
Immunotherapeutic strategies for EAE 
have included infusion of monoclonal anti- 
bodies (MAbs) to Vp8, which prevents 
disease in mice (5, 6) and reverses it if 
administered after onset (5). Similarly, infu- 
sion of a MAb to a clonotypic determinant 
on the surface of encephalitogenic T cells 
protects Lewis rats from EAE (22). Resist- 
ance to EAE induction has also been con- 
ferred by vaccination with attenuated, en- 
cephalitogenic T cell clones (23, 24) and by 
transfer of ex vivo-derived immunoreg- 
ulatory T cells (1 8, 19, 25). 

Vaccination with TCR peptides is prefer- 
able to MAb infusion because persistent, 
active immunity is induced. Whereas active 
immunity is also induced by vaccinating 
with attenuated encephalitogenic T cells, the 
efficacy of this procedure is reported to be 
variable (26). Further, whole T cell vaccina- 
tion induces immunitv to T cell determi- 
nants other than those that confer protec- 
tion (26) and, in an outbred population, 
must be administered autologously to avoid 
alloreactive complications. ~drninistration 
of ex vivo-derived regulatory T cells must 
be similarly individualized. Such labor-in- 
tensive strategies are unlikely to be em- 
ployed on a significant scale. TCR peptide 
vaccination is a selective approach to the 
modulation of T cell-mediated autoimmu- 
nity. It also may be applicable to the helper 
T cells in antibody-mediated autoimmunity, 
T cell lymphomas, and other pathogenic 
conditions mediated by specific, oligoclonal 
T cell populations. 
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The Neuron-Specific Protein PGP 9.5 Is a Ubiquitin 
Carboxyl-Terminal Hydrolase 

A complementary DNA (cDNA) for ubiquitin carboxyl-terminal hydrolase isozyme L3 
was cloned from human B cells. The cDNA encodes a protein of 230 amino acids with 
a molecular mass of 26,182 daltons. The human protein is very similar to the bovine 
homolog, with only three amino acids differing in over 100 residues compared. The 
amino acid sequence deduced from the cDNA was 54% identical to that of the neuron- 
specific protein PGP 9.5. Pdiication of bovine PGP 9.5 confinned that it is also a 
ubiquitin carboxyl-terminal hydrolase. These results suggest that a family of such 
related proteins exists and that their expression is tissue-specific. 

C OVALENT ATTACHMENT OF UBIQUI- 

tin to a number of cellular proteins 
has been postulated to play a role in 

a variety of cellular processes (1-3). This 
widespread posttranslational modification 
of proteins is thought to target the attached 
protein for various metabolic fates. In the 
case of proteolysis, polyubiquitination of 
substrate proteins is observed, and these 
conjugates are recognized and degraded by 
specific proteases in the cell (2). In contrast, 
the reversible ubiquitination of histones is 
limited to one or  two ubiquitin molecules 
per histone molecule, does not lead to deg- 
radation, and may be important for chroma- 
tin condensation or cell cycle progression 
(4-6). Covalent attachment of ubiquitin to 
the T cell homing receptor (7) and the 
platelet-derived growth factor receptor (8) 
has been demonstrated, but the conse- 
quences of this modification are unknown. 
Three eukaryotic genes code for proproteins 
that consist of an NHz-terminal ubiquitin 
and a COOH-terminal ribosomal protein 
(9, 10); the ubiquitin is proteolytically pro- 
cessed from these proteins at a poorly de- 
fined point in the maturation of the ribo- 
some. Finally, whereas a fourth ubiquitin 

gene codes for a polyubiquitin precursor 
that is a heat shock protein (11, 1 4 ,  its role 
in the stress response is undefined. These 
diverse functions have one common feature; 
that is, they all require that ubiquitin deriva- 
tives be recognized by specific proteases that 
are able to hydrolyze a peptide bond at the 
COOH-terminal glycine of ubiquitin. Thus, 
the ubiquitinyl-NE amide bond is enzymati- 
cally hydrolyzed during the removal of ubi- 
quitin from histones that occurs before mi- 
tosis (13, 14), cytoplasmic conjugates are 
disassembled by activities present in most 
tissues (IS), and proteolytic intermediates 
must be released from the COOH-terminus 

