targeting sequence to be functional. Our
studies suggest an additional level of inter-
action between Sos and Sevenless that is
independent of Drk, and may involve the
PH domain contained within the NH,-ter-
minus. In agreement with our results, Dro-
sophila NCat and a construct including Cat
and the PH domain activate Ras in mam-
malian cell lines whereas Cat and CatC are
inactive (18). Furthermore, our studies are
consistent with, and provide further evi-
dence for, an inhibitory role for the COOH-
terminus proposed for mammalian Sos (21).
Our results are consistent with a model in
which a signal transfer particle (25) forms
apically in the eye disc within which pro-
teins interact with each other through mul-
tiple domains, as is seen in transcription
complexes. In this model, upon activation of
the receptor, the inhibition of the catalytic
domain of Sos by its COOH-terminus might
be alleviated by Drk through its bipartite
binding to Sos and to the tyrosine-phospho-
rylated Sevenless protein.

REFERENCES AND NOTES

1. S.L. Zipursky and G. M. Rubin, Annu. Rev. Neurosci,
17, 373 (1994) and references cited therein; P.
Sternberg, Annu. Rev. Genet. 27, 497 (1993); N.
Perrimon, Curr. Op. Cell Biol. 6, 260 (1994).
2. R.D.Rogge, C. A. Karlovich, U. Banerjee, Cell 64, 39
(1991).
3. M. A. Simon, D. D. Bowtell, G. S. Dodson, T. R.
Laverty, G. M. Rubin, ibid. 67, 701 (1991).
4. L. Bonfini, C. A. Karlovich, C. Dasgupta, U. Banerjee,
Science 255, 603 (1992).
5. M. A. Simon, G. S. Dodson, G. M. Rubin, Cell 73,
169 (1993).

. J. P. Olivier et al., ibid., p. 179.

. S. G. Clark, M. J. Stern, H. R. Horvitz, Nature 356,
340 (1992).

. E. J. Lowenstein et al., Cell 70, 431 (1992).

. T. Pawson and J. Schlessinger, Curr. Biol. 3, 434
(1993) and references cited therein.

10. S. Jones, M.-L. Vignais, J. R. Broach, Mol. Cell. Biol.
11, 2641 (1991); D. Broek et al., Cell 48, 789 (1987).

11. K. Touhara, J. Inglese, J. A. Pitcher, G. Shaw, R. J.
Lefkowitz, J. Biol. Chem. 269, 10217 (1994); J. E.
Harlan, P. J. Hajduk, H. S. Yoon, S. W. Fesik, Nature
371, 168 (1994).

12. The nucleotide positions for the constructs are as
follows: NCat: 1 to 3721; Cat: 2584 to 3721; CatC:
2584 to 5533; C: 3465 to 5533; and PH: 1702 to
2178. Details of the construction of each clone are
available on request. For each deletion construct, a
minimum of 10 independent transformant lines were
isolated. Qualitatively, the transformant lines from a
given construct had similar effects. For simplicity,
only the results from the transformants with the
strongest genetic effects are shown.

13. K. Basler, B. Christen, E. Hafen, Cell 64, 1069
(1991).

14. Protein immunoblot analysis demonstrated that the
amount of expression of Sos in Sos’©? is not differ-
ent from that seen in wild-type flies, suggesting that
S0sYC2 encodes an overactive rather than an over-
expressed product.

15. R. Rogge, R. Cagan, A. Majumdar, T. Dulaney, U.
Banerjee, Proc. Natl. Acad. Sci. U.S.A. 89, 5271
(1992).

16. C. A. Karlovich, L. Bonfini, and U. Banerjee, unpub-
lished observations.

17. Because the sE elements in the constructs are fol-
lowed by an hsp70 promoter, excessive amounts of
Sos fragments can be obtained if transformant flies
are heat shocked. However, the resulting pheno-

~N O

o

types then become independent of the receptor. We
have therefore not used these expression conditions
for the results reported here. Instead, in these exper-
iments, the sE elements utilize the weak basal activity
of the hsp70 promoter.

18. L. McCollam et al., in preparation.

19. The GST-PH fusion construct was made by sub-
cloning a Pvu Il Sos complementary DNA fragment
encoding amino acid positions 453 to 681 into the
Sma | site of the pGEX3X vector (Pharmacia). The
preparation of fusion protein and fly lysates was as
described (6) except that the lysates were clarified by
centrifugation at 50,0009 for 2.5 hours. The binding
assay was done essentially as described (6).

