes 
a selenoprotein, we investigated whether it 
could protect epithelial cells against UV- and 
hydrogen peroxide-induced cell death. Be- 
cause vaccinia virus is cytotoxic, we cloned 
the MC066L ORF and 3' noncoding se- 

0 

quence, with or without the HA epitope tag, 
into a nonviral eukaryotic expression vector. 
Transfected HeLa cells were incubated with 
75Se, and lysates were analyzed by gel electro- 
phoresis (17). Without the HA tag, a single 

Fig. 1. Schematic of the recombinant forms of the HAW - MMOBLORF S ~ S  

MC066L ORF. Checkered bar, HA epitope tag ATG ATG TGA 

sequence encoding the nonapeptide Tyr-Pro-Tyr- MC066L-A b- 
Asp-Val-Pro-Asp-Tyr-Ala derived from the influ- 1 190 

661 960 

ATG ATG TGA 
enza virus HA gene and recognized by mAb MC066L-B 11~~ 

TAG 

12CA5 (BABCO): unfilled bar. MC066L ORF in i 190 661 790 

frame with HA kg; gray bar, noncoding region ATG ATG TGA TAG 

between MC066L ORF and the adiacent ORF: MCo66Le '-' I 4 
7 ?- LlCE . "- -., 

black bar, SEClS element within ndncoding re- ATG ATG TCA 

gion. First ATG, translation initiation codon at start ~ ~ 0 6 6 ~ - D  
of HA epitope tag; second ATG, original initiation 1 190 661 960 

AT0 ATG TA4 TAG 
codon of MC066L ORF; TGA, alternative Sec or Mc,L-, 4 I I I I 

stop codon; TAG, stop codon at end of MC066L 1 190 66 I I ~ W  

ORF; TCA, serine codon derived by mutagenesis 
of Sec codon; TAA, stop codon derived by mutagenesis of Sec codon. Numbers: 1, the first nucleotide 
of the MC066L ORF; 190, the alternative Sec codon; 661, the MC066L stop codon, 960, the last 
nucleotide of the intergenic region between MC066L and MC065L. DNA segments were cloned 
between the Nco I and Bam HI restriction endonuclease sites of pMITEOlac.20/3, a plasmid closely 
related to pVOTE1 (28). 

Fig. 2. Expression of MC066L ORF. (A) Protein A B 
immunoblots of MC066L protein. BS-C-1 cells, S'M . . . + + NI~I . . G c A 

uninfected (lane 1) or infected with vTF7-3 (lanes 2 MC066L - . + + + MC066L . - + + + 

to 5), were transfected with no plasmid (lane 2) or T7 - + + + + T7Po' + + + + 

ZL1B-p - - -. -, 
!iz 

MC066L-C (lane 3), MC066L-B (lane 4), or 97-; . 
MC066L-A (lane 5). Abbreviations: S'ncod, 3' 97- I I ~ U  d-.- 

noncoding region following MC066L ORF; T7 pol, 46 - -L - - L 

T7 RNA polymerase. (B) SDS-PAGE autoradio- 30 - t 
t graph of immunoprecipitated MC066L protein 30---- -- - - 

14 - 
with point mutations. BS-C-1 cells, uninfected 1 2 3 4 5  

1 2 3 4 5  

(lane 1) or infected with vTF7-3 (lanes 2 to 5), were C D 
+ + transfected with no plasmid (lane 2) or with iCzGL 1 1 ; + + HA - - + - 

MC066L-A (lane 3), MC066L-D (lane 4), or T7Pol - + + + + MC066L - - + + 
MC066L-E (lane 5) and labeled with r5S]methi- I ; 

onine. Abbreviations: N,,,, nucleotide at position 66 -1, 97- 

191 of MC066 ORF. (C) SDS-PAGE autoradio- 
graph of 75Se-labeled proteins. BS-C-1 cells, 
mock infected (lane 1) or infected with vTF7-3 30 - rrt 

30 - -. + 
(lanes 2 to 5), were transfected with no plasmid -1 14- =-.- 
(lane 2) or with MC066L-C (lane 3), MC066L-B s y C ; 4  