Fig. 1. Specificity of affinity-purified antibodies 
to homogeneous UCH-L3. Antibodies were af- 
finity-pur<fied with antigen immobilized on nitro- 

K. D. Wilkinson, K. Lee, S. Deshpande, P. Duerksen- 
Hugha, Depamnent of Bimhemisuy, Emory University ceuulose paper' (A) Silver-stained S D S - ~ O 1 ~ a c ~ l -  
School of Medicine, Atlanta, GA 30322. amide gel showing the purified UCH-L3 used to 
J. M. Boss, Deparnnent of Microbiology and Immunolo- elicit antibodies in rabbits. Lane 1, molecular 
gy, Emory University School of Medicine, Atlanta, GA mass standards: lane 2. ~urified UCH-L3. (B) 
30322. Protein immunbblots of k ~ ~ ~ - ~ o l ~ a c r y l a & d e  
J. Pohl, Emory University h'lic~hemical Facility, gel obtained using the affinity-purified antibody. Emory University School of Medicine, Atlanta, GA 
znzw Lane 1, molecular mass standards: lane 2. bovine .,""--. 

thymus hornogenate; lane 3, purified' bovine 
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of ubiquitin to allow its regeneration for protein, but can be inferred to be a Lys or, served in all three sequences (Fig. 3). Clear- 
another catalytic cycle (15). Similarly, en- more likely, an Arg (22) in the bovine ly, these are related proteins and it was of 
zymes must be present that hydrolyze the protein because tryptic cleavage occurred at interest to determine if the neuronal protein 
ubiquitinyl-hJcx amide bond during process- this position. exhibits ubiquitin COOH-terminal hydro- 
ing of the polyubiquitin and the ubiquitin A search of the Protein Identification lytic activity. 
COOH-terminal extension proteins coded Resource Data Bank using the deduced hu- PGP 9.5 is among the most abundant 
by the known ubiquitin genes. man UCH-L3 amino acid sequence showed proteins of brain, constituting from 1 to 5% 

With the use of a generic substrate, the similarity with only one protein, the human of the soluble protein. It is a cytoplasmic 
COOH-terminal ethyl ester of ubiquitin neuron-specific cytoplasmic protein PGP protein of 212 amino acids (23) that has 
(16), four such enzymatic activities have 9.5 (23). In addition, the sequence of a yeast been localized to neuronal and d i h s e  
been separated and identified from bovine ubiquitin hydrolase has been reported (24). neuroendocrine tissues in a variety of verte- 
thymus (1 7). All are thiol proteases and have The two human proteins have 126 identical brate organisms (25). Immunohistological 
high-affinity binding sites for ubiquitin, and residues and 35 conserved changes. The studies demonstrate that it is localized in the 
three of the four have apparent molecular yeast sequence is most similar to UCH-1'3 neurons and ganglia, but not other cell types 
masses of -30 kD. We have isolated the (73 identities), and 45 residues are con- in the brain, and must therefore be even 
predominant bovine thymus isozyme 
(UCH-L3) (18), determined the amino acid 
sequence of over 40% of it, and raised EUMAN CDNA 5'---GGAGGGCC-CCGCGGC ATG GAG GGT CPA CGC 35 

EUMAN UCE-L3 M E G Q R  5 

antibodies to it. Analysis of the purified Fig. 2, The covalent structure o f  
BOVINE UCB-L3 

bovine protein by SDS-polpacqdamide gel UCH-L3. The top line shows the hu- 
TGG CTG CCG CTG GAG GCC AAT CCC GAG GTC ACC AAC CAG TTT CTT 80 
; L P L E A N P E V T N Q F L  20 

electrophoresis (SDS-PAGE) and silver man UCH-L3 cDNA sequence and the ,, , ,, ,, ccT ,, , ,,, .,, ,, TAT 

staining revealed a single band with an sccond line gives the deduced amino Q 
Q ' 35 

