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The N-End Rule in Bacteria 

The N-end rule relates the in vivo half-life of a protein to the identity of its 
wo-terminal residue. Distinct versions of the N-end rule operate in all eukaryotes 
examined. It is shown that the bacterium Escherichia coli also has the N-end rule 
pathway. Amino-terminal arginine, lysine, leucine, phenylalanine, tyrosine, and tryp- 
tophan confer 2-minute half-lives on a test protein; the other amino-terminal residues 
confer greater than 10-hour half-lives on the same protein. Amino-terminal arginine 
and lysine are secondary destabilizing residues in E. coli because their activity depends 
on their conjugation to the primary destabilizing residues leucine or phenylalanine by 
leucine, phenylalanine-transfer RNA-protein transferase. The adenosine triphos- 
phate-dependent protease Clp (Ti) is required for the degradation of N-end rule 
substrates in E. coli. 

A MONG THE FUNCTIONS OF PRO- 

tein degradation in living cells are 
the elimination of abnormal pro- 

teins and the temporal control of many 
cellular processes that involve short-lived 
regulators (1). The metabolic instability of a 
regulatory protein allows for rapid adjust- 
ment of its intracellular concentration 
through changes in the rate of its synthesis 
or degradation. Features of a protein that 
confer metabolic instability are called degra- 
dation signals. An essential component of 
one degradation signal is the protein's 
N-terminal residue (2). The presence of this 
signal, named the N-degron (3), is manifest- 
ed as the N'end rule, which relates the 
metabolic stability of a protein to the iden- 
tity of'.its N-terminal residue. Distinct ver- 
sidns of the N-end rule operate in all eukary- 
otes examined, from yeast to mammals (2- 
8). The eukaryotic N-degron comprises two 
distinct determinants: a destabilizing N-ter- 
mind residue and a specific intern2 lysine 
residue (or residues) (5, 7). The latter is the 
site of formation of a substrate-attached 
multiubiauitin chain that is reauired for 
degradation of the substrate (7). 

The N-end rule is organized hierarchical- 
ly: N-terminal Asp and Glu (and Cys in 

Department of Biology, Massachusetts Institute of Tech- 
nology, Cambridge, MA 02139. 

mammalian reticulocytes) are secondary de- 
stabilizing residues in that they are destabi- 
lizing through their conjugation, by Arg- 
tRNA-protein transferase, to Arg, one of 
the primary destabilizing residues (2, 6, 8, 
9). N-terminal Asn and GLn are tertiary 
destabilizing residues in that they are desta- 
bilizing through their conversion, by a spe- 
cific deamidase, into the secondary destabi- 
lizing residues Asp and Glu (6). 

In eukaryotes, linear ubiquitin (Ub) fu- 
sions to a test protein such as p-galacto- 
sidase (pgal) are deubiquitinated by Ub- 
specific processing proteases irrespective of 
the identity of the residue at the Ub-pgal 
junction (2). This finding has made it pos- 
sible to expose in vivo different residues at 
the N-termini of otherwise identical test 
proteins. The Ub fusion technique has so far 
been inapplicable in bacteria, which l a c E ~ b  
and Ub-specific enzymes (10). The isolation 
of UBP1, a gene for a Ub-specific processing 
protease of Saccharomyces cerevisiae (lo), has 
allowed us to bypass this difficulty and to 
test for the presence of the N-end rule in 
bacteria. 

When expressed in E. coli (1 I), the yeast 
Ubpl protease efficiently deubiquitinated 
Ub-X-pgals (X is the junctional residue) 
both in E. coli extracts (10) and in vivo (Fig. 
1). As expected (2, lo), Ub-X-pgals re- 
tained their N-terminal Ub moieties in con- 
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genic E. coli that lacked Ubpl (Fig. 1B). 
Pulse-chase experiments with Ub-X-@gals 
in UBPI-expressing E. coli (12) showed that 
the Ubpl-produced X-pgal proteins were 
either long-lived or metabolically unstable, 
depending on the identity of their N - t e e -  
nal residue X (Figs. 1A and 2). These mea- 
surements, carried out with 19 X-@gals, 