20. U. Banerjee, P. J. Renfranz, D. R. Hinton, B. A.
Rabin, S. Benzer, Cell 51, 151 (1987).

21. A. Aronheim et al., ibid. 78, 949 (1994).

22. The rabbit polyclonal antibody to Sos, provided by S.
L. Zipursky, was generated against the COOH-ter-

minal 416 amino acids of the Sos protein.

23. H. Krédmer, R. L. Cagan, S. L. Zipursky, Nature 352,
207 (1991).

24. L. Buday and J. Downward, Cell 73, 611 (1993).

25. A. Ullrich and J. Schlessinger, ibid. 61, 203 (1990).

26. N. Franceschini and K. Kirshfeld, Kybernetik 9, 159
(1971).

27. We thank G. Rubin, M. Simon, E. Hafen, and B.
Dickson for fly stocks and helpful discussions, L.
Zipursky for the antibody to Sos, and J. Colicelli, D.
Broek, and O. Witte for clones and helpful advice.
Supported by a NIH grant (RO1EY08152-06), a Fac-
ulty Research Award (FRA426) from American Can-
cer Society, a McKnight Award and a Sloan Award to
U.B., and a genetics training grant (USPHS NRSA
GM-07104) and a biotechnology training grant
(USPHS NRSA GM-08375) for C.AK.

22 December 1994; accepted 23 February 1995

Proteasome from Thermoplasma acidophilum:
A Threonine Protease

Erika Seemidiller, Andrei Lupas, Daniela Stock, Jan Léwe,
Robert Huber, Wolfgang Baumeister*

The catalytic mechanism of the 20S proteasome from the archaebacterium Thermo-
plasma acidophilum has been analyzed by site-directed mutagenesis of the 8 subunit and
by inhibitor studies. Deletion of the amino-terminal threonine or its mutation to alanine led
to inactivation of the enzyme. Mutation of the residue to serine led to a fully active enzyme,
which was over ten times more sensitive to the serine protease inhibitor 3,4-dichloroiso-
coumarin. In combination with the crystal structure of a proteasome-inhibitor complex,
the data show that the nucleophilic attack is mediated by the amino-terminal threonine
of processed B subunits. The conservation pattern of this residue in eukaryotic sequences
suggests that at least three of the seven eukaryotic B-type subunit branches should be

proteolytically inactive.

The-26S proteasome (1) is the central
protease of the ubiquitin-dependent path-
way of protein degradation (2). The cata-
lytic core of the complex is formed by the
20S proteasome, a barrel-shaped particle of
four stacked, seven-membered rings (3).
The rings are formed by 14 different but
related subunits, which fall into two fami-
lies (4), with the a-type subunits forming
the outer rings and the B-type subunits
forming the inper rings of the complex (5).
Some (possibly all) B-type subunits contain
a prosequence, which is cleaved autocata-
lytically during the assembly of the complex
(6, 7). The 20S proteasome has also been
detected in the archaebacterium Thermo-
plasma acidophilum where it is of simpler
composition, being formed by only two re-
lated subunits, « and B, which have given
their names to the eukaryotic subunit fam-
ilies (8). The structure of the Thermoplasma
proteasome has been determined to 3.4 A
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by x-ray crystallography, both unliganded
and in complex with N-acetyl-Leu-Leu-
norleucinal (9). Although proteasomes
have not yet been described in other pro-
karyotes, genomic sequencing has revealed
the existence of proteins in eubacteria that
are significantly related to eukaryotic
B-type subunits (10). One of these proteins,
from the nocardioform actinomycete
Rhodococcus sp., is part of a complex, high-
molecular weight protease with a specificity
similar to that of the Thermoplasma protea-
some (11).

