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Abstract SSa is a subunit of the 26S protease that binds and
presumably selects multinbiquitinated proteins for destruction.
We recently identified an Arabidopsis protein, MBP1, that is
physically, immunologically and biochemically similar to S5a
from the human erythrocyte 26S protease. Based upon the
MBP1 cDNA sequence we have now isolated a HeLa cell cDNA
coding for human SS5a. The HeLa cDNA sequence is highly
similar to MBP1 and it encodes peptides obtained directly from
human erythrocyte S5a. Moreover, expression of the isolated
c¢cDNA in E. coli results in a recombinant protein with an
apparent molecular mass and multiubiquitin binding properties
that match those of human S5a obtained from the purified 26S
enzyme.
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1. Introduction

Ubiquitin mediated proteolysis is a selective and well con-
trolled pathway involved in regulating many cellular processes
such as cell cycle progression [1,2], transcriptional activation
[3] and plant photoreceptor response [4]. The pathway is char-
acterized by covalent addition of multiubiquitin chains to
substrate proteins [5,6], a reaction that targets the modified
protein for destruction by the 26S ATP-dependent protease
[7]. This large multisubunit enzyme is assembled from two
sub-complexes; the well characterized multicatalytic protease
(MCP) or proteasome [8,9] and a regulatory complex [10-13].
MCP confers proteolytic activity to the 268 enzyme, and the
regulatory complex confers ATPase activity as well as the
ability to degrade specific protein substrates [7,14].

The 26S protease regulatory complex is composed of at
least 15 distinct subunits with molecular masses ranging
from 25 to 110 kDa. They can be divided into a family of
ATPases, comprising subunits S4, S6, S7 and S8 [15,16] and
possibly two additional subunits. Eight other components (S1
or SEN3, S2 or TRAP2, S3, S5a, S5b, S10, S12, S13/14 or
NINI) are likely to be involved in substrate selection or in
maintaining the structural integrity of the regulatory complex
(refs. [15-21]. In 1994, we identified a 50 kDa component of
the regulatory complex that binds multiubiquitinated lyso-
zyme and free multiubiquitin chains [22]. The protein was
called subunit 5 (85) based upon its migration on SDS poly-
acrylamide gels. Subsequent studies demonstrated that two
proteins are present in the band designated S5 and that the
more acidic member of the pair (S5a) binds multiubiquitin
chains [19]. Recently we have identified a multiubiquitin chain
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binding protein (MBP1) from Arabidopsis that by numerous
criteria is homologous to human S5a [23]. Based on our
knowledge of the Arabidopsis MBP1 sequence, we designed
PCR primers for isolating human SS5a. Here we present the
sequence of a HeLa ¢cDNA that encodes peptides obtained
directly from S5a of the human 26S protease. Furthermore,
we show that expression of the cDNA in E. coli results in a
recombinant protein with biochemical properties matching
those of the human 26S protease subunit.

2. Materials and methods

2.1. Isolation of a human ¢cDNA encoding S5a

The DNA sequence of Arabidopsis MBP1 [23] was used to search
the Genbank and EMBL databases using the tblastn program. This
search produced matches to several human expressed sequence tagged
clones (H83202, H24730, HUMLI13720, HSB34El12, T97122,
T30391, R58821, T97007,T30383, T25023, H24731, H82970,
HUMGSO01820, R95474). Because a conceptual translation product
of clone HUML13720 (EMBL D31409) corresponded almost exactly
to the N-terminus of Arabidopsis MPB1, a 54 nucleotide oligomer
matching the HUML13720 DNA sequence was designed. Using
standard techniques the synthetic oligonucleotide probe was used to
screen a lambda ZAPII HeLa cDNA library (Stratagene) [24]. Two
positive clones were identified and the isolated cDNA inserts were
sequenced on both strands (Sequenase protocol, U.S. Biochemical
Corp.). Sequence alignments and protein analysis was made using
the DNASTAR program. The Arabidopsis MBP1 sequence and se-
quences of peptides obtained directly from purified human erythrocyte
26S protease S5a have been described in refs. [23] and [19], respec-
tively.