Fig. 1. Metabolic stability of 
X-@gal in E. coli is a function of i n  
N-terminal residue. (A) E s c ~ h i a  
coli expressing the yeast Ubpl pro- 
tease and Ub-X-@gal proteins (11) 
were labeled with 35S, followed by 
a chase, protein extraction, immu- 
noprecipitation, and electrophoret- 
ic analysis of X-@gals (12). Chase 
times (in minutes) are indicated 
above the lanes. N-terminal resi- 
dues of X-pgals are indicated by the 
following single-letter abbrevia- 
tions for amino acids: A, Ala; C, 
Cys; D, Asp; E, Glu; F, Phe; G, 
Gly; H, His; I. Ile; K, Lys; L, Leu; 

yielded the N-end rule in E. coli (Table 1). 
Whereas N-terminal Asn and Gln are tertia- 
ry destabilizing residues in eukaryotes and 
Asp and Glu are secondary destabilizing 
residues in eukaryotes, they are all stabiliz- 
ing in E. coli (Table 1). 

Leu, Phe-tRNA-protein transferase (L/ 
F-transferase), which is present in Gram- 

L-Bgal amb;;;;; 
c b A  

LBgal 
aat 

M; Met; N, Asn; P, P&; Q Gln; 
R, ~ r g ;  S, ~ e r ;  T, ~hr, V, V ~ I ;  W, yip: -;--- ~ - ~ g a l  aat 

Trp; and Y, Tyr. To show the entire 
electrophoretic patterns of repre- K-Bgal nnl LA--- y-"y !L-- 

we present the patterns from Met- 
pgal and Phe-@gal above the B 0 1 5 6 0 0 1 5 6 0 0 1 5 6 0 0 1 5 6 0  

cropped images of analogous pat- U b - x - B g a l ~  --.---."- ---- ; -3 
terns for other X-@gals. The desig- 

x - p p a l r  

nations wt, aat, and clpA indicate IIIIIU 

the relevant genetic backgrounds M-pgal D-pgal M-pgal 

(15) of E. coli strains used in the -LlBPFPgal I +"BPI 

p&~hase assay (12) with an indicated X-&al. (B) Pulse-chase analysis was carried out as in (A) with 
E. coli that exprescd Ub-Met-@gal, &&-@gal, UbAsp-@gal, or Ub-Met-pgal either in the 
presence or absence of Ubpl, as indicated. 

Fig. 2. Kinetics of X-pgal degradation in E. coli. 
The electrophoretic patterns of X-@gals (Fig. 1) 
were quantified with phosphor storage technolo- 
gy (22). T i e  zero (to) corresponds to the start of , a chase. Closed and open mangles and open 
circles denote, respectively, Met-@gal, Lys-@gal, 
and Phe-pgal in wt E. coli (12). Crosses and - 
inverted mangles denote, respectively, Lys-@gal 5 
and Phe-@gal in a null aat- mutant (15). Squares 0 
denote Phe-pgal in a null clpA- mutant (15). 
Analogous decay curves were also determined for 
all of the other X-@gals in wt E. coli and for most 3 , 
X-&ak in the aat- and clpA- mutants (1 6). These - 
curves, which yielded the half-life data of Table 1 3 
(14, were indistinguishable from the repre- 
sentative examples shown here. Each decay curve 
was determined at least twice, in independent 
experiments, with the results differing by less than 
15%. For reasons that are not understood, the in 
vivo degradation of X-pgals in E. coli did not obey 1 
first-order kinetics but instead slowed with time. 0 20 40 60 
A nonexponential in vivo degradation has also Chase (min) 
been observed with X-@gals and other N-end rule 
substrates in yeast (2, 8). Because a single half-life cannot. be assigned to a protein degraded with 
non-first order kinetics, we determined "initial" half-lives by assuming first-order kinetics between the 
chase points used. The residual incorporation of 35S into X-@gals continued for -3 min after the end 
of a 2-min pulse at 36°C (at to). This -3-min post-pulse incorporation is clearly seen with the long-lived 
X-pgals but is largely obscured with the short-lived X-pgals because of their rapid degradation. For the 
short-lived X-pgals, the half-life values (Table 1) were determined between 3 and 10 min of chase. For 
the long-lived X-@gals, an approximate lower limit on their half-lives ( > l o  hours) was determined 
between 10 and 60 min of chase. A small (less than 3%) but reproducible decrease of 35S in the 
long-lived X-@gals between 3 and 10 min of chase apparently resulted from transient degradation 
unrelated to the N-end rule, because it persisted in a clpA- mutant (squares). 