(lane 4), or MC066L-A (lane 5) and labeled with 
75Se. (D) SDS-PAGE autoradiograph of 75Se-labeled proteins. HeLa cells, untransfected (lane 1) or 
transfected with the pCI vector (lane 2), the pCI vector containing the epitope-tagged MC066L-A (lane 
3), or the untagged MC066L with 3'-noncoding sequences (lane 4), were labeled with 75Se. Arrows: 
MC066L products. 
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Fig. 3. Structure and function of 
MC066L SEClS element. (A) Pre- 
dicted secondary structure. Nucleo- 
t~des 696 and 747 correspond to the 
numbering system In F I ~ .  1 .  that is, 
the number of nucleotides from the 
start of the MC066 ORF. Invariant 
nucleotides present in a eukaryotic 
SECIS elements characterized to 
date are shown in bold. The f e d  
oval symbols refer to predicted non- 
Watson-Crick base-pairing (6) The 
MC066L SEClS element efficiently 
directs Sec incorporation into a het- 
erologous cellular selenoprotein 
Pasmds containing the rat type 1 
deiodnase coding region followed 
by a DNA segment correspondng 
to MCV nucleotides 661 to 932 or 
661 to 797 (Fiq. 1 )  or the wild-type or 

C-G 
C-G 

AC A A 

A G  G  
C-G 
U - A  
C-G 
U - A  
C-G 

U  C  
G-U 
C-G 
G-C 
G-C 
C-C  
A - G  
G - A  
U - G  

Molluscum contagiosum 
MC066L SEClS element 

MCV MCV W~ld-type MlRant 
661-932 661-797 delod~nase de~od~nase 

3' Noncod~ng region 

mutant deiodinase SECS e~kment 
were transfected, together with a control plasmid that expresses human growth hormone, into human 
embryonic kidney 293 cells. Deiodinase activity, normalized to units of human growth hormone (16), of 
duplcate assays from two independent transfection experiments is shown. 

labeled 30-kD band was detected in addition 
to the cellular selenoproteins present 111 the 
controls (Fig. 2D, lane 4). With the epitope 
tag, a doublet was resolved (Fig. 2D, lane 3), 
indicating translation initiation at both the 
first and second in-frame A U G  codons caused 

A HeLa, UV , HeLa, peroxide 

pCl P35 M C W L  pCl ' P35 ' ~ ~ 0 6 6 ~  

HaCaT, UV yoo, HaCaT, peroxide 

100 _ HeLa, TNF FIOO, HeLa. anti-Fas 

Fig. 4. The MC066L prote~n protects against UV- 
and hydrogen peroxide-induced cell death. HeLa 
(A, 8, E. and F) or HaCaT (C and D) cells were 
co-transfected with CMV-p-Gal and pC vector. 
pCI-P35, or pCl-MCOGGL-A. Thirty hours after 
transfection. the cells were UV irradiated (A and C) 
or were treated with hydrogen peroxide (B and D), 
cycoheximide and TNF-a (E),  or cyclohexim~de 
and anti-Fas (F) After 12 additional hours, the 
cells were fixed and stained w~th X-Gal, and the 
percent viability of the blue cells was determined 
The data shown are the means and standard er- 
rors of three separate transfection experiments. 

by nonoptimal sequences adjacent to the 
former. T o  evaluate a biological role of the 
MCV protein, we co-transfected cells with 
the MC066L vector (non-HA tag) and an- 
other plasmid that expresses the Eschenchia 
coli incZ gene. The  pCI vector without the 
MC066L ORF or with the baculovirus P35 
gene, a potent inhibitor of apoptosis (18), 
served as negative and oositive controls, re- - 
spectively. Transfected HeLa cells were irra- 
d~a ted  with U V  (Fig. 4A) or treated with 
hydrogen peroxide (Fig. 4B) and, after further 
incubation, were stained for 6-galactosidase 
(6-Gal) and examined microscopically. Both 
UV irradiation and peroxide were found to 
~nduce cell rounding, membrane blebbiilg, 
and lifting of cells off the plate. Transfected 
cells were identified by their blue color, and 
the percentage that appeared flat and witho~lt 
signs of apoptosis was deternlined (1 9). The  
viability was higher when cells were trans- 
fected with MCO66 or P35. comoared to vec- , 1 

tor alone, indicating that the proteins encod- 
ed by these genes were protective. The  ability 
of P35 to protect against UV-induced apopto- 
sis was previously reported (1 9 ,  20). 

