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Degradation of Proteins with Acetylated Amino
Termini by the Ubiquitin System

ARIE MAYER,* NED R. SIEGEL, ALAN L. SCHWARTZ,
AARON CIECHANOVERT

A free NH,-terminal group has been previously shown to be an obligatory signal for
recognition and subsequent degradation of proteins in a partially fractionated and
reconstituted ubiquitin proteolytic system. Naturally occurring proteins with acetylat-
ed NH,-termini—most cellular proteins fall in this category—were not degraded by
this system. Other studies have suggested that the identity of the NH,-terminal residue
is important in determining the metabolic stability of a protein in vivo (N-end rule).
Whole reticulocyte lysate and antibodies directed against the ubiquitin-activating
enzyme (E1) have now been used to show that such acetylated proteins are degraded in
a ubiquitin-dependent mode. Although fractionation of lysate does not affect its
proteolytic activity toward substrates with free NH,-termini, it completely abolishes
the activity toward the blocked substrates, indicating that an important component of
the system was either removed or inactivated during fractionation. An NH,-terminal
“unblocking” activity that removes the blocking group, thus exposing a free NH,-
terminus for recognition according to the N-end rule, does not seem to participate in
this pathway. Incubation of whole lysate with labeled histone H2A results in the
formation of multiple ubiquitin conjugates. In contrast, the fractionated system is
devoid of any significant conjugating activity. These results suggest that a novel
conjugating enzyme (possibly a ubiquitin-protein ligase) may be responsible for the
degradation of these acetylated proteins by recognizing structural features of the
substrate that are downstream and distinct from the NH,-terminal residue.

( : ONJUGATION OF UBIQUITIN TO
certain proteins can trigger their
degradation both in vitro and in

vivo (1). A major question concerns the

specificity of the system, that is, the identifi-
cation of the structural features of a protein
that render it susceptible to ubiquitin liga-
tion. A free a-NH, group of some proteins
is necessary for ligation of the proteins to
ubiquitin and their subsequent degradation
by crude reticulocyte fraction II [the high-
salt eluate from reticulocyte lysate fraction-
ated on a DEAE cellulose column (2)] sup-
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plemented with ubiquitin (3). Naturally oc-
curring Na-acetylated proteins are not de-
graded by this system (3). The identity of
the NH,-terminal residue affects the stabil-
ity of a protein in vivo (4); genetically
engineered derivatives of B-galactosidase
had half-lives varying from a few minutes to
many hours. Although it has recently been
shown that the degradation signal includes a
specific Lys residue that is proximal to the
NH,-terminal residue, the variation in the
half-lives could be attributed entirely to the
amino acid residue in the NH,-terminal
position (5).

We have shown that an Arg moiety must
be transferred posttranslationally in a
tRNA-dependent mode to acidic NH,-ter-
mini (Asp or Glu) of proteins before their
recognition by the ubiquitin system (6). A
similar modification must also take place in
proteins with an Asn, Gln, or Cys residue in
this position (7). At least part of the selec-
tion of proteins for ubiquitin-dependent
degradation is mediated by distinct recogni-
tion sites on ubiquitin-protein ligase (E3)

for basic NH,-termini (which also recog-
nizes Arg-modified residues) and bulky hy-
drophobic NH,-termini (8). It is also clear
from these studies, however, that the NH,-
terminal residue, although an important rec-
ognition signal, is not the only one and most
probably not the predominant structural
feature. For example, a third site on E3 was
classified that probably recognizes structural
features of the proteins downstream from
the NH,-terminal residue (8). However,
even the substrates recognized by this E3
had free NH,-terminal residues; substrates
with modified NH,-termini were not recog-
nized by this E3 and were not degraded by
the DEAE-fractionated system (2, 3, 8). Itis
not known whether the different recogni-
tion sites reside within one E3 molecule or
whether distinct E3 molecules recognize
specific subsets of proteolytic substrates (1,
8).

Proteins with acetylated NH,-termini
constitute about 80% of the soluble cellular
proteins in Ehrlich Ascites tumor cells (9).
Apparently, most cellular proteins are de-
graded in an adenosine 5'-triphosphate
(ATP)—dependent mode (10), and it is pos-
sible that the NH,-terminal-blocked pro-
teins could be degraded in the cell in an
ATP-dependent, but ubiquitin-indepen-
dent, mode (11). Another possibility is that
these proteins can be degraded by the ubi-
quitin system; this possibility would imply
that during the initial fractionation and sep-
aration of the system in vitro (2), a crucial
factor necessary for their degradation is re-
moved or inactivated. We have now tested
these two hypotheses.