The 20S proteasome of eukaryotes was
initially characterized as a multicatalytic
protease with chymotrypsin-like, trypsin-
like, and peptidylglutamyl-peptide hydro-
lase activities (12) and, on the basis of
inhibitor studies, has more recently been
proposed to contain up to five different
proteolytic components (13). The lack of
sequence similarity to other proteases (14)
and the inconclusive nature of inhibitor
studies (13, 15) have prevented the assign-
ment of the proteasome to one of the
known protease families, but its sensitivity
toward 3,4-dichloroisocoumarin and toward
peptide aldehydes has indicated that it may
be an unusual serine or cysteine protease.
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The proteasome of Thermoplasma has
only a single, chymotrypsin-like activity,
although experiments with denatured sub-
strates show that the enzyme hydrolyzes
virtually any peptide bond (16). Assembly
of the complex is guided by the a subunits,
which can also form rings in the absence
of B subunits but remain entirely inactive.
The B subunits are monomeric in the ab-
sence of a subunits, cannot catalyze the
cleavage of the pro-peptide, and remain
inactive; but if the pro-peptide is removed
by genetic deletion, the B subunits form
disordered aggregates and regain low but
significant proteolytic activity (7). This
result supported the assignment of the ac-
tive site to the B subunits (17). On the
basis of the hypothesis that the protea-
some is an unusual kind of serine or cys-
teine protease, all serine and histidine res-
idues in the Thermoplasma B subunit have
been mutated individually without signif-
icantly impairing proteolytic activity (the
subunit contains no cysteine) (I18). In
combination with previous studies (14,
15), this result showed that the protea-
some does not belong to any of the four
known classes of proteases.

In general, active site residues of en-
zymes can be identified by the conserva-
tion patterns of aligned sequences. This is
because related proteins retain the same
basic three-dimensional fold and function-
ally important residues, long after evolu-
tionary divergence may have led to a ran-
domization of the amino acid sequence at
nonessential positions (19). Proteasome
sequences are significantly related by sta-
tistical criteria (10), indicating that all
proteasome subunits belong to one protein
family and will therefore assume the same
basic fold. This extrapolation from se-
quence conservation to structural similar-
ity is borne out by the crystal structures of
the Thermoplasma o and B subunits, which
are similar (root-mean-square deviation
1.33 A) despite only 26% sequence iden-
tity (9). The structural conservation im-
plies that those subunits that have re-
tained proteolytic activity should all func-
tion by the same catalytic mechanism be-
cause evolution of a different mechanism
would have caused large changes in the
active-site geometry and thus also in the
three-dimensional scaffold. This implica-
tion does not contradict the observation
that eukaryotic proteasomes have multiple
specificities because substrate specificity
appears not to be determined by the cat-
alytic mechanism but by the structure of
the substrate binding pocket.