---I 
apparent molecular mass of 26,000 500 acid (35) sequence coded by this GGA ATG GAT CCT GAA CTC CTT AGC ATG GTA CCA AGA CCA GTC TGT 170 

cDNA. The sequences o f  ten bovine 50 

daltons (Fig. 1A). Polpclonal antibodies to peptides are delineated ( 1  - 1 )  the w GTC TTA CTT CTC TTT CCT ATT ACA a AAG TAT a GTA TTC 215 
A V L L L F P I T E K  

this protein were raised in rabbit and then bottom line. Differences in the amino G 65 

affinity-~~rified. A major immunoreactive acid sequence between the human and % T E E E E K I K S Q G Q D V  GAG ATA - TCT GAT GTT 260 80 

band of the appropriate molecular mass was bovine Occur at positions ACA TCA TCA GTA TAT TTC ATG AAG CAA ~ C A  ATC AGC AAT GCC TGT 315 
101, 127, and 161. The cDNA insert T s s v y F M K Q T 1 s N A c 95 obsenred (Fig' lB) when this antibody was was excised from the Agtll clone by GGA ACA ATT GGA CTG ATT CAT GC; ATT GCA AAC AAT AAA GAC AAG 350 

used in immunoblots of either the purified cleavage with E C ~  RI and subcloned G 1 G L 1 
KTR 

D K 110 

protein or thymus homogenates. into the E~~ restriction site o f  ATo cnc TTT GAA TCT GGPI TCA ACC TTG AAA AWL TTC CTG GAG GAA 395 
M A F E S G S T L K K F L E E  125 

With the use of the specific antibodies to pSP72. The plasmid insert was digest- I 
TCT GTG TCA ATG AGC CCT GAA GAA CGA GCC AGA TAC CTG GAG AAC 440 the bovine thymus isoz)Tme, we have cloned ed with Eco R1, Kpn I ,  and Bgl l l ,  and S V S M S P E E R A R , 'f L E N 140 

the resulting fragments were subcloned A 

the cDNA sequence a into pSP72 that had been treated with TAT GAT GCC ATC CGA GTT ACT CAT GAG ACC AGT GCC CAT GAA GGT 485 

human B cell cDNA library (19) (Fig. 2). Eco RI and Bgl 11 (284-bp insert), Eco A I ! ! A 

This sequence appears to be h l l  length (20) RI and Kpn I (163-bp insert), or Kpn I , - AGT ATA GAT GAG - GTA GAT CTT CAT TTT 530 
and to code for UCH-L3 on the basis of and Bgl I1 ( 3 6 2 - b ~  The dou- Q A N- V D L E F  170 

ble-stranded DNA inserts were se- several lines of evidence. First, an open quenced using DNA Sequcnase Kit ATT w TTA GTT CAT GTA GAT w CAT cTc TAT a TTA GAT w 575 
X A L V E V D G E L Y E L D G  185 reading frame of 690 bp is present in the Version 2 (United States Biochemical 

middle of this sequence and could code for a Corp.). Tryptic digestion o f  bovine ? '? T:T '? ATT 2' ? ? A$ T ? A$ 26:; 
protein of the appropriate size and isoelec- UCH-L3 and purification o f  the Pep- TTA TTA GAG GAT GCC ATA GAA GTT TGC AAG AAG TTT ATG GAG CGC 665 
tric point, as determined for bovine UCH- tides was performed as described (36) L L E D A 1 E v c K K r M E R 215 

except that urea was not present during GAC CCT GAT GAA CTA AGA TTT AAT GCG ATT GCT CTT TCT GCA m 710 
L3.Second,thefusionproteincodedbpthis ,he digestion, ~h~ peptides were se- ,D P D E L R , , F  N A I A L s A A 230 

cDNA sequence cross-reacts with the anti- quenced using an Applied Biosystcms TAG CTTGTOU~TAAT~CA&AAAAACTGTATTATTTG~MCTAAATTTTCTCT 769 

bodies to purified bovine UCH-L3. Finally, 477A-120A sequencing system. CCCATACACTAACTO.PAAATTTTGATATTTTCC---3' 802 

the hsion protein encoded by this insert is 
enzymatically active and able to hydrolyze 

1 0  2 0  3 0  40 ubiquitin "yl ester ('I)' To 'his Y u c H  M S G E  N R A  V V P  I E S N P E  V F T  N F A  B  K L  G L  K N E W A  Y F D 1 Y S L T  E P E  L L  
assignment, we have obtained the amino "UCH L3 M E G Q - R - w L P  L E A N P  F V  T N Q F L K Q  t  G L E P N w Q F v D v Y G M - D P E L L 

h.PGP95 2 - - - - - - - - - - - - - - - M L N K V L S R L G V A G Q W R F V D V L G L - E E E S L  
acid sequences of ten tryptic peptides from 