Table 1. Degradation of substrates with free and
Na-blocked NH,-termini in crude reticulocyte
fraction II and in reticulocyte lysate. BSA, lyso-
zyme, a-crystallin (Sigma), histone H2A (Boeh-
ringer Mannheim), and actin (Worthington) were
radiojodinated as described (6). In the case of a-
crystallin, only the A chain was labeled, although
both chains have blocked termini (26). Degrada-
tion was measured as described (27). Results
represent a typical experiment. In five indepen-
dent repeats with three different enzymatic prepa-
rations, the variation did not exceed 50% when
degradation rates were below 10%, and 15%
when degradation rates were above 10%. Each
experiment was performed in duplicate. Variation
among duplicates did not exceed 7%.

" Degradation (%)

Crude .
Substrate reticulocyte RCt;C;]::)CCth
fraction II 4
—ATP +ATP —ATP +ATP
BSA 0 32 0 36
Lysozyme 7 29 5 31
Histone H2A 4 5 2 60
a-Crystallin 4 7 2 54
Actin 5 4 1 43
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We first found that naturally occurring
Na-acetylated proteins (histone H2A, a-
crystallin, and actin) are degraded in whole
reticulocyte lysate in an ATP-dependent
mode (Table 1). In contrast, and in agree-
ment with previous results (3), these pro-
teins were not degraded in the partially
fractionated ubiquitin system [crude reticu-
locyte fraction II supplemented with ubiqui-
tin (2)]. Substrates with free NH,-termini
[bovine serum albumin (BSA) and lyso-
zyme] were degraded efficiently in both the
fractionated system and the unfractionated
lysate.

Ubiquitin-dependent degradation of a
specific substrate in crude reticulocyte frac-
tion II can be tested by the addition or
omission of ubiquitin. Testing ubiquitin-
dependent degradation of a protein in whole
lysate is more difficult, because the lysate
contains all the components of the system
required for its activity, including ubiquitin.
We therefore made an antibody to affinity-
purified E1, the first enzyme in the cascade
of ubiquitin ligation; this enzyme has been
shown to be an obligatory component of the
proteolytic system both in vitro and in vivo
(12). The enzyme activates ubiquitin to a
high-energy intermediate by a two-step re-
action. In the first step, ubiquitin is activat-
ed to a high-energy adenylate intermediate,
a reaction that can be monitored by assaying
ATP-inorganic pyrophosphate (ATP-PP;)
exchange (12). The immunoglobulin G
(IgG) fraction of the antiserum was affinity-
purified on immobilized El. Protein im-
munoblot analysis revealed that the purified
antibody [anti-E1(IgG)] recognizes specifi-
cally E1 (13) and inhibits El-dependent
activation of ubiquitin and consequently
ubiquitin conjugation and ubiquitin-depen-
dent degradation (Table 2). The inhibition
is reversible in that after removal of the
antibody all the inhibited functions of E1

can be restored by the addition of affinity- -

purified E1.

We used this antibody to test whether the
degradation of some Na-acetylated proteins
is E1-dependent. The degradation of actin,
histone H2A, and the A chain of a-crystallin
was strongly and specifically inhibited by
anti-E1(IgG) (Fig. 1). After removal of the
antibody, the inhibition could be alleviated
by the addition of purified E1. Much less
anti-E1(IgG) was needed to inhibit the deg-
radation of histone H2A than was necessary
to inhibit the degradation of actin and a-
crystallin. It is possible, for example, that
different species of El are required for the
degradation of different substrates and that
the affinities of the antibody for the various
species of E1 are not identical [see (14)].
Other Na-acetylated proteins (such as his-
tone H4) were degraded in a similar way
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(15). The ubiquitin system can therefore
degrade Na-blocked proteins, and an essen-
tial component that is required for this
activity is removed or inactivated during the
partial separation of the reticulocyte lysate.
Ubiquitin-dependent degradation of sub-
strates occurs in two main successive steps,
conjugation of ubiquitin to the substrate
and degradation of the protein moiety of the
conjugate with the release of free and reus-
able ubiquitin (1). To determine in which of
these two steps the putative component
participates, we incubated '>’I-labeled his-

tone H2A in reticulocyte lysate in the pres- -

ence of ATP and found that multiple ubi-
quitin conjugates were formed (Fig. 2). In
contrast, fraction II was devoid of any con-
jugating activity. Substrates with free NH,-
termini, such as oxidized ribonuclease A
(oxRNase A), were conjugated to ubiquitin
by both the lysate and fraction II (Fig. 2).
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Two possible functions of the factor are:
(i) the factor is a deacetylase or an acylamin-
ohydrolase [both activities have been de-
scribed (16); however, their physiological
roles have not been delineated], or (ii) the
factor is participating in the conjugation of
ubiquitin to substrates with intact, blocked
NH;-termini and therefore recognizes struc-
tural features of the protein that are distinct
from the free NH,-terminal residue. If the
factor removes the acetyl group (or acylamino
or acylpeptide groups) and thus exposes a free
NH,-terminus, the processed substrates
should then be degraded in a ubiquitin-sup-
plemented fraction II in accordance with the
rules described for degradation of proteins
with exposed NH,-termini.