negative bacteria but absent from eukary- 
otes, catalyzes the conjugation of Leu or Phe 
to stericaiy accessible ~Iterminal Arg or Lys 
in proteins or peptides (13). Although this 
enzyme was described years ago (13), its 
function has remained obscure. An E. coli 
mutant lacking L/F-transferase activity was 
isolated by Soffer and Savage (14). We used 
this aat- (amino acid transferase) strain, as 
well as an independently constructed aat- 
mutant (IS), to determine whether the in 
vivo destabilizing property of N-terminal 
Arg or Lys (Table 1) is dependent on the 
presence of L/F-transferase. Pulse-chase 
analyses with normally short-lived X-@gals 
in wild-type (wt) and congenic aat- strains 
(Figs. 1A and 2 and Table 1) showed that 
Arg-@gal and Lys-@gal are long-lived pro- 
teins in the absence of L/F-ferase. Thus, 
E. coli L/F-transferase is a component of the 
N-end rule pathway that is essential for the 
degradation of substrates bearing N-terminal 
Arg or Lys but is not required for the degra- 
dation of substrates beanng any of the other 
primary N-terminal destabilizing residues 
(Phe, Leu, Tyr, and Trp) (Table 1). 

LP-transferase catalyzes in v im  the con- 
jugation of Met (at much lower rates than 

Table 1. The N-end rule in E. coli. 
Approximate in vivo half-lives of X-pgal 
proteins in either wt or aat- E. roli strains at 
36°C were determined as described (12) (Fig. 
2). The half-life values for X-@gal in wt and 
aat- E. coli are presented next to the half-lives 
of X-@gal in the yeast S. cerevisiae at 30°C (2, 
5). A question mark at Pro indicates its 
unknown status in the E. coli N-end rule (a low 
rate of the Ubpl-mediated deubiquitination of 
UbPro-@gal in E. coli (10) has so far precluded 
pulse-chase experiments with Pro-@gal). All of 
the X-@gals were found to be long-lived in the 
clpA- mutant (Figs. 1 and 2) (16). 

Half-life of X-@gal 

E. coli wt 

Arg 
LYS 
Phe 
Leu 
Trp 
Tyr 
His 
Ile 
Asp 
Glu 
Asn 
Gln 
CYS 
Ala 
Ser 
Thr 
G ~ Y  
Val 
Pro 
Met 

2 rnin 
2 rnin 
2 rnin 
2 rnin 
2min 
2 min 
> 10 hours 
r 10 hours 
r 10 hours 
> 10 hours 
> 10 hours 
r 10 hours 
r 10 hours 
> 10 hours 
>10 hours 
r 10 hours 
r 10 hours 
> 10 hours 

? 
> 10 hours 

E. coli 
aat- 

r 10 hours 
> 10 hours 
2 min 
2 rnin 
2 rnin 
2 min 
r 1 0  hours 
r 10 hours 
r 10 hours 
> 10 hours 
> 10 hours 
r 10 hours 
r 10 hours 
> 10 hours 
r 10 hours 
> 10 hours 
> 10 hours 
> 10 hours 

? 
r 10 hours 

S. cereviriae 
wt 

2 rnin 
3 rnin 
3 min 
3 rnin 
3 rnin 
10 rnin 
3 rnin 
30 rnin 
3 min 
30 rnin 
3 min 
10 rnin 
r 2 0  hours 
> 20 hours 
>20 hours 
r 2 0  hours 
r 2 0  hours 
>20 hours 
>20 hours 
>20 hours 
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secondary 

UF-wasterase L, F - M A  
synthetases 

Fig. 3. The N-end rule pathway in E. coli. Pri- 
mary and secondary destabilizing N-terminal res- 
idues are denoted by the single-letter abbrevia- 
tions for amino acids. The shaded ovals indicate 
the rest of a protein substrate. Conjugation of the 
primary destabilizing residues Leu or Phe to the 
secondary destabilizing residues Arg and Lys is 
catalyzed by L/F-transferase. The degradation of 
a protein substrate bearing one of the primary 
destabilizing N-terminal residues (Phe, Leu, Trp, 
or Tyr) is mediated by the ATP-dependent pro- 
tease Clp. A question mark indicates a hypothet- 
ical recognition step, invoked by analogy to the 
eukaryotic N-end rule pathway, where a substrate 
bearing a primary destabilizing N-terminal resi- 
due is first bound by a specific recognition protein 
(8). 