2.2. In vivo expression of recombinant S5a and multiubiquitin chain
binding assays

PCR was used to introduce a Ndel restriction site at the methionine
initiating the open reading frame of the isolated ¢cDNA. This con-
struct was subcloned into pAMPI1 using the CloneAMP system
(Life Technologies Inc.). The ¢DNA was then excised from the
PAMP vector at the Ndel and HindlIll sites and ligated into an ex-
pression vector, pET16b for a decahistidine N-terminal fusion with
S5a or pAED4 for a non-histidine ‘tagged’ version [19). This expres-
sion construct was sequenced to verify PCR fidelity. The vector alone
or expression construct was used to transform E. coli BL21(DE3)
cells. Protein expression at 30°C, resolution of bacterial lysate on
10% SDS-PAGE and transfer of proteins to nitrocellulose membranes
was performed using published procedures [19]. Multiubiquitin chains
were obtained from C. Pickart and radioiodinated using iodogen [22].
Purification of 26S protease regulatory complexes (RC), SDS-PAGE,
binding and elution of ['*IJmultiubiquitin chains to nitrocellulose
bound proteins was performed as described previously [10,22].

3. Results

In an effort to identify a ¢cDNA for S5a from humans, we
used an Arabidopsis cDNA sequence (MBP1), encoding a pro-
tein homologous to human S5a [23], to search DNA data-
bases. Although a number of human sequences with high
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AAT TCC CAA ATG ACC TTT TAT TTC ATA CAG AGA TAC AAA GGC AAC TAT GTG CAG CAA CAA 60
TCT GAT GGG CAG TCC AAA CTC TTG GGA GGA AGT AAA TTC ATG GTA AAT GTC ATG ATG GCG 120
GTC GGG AGG GAG GAA GGT GGC AAG ATG GTG TTG GAA AGC ACT ATG GTG TGT GTG GAC AAC 180

M VLESTMV CVDN 60

AGT GAG TAT ATG CGG AAT GGA GAC TTC TTA CCC ACC AGG CTG CAG GCC CAG CAG GAT GCT 240
S EYMARBRNGDT FLPTRILAQAOQQDA 380

GTC AAC ATA GTT TGT CAT TCA AAG ACC CGC AGC AAC CCT GAG AAC AAC GTG GGC CTT ATC 300
VNIV CHS KT RSNUZPENINNVGIL I 100

ACA CTG GCT AAT GAC TGT GAA GTG CTG ACC ACA CTC ACC CCA GAC ACT GGC CGT ATC CTG 360

T LANDTCGCEVLTTLT®PDTAGHR R I L 120
TCC AAG CTA CAT ACT GTC CAA CCC AAG GGC AAG ATC ACC TTC TGC ACG GGC ATC CGC GTG 420
S K L HTVAQU?PKSGI K I TFUOCTUGI1 R V 140

GCC CAT CTG GCT CTG AAG CAC CGA CAA GGC AAG AAT CAC AAG ATG CGC ATC ATT GGC TTT 480
A HLALI KU HR ROQGI KNUHKVEENINENWYE -

GTG_GGA AGC CCA GTG GAG GAC AAT GAG AAG GAT CTG GTG AAA CTG GCT AAA CGC CTC AAG 540
I AR N E K DL VKL A KR L K 180

AAG GAG AAA GTA AAT GTT GAC ATT ATC AAT TTT GGG GAA GAG GAG GTG AAC ACA GAA AAG 600
K E K RN - - A e K 200

CTG ACA GCGC TTT GTA AAC ACG TTG AAT GGC AAA GAT GGA ACC GGT TCT CAT CTG GTG ACA 660
L T A F VNTILNGI KD BTN YEE 220

GTG CCT CCT GGG CCC AGT TTG GCT GAT GCT CTC ATC AGT TCT CCG ATT TTG GCT GGT GAA 720
/AR AN P S L ADAL I S S P I L A G E 240

GGT GGT GCC ATG CTG GGT CTT GGT GCC AGT GAC TTT GAA TTT GGA GTA GAT CCC AGT GCT 780
GGAMLGLGASDTFETF GV D P S A 260

GAT CCT GAG CTG GCC TTG GCC CTT CGT GTA TCT ATG GAA GAG CAG CGG CAG CGG CAG GAG 840
D P ELALALWRVSMETEU QRIQRQE 28

GAG GAG CGC CGG CGG GCA GCT GCA GCT TCT GCT GCT GAG GCC GGG ATT GCT ACG ACT GGG 900
EERRIRAAAASAAEAGI ATTG 300

ACT GAA GAGC TCA GAC GAT GCC CTG CTG AAG ATG ACC ATC AGC CAG CAA GAG TTT GGC CGC 960

T EDS DDA ALLIKMTI1I S QQE F G R 320
ACT GGG CTT CCT GAC CTA AGC AGT ATG ACT GAG GAA GAG CAG ATT GCT TAT GCC ATG CAG 1020
T G L PDLS SMTETETEUQ QI A Y AMAQ 340