Three independent lines of evidence ex-
clude an NH,-terminal exposing activity as a
Fossiblc function of the factor. (i) The three

ZI-labeled Na-acetylated substrates were

o

Proteolysis (% of control)

10 20 40 1
Antibody (ug per 50 pl lysate)

Fig. 1. dation of Na-acetylated proteins in crude reticulocyte fraction II and in reticulocyte lysate;
inhibition by anti-E1(IgG) and reconstitution with E1. (&) Reaction mixtures (50 ul) containing 220
pg of crude reticulocyte fraction II and 3 pg of ubiquitin (lanes 1 to 3) or 30 pl of reticulocyte lysate
(lanes 4 to 9) were incubated for 45 min at 37°C with 50 mM tris HC1 (pH 7.6), 5 mM MgCl,, 2 mM
dithiothreitol, and either 0.5 pg of hexokinase and 10 mM 2-deoxyglucose (lanes 1, 2, 4, and 5), or 0.5
mM ATP, 10 mM creatine phosphate, and 10 pg of creatine phosphokinase (lanes 3 and 6 to 9).
Affinity-purified nonimmune IgG (25 pg) was present in the reaction described in lane 7, and affinity-
purified anti-E1(IgG) (25 ng) was present in the reactions described in lanes 8 and 9 (32; see legend to
Table 2). A 50% suspension of Protein G-Sepharose beads (10 l) was then added to all the reaction
mixtures (32; see legend to Table 2). After removal of the beads, 45 ul of the supernatant were used for
continuation of the reaction in a final volume of 50 ul. Affinity-purified E1 (0.5 ug; see legend to Table
2) was added to the reaction described in lane 9. tion was initiated by the addition of 0.5 pg
(~750,000 cpm) of each substrate (panel A, '?°I-labeled actin; panel B, '**I-labeled histone 2A; panel
C, 'ZI-labeled a-crystallin), and reaction mixtures were cither incubated for 2 hours at 37°C (lanes 2, 3,
and 5 to 9) or not incubated (lanes 1 and 4). Samples (5 pl) of each reaction mixture were loaded onto
10% (actin), 12.5% (a-crystallin), and 18% (histone H2A) SDS-polyacrylamide gels (27, 29), separated
by electrophoresis, and autoradiographed. Molecular mass rs are as follows: 200 kD, myosin;
92.5 kD, phosphorylase B; 69 kD, BSA; 46 kD, ovalbumin; 30 kD, carbonic anhydrase (*C-labeled;

Amersham). Deg. denotes '*I-labeled low molecular mass degradation products. Dist. denotes
distortion of the migration of histone due to bin, which migrates to a similar distance. (b)

es), and

25T-labeled actin (circles) in reticulocyte lysate was measured in reaction mixtures (50 ul) as described
in (a) and in (27) and the legend to Table 2 (except that the incubation with the antibody was carried
out with 50 ul of lysate) in the presence of the indicated amounts of anti-E1(IgG) (closed symbols) or
nonimmune IgG (semiclosed symbols). (Panel 2) After removal of the antibody as described (legend to
Table 2), affinity-purified E1 (0.5 pg) was added (arrow) to the reaction mixtures that had contained
40 pg of immune IgG per 50 pl of lysate. The experiment was performed three times with essentially
the same results. Shown is one typical experiment.

sPancl 1) Degradation of '*-labeled histone H2A (squares), '*I-labeled a-crystallin (triangl
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Fig. 2. Conjugation of ubi- a 6B b |

quitin to "*L-labeled oxi- el =0
dized RNase A (@) and '*I- g sy
labeled histone H2A (b) by 92.5- =925
crude reticulocyte fraction IT 69—~ é