50 60 70 80 90 
thebovineprotein(Fig.2) .Acomparison YUCH A F L P R P V K A I V L L F P I N E D R K S S T - - - - - - - - - S Q Q I T S S Y D V I W  

h U c H ~ 3  S M V P R P V C A V L L L F P I T E K Y E V F R T E E E E K I K S Q G Q D V T S S - - V Y  of the deduced human protein sequence h - p ~ ~ g 5  G S , Y , P , A P A C A L L L L F  P L T A Q B E N F  R K K Q  I E E L K -  - G Q E V S  P K - - V X  

with the bovine peptide sequences demon- s o U 0  1 2 0  130 

stratesthatthereisahighdegreeofsimilar- ~ , ; ' ~ ~ ~ ~ ~ ~ { ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ : ~ : : ~ ~ ~ $ ; ; ~ ~ ~ ~ ~ k ~ ~ ~ ~ ' ~ ; $ $ ~ ~ ~  
ity, Of the 100 residues determined by h.PGP95 F / M ~ ( I T I , G N S C G T I G L I B A V A N N Q D K L G F E D G S V L K Q F L S E T E K M S  

140 1 5 0  160 1 7 0  1 8 0  
aminoacidsequencing'OnlytwodifferfrOm YUCH S S S K N R - F D D V T T D P F V E N - $ ? I K E N V Q T F S T G Q S E A P E A T A D T N L  
thecorrespondinghumansequence;~al '~~ ~ U C H L ~  P E E R A R Y L E N Y D A I R V T B E T S A B E - - - - - - - G Q T E A P S I D E K V D L  

h.PGP95 + P E D R A I K C F E K N E A I Q A A H D A V A Q E - - - - - - - G Q C R - - - V D D X V N F  of the human Drotein was determined to be 
1 9 0  2 0 0  2 1 0  2 2 0  an Ala in the bovine protein (a C to T YUCH 

change at the nucleotide level) and SerI6' 
was determined to be an Asn (a G to A 2 3 0  2 4 0  2 5 0  
change).Inaddition,weobtainedabovine ;.:ElL3 
peptidecorrespondingtoresidues103to h P G P 9 5  - - E F T E R E Q G E - - V R F S A V A L C K A A  

108 of the human protein by tryptic diges- Fig. 3. S~mllarltp o f  the deduced amino acld sequences o f  yeast UCH, human UCH-L3, and human 
tion. Residue 102 is a His in the human PGP 9.5. Ident~cal residues are shaded and the conserved Cys and HIS residues are outlined. 
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more abundant in these cell types. The 
hnction of PGP 9.5 is unknown, but its 
tissue distribution parallels that of another 
neuronal marker, neuron-specific enolase. 
Fractions obtained in the last two steps of 
the purification of bovine PGP 9.5 (26) 
were assayed for ubiquitin COOH-terminal 
hydrolase activity (16). The enzymatic activ- 
ity detected in these preparations copurified 
with PGP 9.5 in both the gel filtration (Fig. 
4A) and ion exchange (Fig. 4B) steps of the 
preparation. The purified preparation exhib- 
ited a ubiquitin COOH-terminal hydrolase 
specific activity of 4 units per milligram. 

Fraction 

Fig. 4. Copurification of bovine PGP 9.5 and 
ubiquitin COOH-terminal hydrolase activity. (A) 
UCH activity (lower) and SDS-PAGE (upper) 
analysis of fractions obtained after the gel filua- 
tion step of purification. (9) UCH activity (low- 
er) and SDS-PAGE (upper) analysis of fractions 
obtained after the DEAE-ion exchange step of 
purification. The arrows indicate the migration 
position of PGP 9.5. 

Table 1. Alignment of tryptic peptide sequences 
from bovine UCH-L1 and bovine PGP 9.5 with 
the deduced amino acid sequence of human PGP 
9.5. The one-letter code is used to specify the 
amino acids (35), where X indicates an unidenti- 
fied residue. Purified bovine PGP 9.5 and UCH- 
L1 (27) were digested and purified by the proce- 
dures described previously (36). Selected peptides 
were sequenced by the Emory University Micro- 
chemical Facility. The peptides sequences ob- 
tained were aligned with the deduced amino acid 
sequence of human PGP 9.5 and the amino acid 
residue number based on that sequence is shown. 