An alignment of B-type sequences from
Thermoplasma and eukaryotes (Fig. 1) shows
that, apart from glycines, the only com-
pletely conserved residue is Asp°!, which is
also conserved in all a-type subunits. This
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Hs_C7 MEYLIGIQGPDYJL VAASNIVQMKDDH KMS-EKILLLC VOFAEYIQKNVQLYKMRN-GYELSPT
Hs_C10 MSIMSYNGGAVMAMKGHN! 3 GIQAQLVTTDF TFPMG-DRLYIG QTVAQRLKF LKE-GRQIKPY
HsC5 RFSPYVFNGGELATAGEDFAIVA STHTRDSPRCYKLT-DKTVIGCS H LTLTKIIEAREKMEKHSN-NKAMTTG
Hs N3 TONPMVTGRSVLGVKFE SLARFRNI SRIMRVN-NSTMLGA QYLRQVLGQMVIDEELLGDGHSYSP
s_alpha GVVYKDGIVLGANT
MECL1 GLVFQDGHI LGANT, THFIA- PKIYCCG AEMT TRMVASKMELHALST-GREPRVA
Hs_delta VOFD 1L.TPTH-DRIFCCR INTOAVADAVTYQRGFHS IEL-NEPPLVH
LMP2 WVEFDG SPLH- ERIYCAL (€ SARNAOAVADMAAYQBELHGIEL-EEPPLVL
Hs_epsilon LAFKFRHGYIVEMY IEIN-PYLLGTMAGAANCSFWERLLARQCRIEELRN-KERISVA
LMP7 LAFKFQHEYIAFWVINSR. TEIN-PYLLGTHSCARNCOYWERLLAKECRLYY LRN-GERISVS
1 10 . . 40 .50 .60 .10
Ta_beta ETVGITLKDAEI@ERRVMNFIMHKNGI@LEQID TYTGMT IAELVGEAQVLVRYMKAEEELERLOR - RVNMPIE
$S588SSS  SSSSSS $SSSS  SSSSS  HHHHHHHHHHHHHHHHHHHHHH
Ml_PrcB gNLKYPG IR IAGRDVRVY ITD-DY TATGI ARTARVAVEFARLYAVE] EH?EKLE-GVPLTFA
Ec_HslV VSVRRNG A&L TVMKGNVKVRRLYNDKVIAGF AGGTABAF TLFELFERKEEMHQGHL -VKAAVEL
Hs C7 BAANFTRRNLADCLRS-RTPYHVNLL HEG----~ PALSY YLAALAK--A FLTLSILDRY¥--------- TPTISRER
Hs_C10 TLMSMVANLLYEKR---FGPYYTEPVI KTFK- --PFICS PMV-TDDEVVSETCAEQMYBMCES LW------~-- EPNMDPDH
Hs_C5 BIAAMLSTILYSRR---FFPYYVYNIT SYOR--DSEKAGESASAMLOP LLDNQVGFKNMONVEHVPLSLDR
Hs_Nf . RATHSWLTRAMY SRRSKMNPLWNTMVI AYE--APSLA' YIHQPLLREVLE---~-~-] KQPVLSQTE
s_alpha
"MECL1  TVTRILRQTLFRYQ----GHVGASLIVG SYSR--LPETALEJEODARLAVLEDRF -~~~ ==~~~ QPNMTLEA
Hs_delta  TAASLFKEMCYRYR----EDLMAGIIIA W) QEG-- MMV-ROS -REGMTKEE
LMP2 SAANVVRNISYKYR----EDLSAHLMV MLT-RQPE -KPGMSPEE
Hs_epsilon BASKLLANMVYQYK---GMGLSMGTMICE RIS--GATE‘S -SYDLEVEQ
LMP7 SKLLSNMMCQYR---GMGLSMGSMIQ TRLS --GNMF STIERJENT YA YGVMDSGE - - - - - -~~~ RPNLSPEE
80 .90 . 100 . 120 . . 150
Ta_beta QVATLLSNMLNQVK-—-YMPYMVQLLV@IQIA ------- PHVFsIQAA@GSVE--DIYAS@SPWYQVLESQ --------- SEKMTVDE
HHHHHHHHHHHH $5888SS $SSSSSS SSSS HHH
M1 _PrcB GKVNRLAIMVRSNLTAAMOGLLALP LLAEYWIHAPDPQSAGRIVSED WNIEEEGYQS SINKSSIKKL; --------- SQVSDADS
Ec_HslV AKDWRTDRMLRKL-----~=-~- EALLAVADET--------~ ASLIITGNEDVVQPENDLIAT(ENEGPYRQAAARALL -~ --ENTELS
Hs_C7 BVERLRKCLEELQKRFILNLPT------ FSVRIZDK-NEIHDLDNI SFPKQGS
Hs_C10 LFETISQAMLNEVD -VIVHIZEK-DKITT-RTLKARMD
HsC5 KDVF I SEAES -LRICIVTK-EEIRE-ETVSLRKD
Hs_N3 ERCMRVLYYRUARSYNR-----~ FQTATVTE-KEVEIEGPLSTETNWDIAHMISGFE
Hs_alpha
TMECLl  BQGELVEBVTAGILGRLG ----VDACVETK-TEAKLLRTLSSPTEPVKRSGRYHFVPGTTAVLTQTVKPLT LELVEETVQAMEVE
Hs_delta ERNGS -IRLAAZAE-S€VERQVLLGDQIPKFAVATLPPA
LMP2 RGS| -IYLVTZTA-A€VDHRVILGNELPKFYDE
Hs_epsilon K RoA Y] -VNLYHVRE-DEWIRVSSDNVADLHEKYSGSTP
LMP7 K TAYETHRYS YSEEV - - - -~ -VNMYHMKE-DEWVKVES TDVSDLLHQYREANQ
. 170 . 180 . 190
Ta_beta GVD!VIREISAQKQ@SAW ------ IDVAV!TRKD@YVQLPTDQIESRIRKLGLIL
$SSSSS  SSSS  HHHHHHHHHH
Ml_PrcB RVAIE LYDj DQSATmPDLVRGIYPTAVTIGABEAAEVTESRIAELAREIIESRSRAYTLGSFGGSEK
Ec HslV IAEK&LDIAGDICIYTNHFHTIEELSYKA