(a, lanes 1 and 2; b, lanes 1 46—~ -

to 3) and reticulocyte lysate 30 = —69
(a, lanes 3 and 4; b, lanes 4 Cont ~{

to 6). Conjugation was per- |43~ = —ac
formed as described (6) in a u H2A . : ’ -30
reaction mixture (25 pl) £ Cont”

containing 110 pg of crude I-oxRNave-= uH2A— i

reticulocyte fraction II or 15

ul of reticulocyte lysate. 125, 4
125T-labeled substrates (0.5 : CH;?_. o _Dist
ug; ~750,000 cpm) were i o, e

used. Reaction mixtures (5

pl) were loaded onto polyacrylamide gels (a, 12.5%; b, 18%) (27, 29) (see legend to Fig. 1). Lanes al,
a3, b2, and b5, without ATP; lanes a2, a4, b3, and b6, with ATP; lanes bl and b4, without incubation.
uH2A and u,H2A denote the putative mono- and diubiquitin conjugates of histone H2A; Cont.
denotes radiolabeled contamination in the commercial preparation; Dist. is described in the legend to
Fig. 1. Molecular mass markers are as described in the legend to Fig. 1 except that 14.3 kD denotes
lysozyme.

Table 2. Functional characterization of the anti-E1 antibody. ATP-PP; exchange was measured
essentially as described (12). The reaction mixture (50 pl) contained 0.5 ug of affinity-purified E1 (12)
and 3 pg of either affinity-purified anti-E1(IgG) or nonimmune IgG [IgG fraction from goat serum
purified on Protein G-Sepharose (Pharmacia-LKB)] (32). The mixtures were incubated for 30 min at
37°C, and then 10 pl of a 50% suspension of Protein G—Sepharose beads [in 20 mM tris-HCI (pH 7.2)
and 0.02% NaN;] were added. After gentle mixing for 10 min at room temperature, the reaction
mixture was centrifuged for 10 s in an Eppendorf microcentrifuge, and the reaction was initiated by
adding [**P]PP; and ubiquitin to 45 ul of the supernatant. To a parallel tube incubated with immune
IgG, 0.5 pg of purified E1 was added after removal of the IgG with Protein G-beads and before
initiation of the reaction. '*’I-labeled ubiquitin conjugation was measured essentially as described (12).
Crude reticulocyte fraction IT (90 wg) (used as the source of the ubiquitin-ligase system) was incubated
with 6 pg of purified anti-E1(IgG) or nonimmune IgG; 0.5 pg of E1 was used to reconstitute activity.
Degradation of 'I-labeled substrates was determined essentially as described (6, 27). Crude reticulo-
cyte fraction IT (220 pg) was used as the source of the degradative system. Where data from more than

one experiment are presented, results are expressed as the mean * the range of values obtained.

ATP-PD; Ubiquitin Degradation (%) (n = 3)
Addition exchange (%) conjugation
(n=2) (pmol) (n = 1) BSA Lysozyme
Nonimmune IgG 41 x4 16 27 £ 4 223
Immune IgG 0 2 1+1 62
Immune IgG + E1 38+4 18 24+3 19+3

incubated in reticulocyte lysate in the pres-
ence of anti-E1(IgG) at concentrations that
inhibit proteolysis. After the antibody was
removed, the lysate was dialyzed and a small
portion (2 ul per 50 wl of reaction mixture)
of the dialyzed lysate was then added either
to crude reticulocyte fraction II supplement-
ed with ubiquitin or to untreated reticulo-
cyte lysate. Although fraction II did not
degrade the substrates to any measurable
extent, the lysate was proteolytically active
toward these proteins (17). (ii) Degradation
of the substrates was not susceptible to
inhibition by dipeptides known to inhibit
the ubiquitin-dependent degradation of
proteins with specific subsets of NH,-termi-
nal residues. The dipeptide His-Ala, which
inhibits the degradation of proteins with
basic NH,-termini (His, Arg, and Lys) (1,
8) and proteins with NH,-termini that are
posttranslationally modified by the addition
of an Arg residue before their degradation
(Asn, Asp, Gln, Glu, and Cys) (6, 7), did not
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have any effect on the degradation of the
No-acetylated substrates (18). The dipeptide
Trp-Ala, which inhibits the degradation of
proteins with bulky hydrophobic NH,-ter-
mini (Trp, Leu, Phe, and Tyr) (1, 8), simi-
larly did not have any effect (19). Proteins
with either an Ala, Ser, Thr, Ile, Gly, Met,
or Val residue in the NH,-terminal position
are stable (4), and it is not known whether
their degradation by the ubiquitin system
requires recognition of this residue (1, 4, 7,
8). Exposure of such termini, therefore,
does not seem to render them susceptible to
rapid proteolysis. It is not clear whether Pro
in the NH,-terminal position plays a role in
recognition of the protein (4, 7). The first
Pro residue is located substantially distal to
the NH,-terminal position in all three sub-
strates (27th, 26th, and 8th residue in actin,
histone H2A, and a-crystallin, respectively),
and exposure at this site would have been
detected by a change in the apparent molec-
ular mass of the labeled proteins following