Peptide sequences Human 
PGP 9.5 
deduced 

PGP 9.5 residue 
UCH-LI numbers 

LGVAGQXR LGVAGQWR 9-16 
GQEVSPK 61-67 
VYFMK 68-72 

MPFPVN 168-173 
VCR 189-191 
EFTER 192-196 
FSAVALCX 203-210 

This is to be compared to the specific activi- 
ty of 10 units per milligram for UCH-L3 
catalyzing the same reaction. Thus, it is 
unlikely that the enzymatic activity in the 
purified PGP 9.5 preparation was due to a 
small amount of cGnt&ninating protein. 

Several lines of evidence suggest that PGP 
9.5 corresponds to ubiquitin COOH-termi- 
nal hvdrolase isozvme Ll. which has recent- 
ly bein affinity-pukied frbm bovine thymus 
(27). First, the physical properties of these 
two proteins (PGP 9.5 and isozyme L1) are 
very similar; both elute from DEAE-cellu- 
lose at 0.1M NaCl and exhibit apparent 
molecular masses of -24,500 daltons on 
SDS-PAGE. Second, the kinetic properties 
of PGP 9.5, including a low Michaelis con- 
stant (K,) for ubiquitin and a sensitivity to 
thiol reagents and- metal ions (28), cdrre- 
spond most closely to isozyme L1. Finally, 
we have obtained the amino acid sequence 
of six tryptic peptides from bovine brain 
PGP 9.5 and two from affinity-purified bo- 
vine thymus isozyme L1 (Table 1). All of 
these peptides are consistent with those 
predicted by the cDNA sequence of human 
PGP 9.5. In addition, one peptide, corre- 
sponding to residues 9 to 16 of human PGP 
9.5. was found in both bovine PGP 9.5 and 
bovine isozyme L1. 

The covalent structures of the two human 
enzvmes UCH-L3 and PGP 9.5 and the 
yeast enzyme (24) define important regions 
in this class of enzymes. The active site Cys 
must correspond to the only conserved Cys, 
residue loousing the numbering system of 
the alignments shown in Fig. 3. Catalytically 
essential His residues must be either of two 
conserved His residues at positions 107 and 
181 of the aligned sequences. Elements form- 
ing the ubiquitin biding site might also be 
highly conserved and candidate regions that 
might participate in this interaction include 
residues 43.m 60 and 190 to 198. 

Thus, the expression of ubiquitin 
COOH-terminal hydrolase isozymes ap- 
pears to be tissue-specific, suggesting that 
the role of ubiquitin may vary with tissue 
type or differentiation. These isozymes may 
participate in disassembling ubiquitin-pro- 
tein conjugates formed during normal pro- 
tein metabolism. If so, the expression of 
isozyme L1 may be altered in various neuro- 
logical disease states. Several such neurode- - 
generative diseases, such as Alzheimer's dis- 
ease (29, 30), Parkinson's disease (31, 32), 
progressive supranuclear palsy (33), and 
Pick's and Kufs' disease (34), are known to 
result in neurofibrillary tangles, which are 
rich in ubiquitinated proteins. A defect or 
alteration in the expression of enzymes cata- 
lyzing the removal of ubiquitin from such 
conjugates may be a characteristic of these 
disease states. 
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A Biochemical Correlate of the Critical Period for 
Synaptic Modification in the Visual Cortex 

Stimulation of phosphoinositide hydrolysis by excitatory amino acids was studied in 
synaptoneurosomes of kitten striate cortex at several postnatal ages. Ibotenate and 
glutamate stimulated phosphoinositide turnover during the second and third postnatal 
months; N-methyl-D-aspartate and ~~-cu-amino-3-hydroxy-5-methy~-4-isoxazoe pro- 
pionic acid (AMPA) were without effect. The developmental profile of ibotenate- 
stimulated phosphoinositide turnover parallels the postnatal changes in cortical 
susceptibility to visual deprivation. The transient increase in ibotenate-stimulated 
phosphoinositide turnover does not occur in visual cortex of kittens reared in complete 
darkness. 