Fig. 1. Alignment of B-type subunit sequences. For subunits in which the site of processing is known, only
the mature sequences are shown. The seven eukaryotic subunit branches are represented by human
sequences (Hs). The constitutively expressed subunits 3 and e can be replaced after interferon -y
stimulation by the closely related MHC-encoded subunits LMP2 and LMP7 (22). A similar relationship
connects the closely related o and MECL1 subunits (23); for a, only the NH-terminal sequence is known.
The numbering and secondary structure (H, a-helix; S, B strand) refer to the Thermoplasma sequence
(Ta). For Mycobacterium leprae (MI) PrcB, the presumed mature form is shown (77). The HslV-related
proteins are represented by the Escherichia coli sequence (Ec). Residues highlighted in reverse type are
conserved in at least eight of ten branches of B-type subunits, as defined by the dendrogram in Fig. 2; MI
PrcB and Ec HslV are considered different branches. Shaded residues are conserved in five of ten
branches. Single-letter abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F,
Phe; G, Gly; H, His; |, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W,

Trp; and Y, Tyr.

residue has been mutated to asparagine in
Thermoplasma B with the surprising result
that the proteolytic activity of the mutant
proteasome was three times greater (18).
Because Asp®! is not required for catalytic
activity and no other potential nucleophile
is entirely conserved, we conclude that not
all eukaryotic B-type subunits are proteo-
lytically active.

Potential nucleophiles that are highly
but not entirely conserved are found in two
regions of high sequence similarity between
eukaryotic and eubacterial B-type sequenc-
es (10); these regions are (i) the NH,-
terminal 30 residues of mature subunits and
(ii) a GlySerGly motif (Fig. 1). The poten-
tial nucleophile in region (ii), Ser'??, could
be mutated without impairment of the pro-
teolytic activity in Thermoplasma B (18). Of
the potential nucleophiles in region (i), the
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most conspicuous are two threonines
present at the NH,-terminus of several pro-
cessed eukaryotic subunits as well as in all
bacterial subunits. Deletion of the two
threonines in Thermoplasma B or their mu-
tation to alanine yielded proteasomes that
were correctly folded and assembled but
that were entirely inactive (20). Deletion or
mutation of the NH,-terminal threonine
alone was sufficient to yield this phenotype.
Of 16 mutations introduced into the  sub-
unit (18), partly in highly conserved posi-
tions such as Asp’l, Ser'?”, and Ser!®’, this
mutation was the first to result in a loss of
proteolytic activity.

These results indicated that the NH,-
terminal threonine contributes to the activ-
ity of the proteasome, and we therefore test-
ed whether serine could be substituted at
this position. Surprisingly, the Thr'—Ser




Table 1. Kinetic parameters of Suc-LLVY-AMC
(succinyl-leucyl-leucyl-valyl-tyrosyl-7-amido-4-
methylcoumarin) hydrolysis. Activity was assayed
by incubating 0.5 pg of purified proteasomes with
ten different concentrations of substrate (0.01 to
0.7 mM) for 15 or 30 min at 60°C (78). Values for
Vo @nd K, were determined by direct linear
plotting (24). For calculation of k;, we assumed
14 active sites per particle. Values for K and Kk,
are averages of triplicate experiments in which the
standard errors were 15 and 10%, respectively.
For inactivation kinetics, purified protein (0.02 pM)
was first incubated with eight different inhibitor
concentrations [3,4-dichloroisocoumarin (DCI)
0.01 to 0.1 mM; N-acetyl-leucyl-leucyl-norleuci-
nal, (AcLLnL), 0.001 to 0.05 wM] for 60 min at
20°C, and proteolytic activity was measured with
100 pM Suc-LLVY-AMC. The dissociation con-
stant for the enzyme-inhibitor complex (K) and the
first-order rate constant for formation of inactive
enzyme (k,) were determined by application of the
direct linear plot method (24). K /[l is given by
k,/K; (25). Values are the averages of triplicate
experiments in which the standard error was
about 10%.