incubation with the anti-E1(IgG), a change
that could not be detected (Fig. 2). (iii)
Actin has four successive acidic amino acid
residues after the acetyl group (20). Remov-
al of the acetyl moiety, either alone or along
with any combination of the first, second,
and third amino acids, should render the
degradation of the remaining molecule sen-
sitive to ribonuclease A (RNase A), because
a tRNA-dependent transfer of an Arg resi-
due to the newly exposed acidic NH,-termi-
nal residue would be required for its further
degradation (6). However, RNase A had no
effect on actin degradation in reticulocyte
lysate (21). The participation of the putative
factor in removal of the acetyl group togeth-
er with a long polypeptide from the NH,-
terminal region (thus exposing a new non-
acidic, free NH,-terminal residue substan-
tially downstream from the original one)
was also ruled out. In the presence of anti-
E1(IgG), actin (as well as histone H2A and
a-crystallin) retained its authentic molecular
mass on SDS-polyacrylamide gels (Fig. 1,
lane 8) (22).

All the substrates used in our study can be
found as conjugates of ubiquitin in the cell
(23). However, it is not known whether the
modification of these proteins in vivo signals
them for degradation. In our study we used
these proteins as model substrates only. Our
results show that the ubiquitin system can
conjugate and subsequently degrade Na-
acetylated proteins. Furthermore, the recog-
nition capability does not seem to require an
exposed NH,-terminal residue and may be
directed to a structural feature (or features)
of the substrate that is distinct and possibly
downstream from the NH,-terminal resi-
due. Most of the studies on the ubiquitin
system and analysis of its components have
been performed with the in vitro reticulo-
cyte system. A role for the system in the
degradation of cellular proteins in vivo has
been shown for the general population of
short-lived proteins (12) and for the light-
induced degradation of phytochrome (24).
Because the vast majority of cellular proteins
are blocked in their NH,-terminal position,
a potential role for the ubiquitin system in
their turnover in vivo is physiologically im-
portant.

The factor lost during fractionation of
reticulocyte lysate on the ion-exchanger may
be a novel ubiquitin-protein ligase (E3).
Alternatively, it may play a role in the
function of the already described E3, which
interacts with substrates that have free NH,-
termini, however, at regions distinct from
these residues (8). In reticulocyte lysate,
nondegradable proteins with blocked amino
groups (both o and €) can compete with
known proteolyzable substrates of the ubi-
quitin system for binding to ubiquitin-con-
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jugating factors (25). It is possible that both
No-acetylated proteins and proteins with
free NH,-termini that do not use this resi-
due as a recognition marker share the same
ubiquitin-conjugation factor or factors.
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Adipsin and Complement Factor D Activity:
An Immune-Related Defect in Obesity

BARRY S. ROSEN, KATHLEEN S. COOK, JULIA YAGLOM,
DouagLas L. GROVES, JOoHN E. VorLANAKIS, DEBORAH DAMM,
TYLER WHITE, BRUCE M. SPIEGELMAN

Adipsin is a serine protease that is secreted by adipocytes into the bloodstreams; it is
deficient in several animal models of obesity, representing a striking example of
defective gene expression in this disorder. Recombinant mouse adipsin was purified
and its biochemical and enzymatic properties were studied in order to elucidate the
function of this protein. Activated adipsin has little or no proteolytic activity toward
most substrates but has the same activity as human complement factor D, cleaving
complement factor B when it is complexed with activated complement component C3.
Like authentic factor D, adipsin can activate the alternative pathway of complement,
resulting in red blood cell lysis. Decreased (58 to 80 percent) complement factor D
activity, relative to lean controls, was observed as a common feature of several
experimental models of obesity, including the 0b/ob, db/db, and monosodium glutamate
(MSG)—injected mouse and the fa/fa rat. These results suggest that adipsin and the
alternative pathway of complement may play an unexpected but important role in the
regulation of systemic energy balance in vivo.

HE ADIPOCYTE SERVES AS THE MA-
jor repository of energy stores in
higher organisms. The hormonal
and biochemical control of many of the
steps of lipogenesis and lipolysis in adipo-
cytes in normal and diseased states remain to
be elucidated. Molecular cloning has been
used to identify gene products that may be
important in adipocyte metabolism, includ-
ing adipsin, a member of the serine protease
gene family (1, 2).
Adipsin messenger RNA (mRNA) is tis-

sue-specific; it can be detected primarily in
fat tissue (2) and sciatic nerve (3). The
encoded protein has several features sug-
gesting that it can function as an active
serine protease, including a catalytically ac-
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