ANIPULATIONS OF THE VISUAL 
environment during early postna- 
tal life can lead to profound and 

long-lasting changes in the functional orga- 
nization of the visual cortex. For example, 
temporary closure of one eyelid in kittens 
renders striate cortex unresponsive to stimu- 
lation of the deprived eye (1, 2). Respon- 
siveness to the deprived eye can be restored 
if it is again allowed to view a normal visual 
environment while the other eyelid is closed 
(3). This form of synaptic plasticity is limit- 
ed to a finite period of postnatal develop- 
ment referred to as the "critical" or "sensi- 
tive" period (2-5). Estimates of the length 
of the critical period have varied, but there 
is general agreement that sensitivity to brief 
lid closure begins in kittens at about 3 " 
weeks of age, peaks during the 5th week, 
and then gradually disappears between 12 
and 16 weeks (2-5). We report now that this 
is precisely the period of postnatal develop- 
ment when the excitatory amino acid ibo- 
tenate stimulates phosphoinositide hydroly- 
sis in striate cortex. Phosphoinositide turn- 
over leads to the formation of two intracel- 
lular second messengers, inositol triphos- 
phate (IP3) and diacylglycerol (DAG) (6). 

Center for Neural Science, Brown University, Provi- 
dence, RI 02912. 

Thus, these data suggest that excitatory syn- 
aptic transmission during the critical period 
is characterized by unique patterns of sec- 
ond messenger activity and that phosphoin- 
ositide hydrolysis may play a central role in 
the experience-dependent modification of 
visual cortex. 

There is evidence that synaptic excitation , & 

in the visual cortex depends on activation of 
excitatory amino acid (EAA) receptors (7). 
One class of EAA receptor is linked to a 
phosphoinosidase that catalyzes the hydrol- 
ysis of phosphatidylinositol-4,5 bisphos- 
phate to form DAG and IP, (8) .  Nicoletti et 
a / .  (9) have showed in rat hippocampus that 
this metabotropic EAA receptor is activated 
by glutamate, prefers the agonists ibotenate 

Fig. 1. (A) Sensitivity of binocular connections in 
striate cortex to eyelid suture at different postnatal 
ages, as estimated by Olson and Freeman by 
monocular deprivation (0) (2) and by Rlakemore 
and van Sluyters with the "reverse suture" para- 
digm (+) (3). The deprivation effect is the per- 
centage of neurons in area 17 with responses 
dominated by stimulation of the nondeprived eye 
[data from figure 1 of ( 5 ) ] .  (B) Phosphoinositide 
turnover stimulated by 10 FM ibotenate in synap- 
toneurosomes prepared from kitten striate cortex 
at different postnatal ages. Data points represent 
the means .f SEM of at least three experiments, 
expressed as percentage of basal phosphoinositide 
turnover. 

Table 1. Accumulation of [3H]IPl in striate 
cortical synaptoneurosomes prepared from 5-  
week-old kittens (11) .  Results are means 2 SEM 
expressed as percentage of basal phosphoinositide 
turnover. 

Concen- 
Agonist tration 

( F'F 

Glutamate 10 
100 

Ibotenate 10 
100 

NMDA 100 
300 

AMPA 300 
Carbachol 100 

Percentage 
of basal 
turnover 

108 2 5 
168 2 4 
372 r 14 
435 r 37 
1 1 0 2  7 
110 ? 4 
102 2 6 
300 r 34 

and quisqualate, and is unresponsive to N- 
methyl-D-aspartate (NMDA) and kainate. 
This site is distinct from the traditional 
quisqualate receptor; for example, it is not 
stimulated by DL-a-amino-3-hydroxy-5- 
methyl-4-isoxazole propionic acid (AMPA) 
and is not blocked by kynurenic acid. A 
similar site has been characterized in rat 
neocortex (10). In both rat hippocampus 
and neocortex the EAA-stimulated phos- 
phoinositide hydrolysis is low at birth, peaks 
during early postnatal life, and then declines 
with increasing age. These observations 
have prompted speculation that this mecha- 
nism is involved in developmental plasticity 
(9, 10). This hypothesis would be strength- 
ened considerably if it could be shown that 
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