Similar protective effects of the trans- 
fected genes were also obtained with a span- - 
taneously im~nortalized human keratiilocyte 
cell line, HaCaT (21 ) ,  which undergoes ap- 
optosis when UV-irradiated (22).  Cells 
transfected with vector alone were more sen- 
sitive to U V  irradiation (Fig. 4C)  and hydro- 
gen peroxide (Fig. 4D) than those expressing 

MC066L or P35. Unlike P35, MCO66L did 
not protect HeLa cells from cytotoxicity in- 
duced by tumor necrosis factor ( T N F )  (Fig. 
4E) or by ant~body to Fas (anti-Fas) (Fig. 
4F),  suggesting that the activity of the M C V  
proteln is restr~cted to blocklng UV- and 
peroxide-ind~~ced signals. 

The  proteln encoded by MC066L is the 

ed &noprotein. T h e  absence of homologs 
of this gene in vaccinia (23) and variola (24) 
\,iruses suggest that the glutathione peroxl- 
dase was accluired bv M C V  after the diver- 
gence of the' ~ollusdi~oszirus and Orthopox- 
uirus genera from a common progenitor, or 
that it was lost from the latter a t  about that 
time. A relat~r~ely recent acquisition of 
MC066L is supported by the 75% amino 
acid ~dent i ty  with huillan glutathione perox- 
idase, a value considerably higher than the  
values of 20 to 25% for other M C V  proteins 
with cellular homologs (6) .  In addition, the 
sequence follorving the  MCO66L gene con- 
tains a f~~nc t iona l  eukarvotic SECIS ele- 
ment, as demonstrated by its ab~lity to  sub- 
stitute for the element of a heterologous 
cellular selenoprotein. 

Viruses have evolved a number of wavs of 
preventing or delaying cell death so as to 
increase the yield of progeny (25). M C V  was 
recently shown to encode two genes with 
death effector domains, and at least one of 
these can prevent TNF- and anti-Fas-medi- 
ated cytolysis (19, 26).  These M C V  genes 
could complement MC066L because our 
data suggest that MC066L does not prevent 
T N F -  or anti-Fas-mediated apoptosis. It is 
not ~resent lv  oossible to evaluate the in vivo 
roles of MCV genes because the mrus does 
not reolicate in tlssue culture and reolicates 
only illini~nally in  animal models, precluding 
either the generation or testing of deletion 
mutants (27).  Nevertheless, the ability of the  
MCO66L gene to protect cells against UV- 
and peroxide-induced cell death is consis- 
tent with the enzymatic properties of gluta- 
thione peroxidases (2 ,  5) and mould seem to 
be a clever ploy for a virus that replicates 
exclusively in the epidermis. 
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Change in Chemoattractant Responsiveness of 
Developing Axons at an Intermediate Target 

Ryuichi Shirasaki,* Ryuta Katsumata, Fujio Murakami 

Developing axons reach their final targets as a result of a series of axonal projections to 
successive intermediate targets. Long-range chemoattraction by intermediate targets 
plays a key role in this process. Growing axons, however, do not stall at the intermediate 
targets, where the chemoattractant concentration is expected to be maximal. Commis- 
sural axons in the metencephalon, initially attracted by a chemoattractant released from 
the floor plate, were shown to lose responsiveness to the chemoattractant when they 
crossed the floor plate in vitro. Such changes in axon responsiveness to chemoattractants 
may enable developing axons to continue to navigate toward their final destinations. 