the conjugation of Leu or Phe) to N-termi- 
nal Arg or Lys (13). However, no significant 
differences between the degradation kinetics 
of Arg-pgal and Leu-pgal were observed in 
wt cells (Fig. 2) (16), indicating that the in 
vivo conjugation of Met, a stabilizing resi- 
due in the N-end rule (Table l), to N-ter- 
mind Arg is negligible in comparison to the 
conjugation of Leu or Phe. [Once conjugat- 
ed to N-terminal Arg or Lys, the now 
N-terminal Met residue would not be ex- 
pected to be removed by the known Met 
aminopeptidase in E. coli (17)l. Further- 
more, His-pgal was found to be as long- 
lived as any of the other long-lived X-pgals 
in E. coli (Table 1) (16), indicating that the 
reported ability of N-terminal His to serve 
as a weak acceptor in reactions catalyzed by 
L/F-transferase in vitro (13) is negligible in 
vivo. 

Given the adenosine triphosphate (ATP) 
dependence of the N-end rule pathway in 
eukaryotes (6), we determined whether Lon 
or Clp, the known ATP-dependent prote- 
ases in E. coli (1, 18, 19), are required for the 
degradation of N-end rule substrates in this 
organism.We found that all of the normally 
short-lived X-pgals were metabolically stable 
in a null clpA- mutant (Figs. 1A and 2) (16) 
that lacks one of the two subunits of Clp 
(also known as Ti): the -750-kD, ATP- 
dependent protease of previously unknown 
function (18, 19). In contrast to the clpA- 

a one-determinant signal, composed of just 

I u u 

I karyotes but were apparently dispensable in 
Fig. 4. Comparison of eukaryotic and bacterial 
N-end rules. Open circles denote stabilizing resi- the 9f bacterial 
dues. Filled circles. triangles. and crosses denote. Ow finding that Clp is an essential corn- 

A m i n o a c i d s F L W Y R K H I N Q D E C A S T G V P M  

Bacterium ~ e e ~ A A O O O O O O O O O O O O  ? 

Yeast eeeeeeee++~~oooooooo 

M a m m d e e @ e * @ e e + + A A A e e @ O O O O  

, " ,  
respectively, primary, secondary, and tertiary de: ponent of the N-end rde pathway in E. coli 

one (exposed) destabilizing N-terminal res- 
idue.~Issection of the maker  in which the 
Ub-dependent steps are bypassed in bacteria 
should help identify aspects of the Ub func- 
tion that have kept the Ub system nearly 
unchangedthroughouttheevolutionofeu- 

stabilizing'iesidues * the ~ - e i d  rules of bkteri- places Clp within a large;, defined proteo- 
(E. coli) (Fig. 3), Yeast (S .  ~erev''e) (2, 4-8), lytic system but does not identify physiolog- and mammal (rabbit) reticulocytes (4-6). A ques- 

tion mark at pro indicates its bown in ically relevant substrates of Clp. Null clpA- 
the E. coli N-end rule (Table 1). Ile is a weakly mutants appear phenotypically normal and 
destabilizing residue in reticulocytes (6) .  do not stabilize several of the known short- 

lived proteins in E. coli (18, 19). Yeast 
mutar& that lack the N-end rule pathway 

mutant, mutants in the ton, hflAJ hf lB, or are also viable and nearly normal phenotyp- 
dnaK genes of E. coli, which encode compo- ically (8). With one exception, no physio- 
nents o f  proteolytic and chaperone systems logical substrates of the N-end rule pathway 
(I.), were found to be unimpaired in the have been identified thus far. The exception 
degradation of N-end rule substrates (16). is RNA polymerase of the Sindbis virus [a 

Thus, the N-end rule operates in both plus-stranded RNAvim (20)], which bears 
eukaryotes and bacteria. N-terminal Arg and an N-terminal Tyr, a destabilizing residue 
Lys, which are primary destabilizing resi- (Fig. 4), and is degraded by the N-end rule 
dies in eukaryohc versions of the N-end (21). RNA polymerase is produced 
rule, are secondary destabilizing residues in by an endoproteolytic cleavage of a viral 
E. coli (Figs. 3 and 4). This difference precursor polyprotein and has been shown 
between the bacterial and eukaryotic N-end to be a short-lived protein in Sindbis vim- 
rgle pathways is consistent with the ob- infected mammalian cells (20). Further iden- 
served distribution of the Arg-tRNA-pro- tification of physiological substrates of the 
tein transferase, which is confined to eukary- N-end rule pathway should help clarify its 
otes, and of the L/F-transferase (Fig. 3), functions. 
which is present at least in Gram-negative 
bacteria b;t is absent from eukaryotes-(13). 
The six destabilizing residues of the E. coli 
N-end rule form a subset of the analogous 
12;residue set in S. cerevisiae (Table 1). The 
latter is a subset of the 16-residue set of 
destabilizing residues in the reticulocyte 
N-end rule (Fig. 4). 