ATG TCC CTG CAG GGA GCA GAG TTT GGC CAG GCG GAA TCA GCA GAC ATT GAT GCC AGC TCA 1080
M S L QGAETFGQAESADI DAS S 360

GCT ATG GAC ACA TCC GAG CCA GCC AAG GAG GAG GAT GAT TAC GAC GTG ATG CAG GAC CCC 1140
A MDT S EPAKETEDTDYDVMAQD P 380

GAG TTC CTT CAG AGT GTC CTA GAG AAC CTC CCA GGT GTG GAT CCC AAC AAT GAA GCC ATT 1200
E F LQSVL™ENTWLUPGVDUPNNTEA A 400

CGA AAT GCT ATG GGC TCC CTG GCC TCC CAG GCC ACC AAG GAC GGC AAG AAG GAC AAG AAG 1260
R NA MG S LASQATIKUDUGIK KK D K K 420

GAG GAA GAC AAG AAG TGA GAC TGG AGG GAA AGG GTA GCT GAG TCT GCT TAG GGA CTG CAT 1320
E E D K K * 440

GGG GGA ATT C 1330

Fig. 1. Nucleotide and inferred amino acid sequence of a human ¢cDNA that encodes subunit 5a of the human 268 protease. The amino acid
sequence deduced from the S5a cDNA is shown in the one-letter code. Regions of the conceptual translation product that match peptides se-
quenced directly from erythrocyte SSa are shown in white on black.
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Fig. 2. Comparison of S5a sequences from Human (S5a), Drosophila (54 kDa), Arabidopsis (MBP1) and Saccharomyces proteins. Positions at
which a majority of the residues are identical have been denoted by white letters on black. The Drosophila sequence is from ref. [27]; the
S. cerevisiae sequence is in Genbank (Accession U00030) and the Arabidopsis sequence will be published in ref. [23].

similarity to MBP1 were identified, all were incomplete, con-
sisting at most of several hundred nucleotides. Therefore, a
synthetic oligonucleotide corresponding to one of the partial
human sequences was used to screen a HeLa cell cDNA li-
brary (see section 2). This resulted in the isolation of a cDNA
that encodes a 378 residue protein (Fig. 1). The open reading
frame begins with a reasonable consensus for translational
initiation [25] and terminates in a UGA stop codon. The

deduced protein contains three regions, shown white on black
in Fig. 1, identical to peptides directly sequenced from human
268 protease S5a [19]. A calculated M, of 40.3 kDa and pI of
4.6 for the putative translation product are almost identical to
Arabidopsis MBP1 and consistent with the observation that
human S5a and Arabidopsis MBP1 migrate very similarly on
two-dimensional gels [23]. Similarly, the C-terminus of both
MBP1 and the protein predicted by the HeLa cell cDNA are
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Fig. 3. Multiubiquitin binding properties of recombinant S5a. The human S5a ¢cDNA was inserted into pET16b behind a decahistidine
extension. E. coli cells transformed with this construct were induced with IPTG, harvested and sonicated as previously described [19]. The histi-
dine-S5a recombinant protein was purified by metal chelate chromatography. In Panel A, 1 pg of the largely purified decahistidine tagged S5a
protein (S3a, right four lanes) or for comparison 20 ug of human erythrocyte regulatory complex (RC, left four lanes) were subjected to 3-fold
dilutions, electrophoresed on a 10% SDS polyacrylamide gel, transferred to nitrocellulose and the filter was stained with Ponceau S. Panel B is
an autoradiograph of the nitrocellulose filter after incubation in the presence of ['?3IJmultiubiquitin chains. Panel C is a phosphorimage of the
bound multiubiquitin chains eluted from the nitrocellulose filter shown in panel B and separated on a 10% SDS polyacrylamide gel. Approxi-
mately 1000 cpm were electrophoresed from lanes 1 and 1/3 of RC and lanes 1, 1/3 or 1/9 of recombinant S5a; insufficient radioactivity was re-
covered from lanes 1/9, 1/27 of RC and lane 1/27 of S5a for analysis of the size distribution of multiubiquitin chains bound at these dilutions.
As estimated by Ponceau S staining intensity (panel A) and binding activity (panel B), lane 1 of RC and lane 1/9 of recombinant S5a contain
similar amounts of the S5a protein. As observed in panel C lanes 1 of RC and 1/9 of SSa, both regulatory complex and recombinant S5as ex-
hibit similar selection for long multiubiquitin chains. Note that histidine tagged S5a migrates slightly slower than the S5a from the regulatory
complex. However, recombinant S5a lacking the histidine extension migrates identically to S5a from the regulatory complex, and it also exhibits