I n  the developing nervous system, axons 
navieate considerable distances toryard their " 

final targets in a highly stereotyped and di- 
rected manner. This process is achieved by a 
series of axonal projections to successive in- 
termediate targets under the influence of local " 

guidance cues (1). Accumulating evidence 
has indicated the importance of long-range 
cheinoattraction in guiding developing axons 
not only to final (2)  but also to interinediate 
targets (3-10). Colnrnissural axons originat- 
ing from the alar plate of the vertebrate cen- 
tral nervous system, for example, initially 
grow ventrally, attracted by a diff~~sible che- 
  no tropic inolec~lle secreted from the ventral 
lnidline floor plate (3-9), an interlnediate 
target of these axons (6, 11). These axons, 
however, grow past the floor plate to extend 
contralaterallv. Since the first demonstration 
of the existence of the floor plate-derived 
chernoattractant (3),  an intrig~~ing question 
has been why gro\ving axons do not stall at 
their interillediate targets, where the che- 
inoattractant concentration is expected to be 
maximal. Here, n.e nrovide evidence for a 
change in the chernoattractant respollsi~~eness 
of growing axons during their growth across 
an intermediate target. 

Metencephalon corninissural axons, which 
originate from the cerebellar plate (CP) of the 
rat embryo, initially grow circ~~inferentially 
toward floor plate cells at the ventral midline 
of the metencenhalon (6). In vitro studies 
have suggested that these cornmissural axons 
(referred to hereafter as CP axons) are guided 
toward the m~dline by a diffusible cheinoat- 
tractant released from floor plate cells (6, 7, 
9) .  Here, we used an in vitro preparation that 
reproduces the crossing of the midline floor 
plate by CP axons to examine possible chang- 
es 111 the cheinoattractant responsiveness of 
CP axons when they cross the floor olate i 12). 
When a strip of the rostra1 metencephalon 

that included the entire circumferential tra- 
jectory of CP axons (Fig. 1A) was cul t~~red 
alone in collagen gel, axons originating from 
the CP grew across the midline floor plate to 
extend contralaterally (n = 16) (Fig. 1B) 
(1 3 ) .  We next tested whether CP axons, after . , 

they have crossed the floor plate, are attracted 
by an ectopic floor plate explant. We juxta- 
posed a floor plate explant to the metence- 
phalic strip on one side (Fig. 1A) and exam- 
ined the behavior of CP axoils by implant- 
ing the fluorescent tracer 1 , l  '-dioctadecyl- 
3,3,3',3'-tetramethylindocarbocyanille per- 
chlorate (DiI) into the CP contralateral to the 
explant. Under such conditions, CP axoils 
that had crossed the midline floor plate did 
not show directed growth toward the ectopic 
floor plate explant (Fig. 1C).  To  compare 
directlv the lxhavior of CP axons extending 
from both sides, we implanted DiI crys- 
tals into the contralateral CP and 3.3'-di- 
octadecyloxacarbocya~~i~~e perchlorate (D~o) 
crystals into the ipsilateral CP of the same 
strlp preparations (Fig. ID).  Although DiO- 
labeled CP axons that had not crossed the 
m~dline floor plate showed dlrected growth 
tor! ard the ectoDic exnlant, DII-labeled axoils 
that had crossed sho\ved no sign of directed 
growth (Fig. 1, D and E).  

Because iinplailtatioil of Dl1 or DiO into 
the CP might also label axonal populations 
other than those from cornrnissural neurons, 
such as longitudinally growing axons (Fig. 
1C) (6) ,  we next assessed chelnoattractio~l of 
CP axons by labeling them with a molecular 
marker for commissural axons (14). Cominis- 
sural axoils at all axial levels from the spinal 
cord to the lnesencenhalon exnress TAG-1. 
an axonal surface glycoprotein, during their 
circumferential growth until they reach the 
floor plate in vivo (9, 15). Moreover, TAG- 
1-positive (TAG-I-)  colnmissural axons in- 
cltiding CP axons are attracted by the floor 
plate in vitro (3, 9). We found that nlost 
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