. Wild  Thr'-Ser
Parameter Inhibitor type mutant
K., (WM) 85 68
Ko (1078 sec™) 30 30
Vinax (WM sec™? 22 23
pg~’
Ko/l AcLLnL 117,000 120,000
M~"sec™) DCl 166 2,300

mutant was fully active, and its kinetic
parameters were essentially indistinguish-
able from those of the wild-type enzyme
(Table 1). Nevertheless, an effect of the
mutation could be seen on the sensitivity
toward the serine protease inhibitor 3,4-
dichloroisocoumarin; in particular, the
serine mutant was almost 15 times more
sensitive to this compound than the wild
type was. From this result we conclude
that the side chain hydroxyl group of the
NH,-terminal threonine provides the ini-
tial nucleophilic attack in the wild-type
enzyme. No effect of the serine mutant
could be observed on the sensitivity to-
ward the inhibitor N-acetyl-Leu-Leu-nor-
leucinal. In the proteasome crystal struc-
ture (9), this inhibitor is found in close
proximity to the side chain of the NH,-
terminal threonine, providing additional
evidence for the role of the threonine
hydroxyl group as the attacking nucleo-
phile. The identification of Thr!' as the
active-site nucleophile allowed us to de-
duce from its conservation pattern (Fig. 1)
that members of the C5-, C7-, and C10-
type B subunits were unlikely to carry
proteolytic activity, whereas all other B
subunits, including all bacterial proteins,
were potentially active.

As has been discussed (18), proteolysis
requires a second conserved residue that
carries an unprotonated nucleophilic

Fig. 2. Dendrogram of B-type
subunits. Bacterial branches
are shown bold. The dendro-
gram was calculated by dis-
tance-based methods from
the alignment in Fig. 1 as de-
scribed (70). The labels ‘‘ac-
tive” and “‘inactive’’ refer to
the proteolytic activity de-
duced from the conservation
pattern of Thr'. The question
mark for the N3 branch refers
to the fact that subunits in this
family contain Thr' but lack
potential proton acceptors-

donors (or both) and may therefore also be inactive.

group, frequently with a pK in the physi-
ological range. Its function is to strip the
proton from the active-site nucleophile,
thus -initiating the attack, and then to
donate the proton back to the leaving
NH,-terminal group of the cleaved sub-
strate. Two possible proton acceptors-do-
nors are highly conserved in the potential-
ly active B subunits: Lys**> and the amino
group of Thr!. Their involvement in ca-
talysis is supported by the crystal structure
of the Thermoplasma B subunit (9), which
shows the Lys®? side chain in close prox-
imity to Thr!. We have explored the role
of Lys*® in catalysis by mutating it to
alanine and arginine. The mutant protea-
somes folded and assembled correctly but
remained entirely inactive. This result
showed that Lys®? is essential for function-
al reasons, rather than structural reasons
but did not clarify whether Lys*® is in-
valved directly in proton transfer or
whether it serves to polarize the Thr! ami-
no group. Both roles appear possible on
the basis of the crystal structure (9), but
the more favorable pK of the Thr! amino
group makes this the more likely primary
acceptor-donor. The geometry of its inter-
action with the side chain hydroxyl group,
either directly or mediated by water, is
potentially quite favorable (9). The Thr!
NH,-terminus is freed by cleavage of the
pro-peptide in Thermoplasma and in all
eukaryotic subunits that contain this resi-
due, with the exception of N3-type sub-
units where processing occurs eight resi-
dues prior to Thr!. In eubacterial subunits,
the NH,-terminal residue of the mature
form has only been determined for a sub-
unit from Rhodococcus sp. (11), which is
closely related in sequence (64% identity)
to Mycobacterium PrcB (Fig. 1); this sub-
unit also starts with Thrl.

The involvement of the Thr! amino
group in the catalytic mechanism of pro-
teasomes is supported by the enzymatic
mechanism of penicillin acylase, which
was reported after this report was submit-
ted (21). In this enzyme, the amino group
of an internal serine residue is freed by
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Hs_LMP2

Ec_HslV

proteolytic cleavage and forms a single-
residue catalytic center with the hydroxyl
group of the serine side chain. The inter-
action between the amino and hydroxyl
groups is mediated by a water molecule.

On the basis of the sequence conserva-
tion of Thr!, we have divided the eukary-
otic B-type subunits into an inactive and a
potentially active group with regard to pro-
teolytic activity. The two groups segregate
on different branches of a 20S subunit den-
drogram (Fig. 2), with -N3-type subunits
occupying a middle position. N3-type sub-
units contain Thr! but lack both potential
protén acceptors-donors, Lys®?, and the free
amino group at Thr! and are therefore most
likely also proteolytically inactive. This as-
signment is supported by the conservation
pattern of two glycine-rich sequences,
Gly'%SerGly and Ser!¢°GlyGly, that are in
direct proximity to the active-site residues
(9) and are conserved in active subunits but
not in N3 or in inactive subunits (Fig. 1).
The prediction that three, maybe four, of
the eubacterial B-type subunits are proteo-
lytically inactive is entirely compatible with
the available data. Thus, LMP2, LMP7, and
their constitutive homologs 8 and €, belong
to the active group, in concordance with
their established role in proteasome activity
(22). All three eukaryotic -subunit
branches that are predicted to be active
contain a constitutive member and a inter-
feron vy inducible homolog; LMP2 is the
inducible homolog of & (22), LMP7 of €
(22), and MECLI of a (23).
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Herpes-Like Sequences in HIV-Infected
and Uninfected Kaposi's Sarcoma Patients