similar multiubiquitin chain binding properties (data not shown).

enriched in ‘alternating’ lysines (K) and glutamates (E). These
KEKE regions have been proposed to function in protein-
protein association [26].

The HeLa cell cDNA sequence is highly similar to Arabi-
dopsis MBP1 as well as to a 50-kilodalton 26S protease sub-
unit from Drosophila {27} and an ORF from Saccharomyces
(accession no. YSCH9998). Several interesting features emerge
from a comparison of the four sequences. All show a high
degree of similarity over the first 190 amino acids (50-69%
identity). This relatively well conserved N-terminal portion is
followed by a glycine-rich region in each protein (residues
190-205 for Drosophila and human and residues 190-215 for
the yeast and plant sequences). Just C-terminal to the glycine
rich region is the most conserved segment in the four se-
quences. The 27 amino acid sequence that reads... EFGVDP-
SADPELALALRVSMEEQRQRQE... in the human amino
acid sequence varies among the four proteins at only 18 out
of 108 positions. In the 4rabidopsis protein a portion of this
region is repeated almost exactly (DQDLALAL...) further
toward the C-terminus. And in the three higher eukaryotic
proteins, the tetrapeptide GVDP is repeated near the C-termi-
nus. In fact, one can speculate that GVDP is part of a larger
repeat characterized by GVDP-X;_;-LALAL or AMGSL fol-
lowed by a mixed charge run (e.g. EEQRQRQEEERRR at
residues 225-237 or KDGKKDKKEEDKK at residues 366—
378 in the human sequence). The proposed longer repeats are
denoted in Fig. 2 by two series of asterisks, open circles and
closed circles placed beneath the aligned sequences. Although
the exact boundaries of the proposed repeated motifs are not
readily apparent, it is clear that the C-terminal halves of the
human, fly and plant proteins contain repeated sequences. The
yeast sequence, however, is considerably shorter than the

other three proteins, and it lacks the proposed sequence re-
peats. One might assume that the predicted yeast protein is
prematurely truncated due to sequencing error, but concep-
tual translation of the remaining two reading frames does not
reveal further homology to S5a. Moreover, antiserum specific
for MBPI reacts with a yeast protein that migrates on SDS-
PAGE gels with an apparent molecular weight considerably
less than human S5a or MBP! and consistent with that pre-
dicted by the genomic yeast sequence (data not shown). Thus,
it appears that yeast S5a is smaller than its counterparts in
higher eukaryotes.

To determine if the identified HeLa cell cDNA encodes a
protein that binds multiubiquitin chains, several concentra-
tions of human 26S protease regulatory complex and recom-
binant his-tagged S5a were separated by SDS-PAGE and
transferred to nitrocellulose filters. The filters were then incu-
bated in the presence of [?*IJmultiubiquitin chains, rinsed and
subjected to autoradiography. As shown in panels A and B of
Fig. 3, both S5a from the regulatory complex and recombi-
nant S5a bound ['**IJmultiubiquitin chains. The two proteins
were shown to exhibit similar selection for longer multiubi-
quitin chains by excising pieces of the nitrocellulose blot that
contained [?*IJmultiubiquitin-S5a complexes, boiling them in
SDS-PAGE buffer and analyzing the size distribution of [!%1]-
multiubiquitin chains on a second SDS-polyacrylamide gel. It
can be seen from the autoradiogram in Fig. 3C that S5a
molecules from the regulatory complex or from E. coli select
principally for long multiubiquitin chains (compare eluted
chains to input in Fig. 3C).

Different concentration of regulatory complex or recombi-
nant protein were analyzed in Fig. 3 because we have ob-
served variation in the lengths of bound multiubiquitin chains
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depending upon the amounts of S5a on the filter. Although in
Fig. 3C the concentration-dependent differences in chain
length are slight, they can be discerned. For example, inter-
mediate sized chains (MW between 45 and 70 K) are more
abundant when large amounts of S5a are present on the ni-
trocellulose filter (compare lanes 1 vs. 1/9 in subpanel S5a of
Fig. 3C). In view of these concentration effects, we cannot be
certain that recombinant S5a binds multiubiquitin chains in
exactly the same way as S5a obtained from the regulatory
complex. They are, at the least, very similar.

4. Discussion

Isolation and sequencing of a cDNA with high similarity to
plant MBPI has allowed us to deduce the amino acid se-
quence of human S5a (Fig. 1). There is good evidence that
we have obtained the entire coding region for the human
subunit. First, if one takes into account the extra N-terminal
histidines, one can conclude that the expressed protein mi-
grates on SDS-PAGE very much like S5a obtained directly
from the 26S protease (Fig. 3A). Second, a set of 14 human
ESTs overlap the S5a open reading frame starting from base
pair (bp) 142 and continuing into a poly A tail beyond base
pair 1330. Third, the deduced amino acid sequence is similar
in length to sequences for S5a homologs present in Arabidop-
sis and Drosophila (Fig. 2). Fourth, the nucleotide sequence
presented in figure 1 is virtually identical to a human pituitary
cDNA proposed to encode a protein termed antisecretory
factor (AF) [28]. Although the deduced amino acid sequences
for human S5a and AF diverge at the C-terminus, this may be
explained by sequencing errors or lack of fidelity in DNA
synthesis during cloning. In fact, the final 24 residues reported
for AF are present in an alternate reading frame of the cDNA
encoding human S5a.

AF was identified as a pituitary protein able to inhibit in-
testinal fluid loss in rats injected with cholera toxin [29]. Jo-
hansson et al. [28] obtained a cDNA for AF by screening a
human pituitary expression library with antibodies to porcine
AF. The apparent identity of AF and the 268 protease sub-
unit SS5a is very surprising. Free S5a subunits can inhibit ubi-
quitin mediated proteolysis [30], so AF might function by
reducing the turnover of membrane bound receptors or pos-
sibly speeding the turnover of G proteins within intestinal
cells. It remains difficult to explain how S5a secreted from
the pituitary could enter intestinal cells to function in this
capacity. The finding that AF is apparently identical to a
ubiquitin-conjugate binding subunit of the 26S protease
clearly requires additional documentation.

We have shown that human S5a expressed in E. coli binds
and selects for longer multiubiquitin chains (Fig. 3). Selection
of multiubiquitin chains by the his-tagged recombinant S5a is
very similar to that seen with S5a obtained directly from the
human erythrocyte 26S protease. Still, we cannot rule out
subtle differences between recombinant S5a molecules and
those present in the regulatory complex. In this regard it is
noteworthy that Haracska and Udvardy [27] suggest that a 50
kDa subunit from the Drosophila 26S protease is glycosy-
lated; the Drosophila subunit is now known to be S5a from
the data presented here and in ref. [23].

How the 26S protease recognizes multiubiquitin chains re-
mains an interesting and only partially solved problem. Our
previous discovery of a specific 26S protease subunit that
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binds multiubiquitin chains [22] and more recent identification
of sequences for homologs of this subunit ([23,27] and this
report) provide information that should prove helpful in elu-
cidating the molecular mechanism for multiubiquitin chain
recognition. The highly conserved segment FGVPDS...RQE
is likely to be an important element for binding ubiquitin
polymers. In fact, current deletion analyses implicate this por-
tion of S5a in multiubiquitin binding (Q. Deveraux et al., in
preparation). Under results, we emphasized the probable ex-
istence of repeated sequences in the C-terminus of SS5a. We
did so because we believe such repeats can explain the ability
of S5a to selectively bind longer polymers of ubiquitin. We
speculate that repeated sequence elements in S5a bind repeti-
tive hydrophobic patches on multiubiquitin chains [31]. On-
going deletion analyses should provide an experimental test of
the repeated sequence or multiple ‘loop’ model for multiubi-
quitin chain recognition by the 26S protease [19].
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