Recently, Yuan Chang et al. (1) detected
the presence of unique DNA sequences
in 90% of Kaposi’s sarcomas (KS) and
15% of non-KS tissues in HIV-infected
individuals. These sequences, amplified by
polymerase chain reaction (PCR) proce-
dures and sequenced by Chang et al., share
DNA homology with genes of the capsid
and tegument proteins of Herpes saimiri
and Epstein-Barr viruses (1). In evaluating
the presence of this herpesvirus-like se-
quence, we have synthesized primers for one
of the reported sequences, designated the
KS330Bam fragment, and used the PCR pro-
cedure to examine 13 KS biopsies, 12 corre-
sponding normal tissues, 7 KS-derived cell
lines, and peripheral blood mononuclear
cells (PBMC) from 30 subjects (2).

Our studies confirm those of Chang et
al. (1) and indicate that the herpesvirus-
like sequence can be found in all 13 KS
biopsies studied, including one from an
individual not infected with human im-
munodeficiency virus (HIV) (Table 1).
All 13 biopsy donors were homosexual
men living in the United States. Corre-
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sponding control skin and other nearby
tissues from eight of these men were neg-
ative for the sequence. In the four excep-
tions, the presence of KS cells in the
control biopsies could not be excluded by
histologic examination. In one patient
whose KS tumors were positive for the
KS330Bam sequence, subsequent biopsies
of three resolved KS skin lesions were
negative. These results were obtained after
the patient had received chemotherapy
and the biopsies revealed no histologic
evidence of KS.

The SLK cell line, derived from an
HIV-negative KS patient (3), was nega-
tive for the KS330Bam sequence (Fig. 1),
as were six cell lines derived in our labo-
ratory from KS tissue (4). This herpesvi-
rus-like sequence was also not detected in
EBV-carrying cell lines (for example,
Raji) nor cells infected with HHV-6 (5).

We have detected the KS330Bam se-
quence as well in the PBMC of 10 KS
patients and not in the PBMC of 20 non-
KS subjects studied (6). Six of the non-KS
individuals were HIV-infected, while the
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correct assembly of mutant proteasomes was con-
firmed by electron microscopy. Because all mutants
were made in a construct in which the B pro-se-
quence had been genetically replaced by an initiator
methionine, we are unable to assess the effect of the
mutations on the autocatalytic processing of the pro-
sequence. The initiator methionine was cleaved in all
mutants, presumably by the E. coli methionine amino-
peptidase. This indicates that similar processing
should occur in the E. coli proteasome homolog HslV,
where the conserved threonines are also only preced-
ed by an initiator methionine.
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others were healthy, HIV-seronegative sub-
jects. Of the 10 KS patients, three were not
infected with HIV (Table 1).

With the use of immunomagnetic bead
selection (7), we have isolated cell subsets
from the PBMC and localized the
KS330Bam sequence primarily to the
CD19* B cell population (Table 1). No-
tably, the CD8* cells were negative.
These findings are consistent with the
presence of this sequence in some B cell
lymphomas (1). Finally, in attempts to
examine the possible route of transmission
of this KS-associated virus, we examined
cells and cell-free fluid from saliva and
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Fig. 1. Analysis of PCR amplified herpesvirus-
like sequence. Total DNA from tissue or cells
was amplified, and electrophoresis was per-
formed on an agarose gel (2). M, DNA molecular
weight marker. Lanes 1 and 2, tumor and control
tissue from KS+ HIV+ patient; lanes 3 and 4,
tumor and control tissue from KS+ HIV— pa-
tient; lane 5, KS+ HIV+ PBMC; lane 6, KS+
HIV-PBMC; lane 7, KS-HIV-PBMC; lane 8, SLK
line; and lane 9, positive control KS tumor tissue.
Arrow indicates the mobility of the 233 base pair
portion of the KS330Bam fragment.