One difference between the bacterial and 
eukaryotic N-degrons is that the E. coli 
N-end rule pathway lacks the ubiquitination 
step, which is essential in eukaryotes. 
Whereas the degradation of a short-lived 
X-@gal in eukaryotes is preceded by its mul- 
tiubiquitination (2, 6 4 ,  no analogous 
(higher molecular mass) pgal species have 
been detected by electrophoretic analyses of 
short-lived X-pgals in E. coli (16). More- 
over, the mutational conversion of the Lys15 
and Lys17 residues in a short-lived X-@gal 
into hg residues (which cannot be ubi4i- 
tinated) does not impair its N-end rule- 
mediated degradation in E. coli (1 6), where- 
as the same modification, which eliminates 
multiubiquitination sites in X-pgal, inacti- 
vates its eukaryotic N-degron (5, 7). Thus, 
an N-end rule substrate appears not to un- 
dergo a Ub-like modifica& before its deg- 
radation in E. coli. One implication of these 
results is that the bacterial N-degron may be 
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A Neural Mechanism for Working and Recognition 
Memory in Inferior Temporal Cortex 

Inferior temporal (lT) cortex is critical for visual memory, but it is not known how IT 
neurons retain memories while new information is streaming $to the visual system. 
Single neurons were therefore recorded from IT cortex of two rhesus monkeys perform- 
ing tasks that required them to hold items in memory while concurrently viewing other 
items. The neuronal response to an incoming visual stimulus was attenuated Zit matched 
a stimulus actively held in working memory, even when several other stimuli intervened. 
The neuronal response to novel stimuli declined as the stimuli became familiar to the 
animal. IT neurons appear to function as adaptive mnemonic "~tersn that preferentially 
pass information about new, unexpected, or not recently seen stimuli. 

T HE IT CORTEX OF BOTH HUMAN 

and nonhuman primates is critical 
for visual memory. In monkeys, re- 

moval of IT cortex impairs performance of 
tasks that require judgments of either stim- 
ulus recency (working memory) or stimulus 
familiarity (recognition memory). In the 
absence of IT cortex, the memory of a visual 
stimulus decays significantly over the course 
of a minute or two and may decay even more 
ripidly if the subject views other stimuli 
during the retention interval (1). It is not 
understood how memories for stimuli are 
retained in IT cortex, particularly as new 
stimuli continuously enter the visual system 
and, presumably, activate the same IT neu- 
rons involved in the retention of memories. 

We therefore recorded from neurons in 
the anterior IT cortex of two rhesus mon- 
keys that were required to retain items in 
memory while viewing a series of other 
stimuli (2) .  We used two variants of a 
delayed matching-to-sample task designed 
to explore the role of IT neurons in either 
working or recognition memory. On each 
trial, while the monkey held a bar and 
maintained fixation on a fixation target (3), a 
sample stimulus was presented at the center 
of gaze followed by sequential presentation 
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of one to five test stimuli. All sample and test 
stimuli were on for 500 ms each, separated 
by 700-ms delays. The monkey held onto 
the bar until one of the test stimuli in the 
sequence matched the sample, at which 
point it released the bar for an orange juice 
reward, terminating the trial (4). The non- 
matching stimuli that intervened between the 
sample and final matching stimulus differed 
from each other and from the sample. The 
stimuli were color-digitized, common objects 
presented on a computer graphics display. 

In the working memory procedure, we 
asked whether the particular sample stimulus 
the animal held in memory on each trial 
affected how cells processed new inputs (the 
test stimuli). Each cell was studied with six 
familiar stimuli, each of which appeared as the 
sample and matching stimulus on some trials, 
and as a nonmatching stimulus on others, for 
a total of about 360 trials per cell (5) .  

We initially recorded frarn 146 IT neu- 
rons and found that nearly half 'esponded 
selectively not only to particulaf test items 
but also according to whether the test items 
matched the sample item held in memory. 
Two-way analyses of variance (ANOVAs) 
were applied to the responses of each cell. 
separately, with the six test items and the 
matching-nonmatching status as factors. 
The responses to matching stimuli that ap- 
peared after four intervening items were 
excluded from all statistical analyses, so that 
the mean number of intervening items pre- 
ceding matching and nonmatching stimuli 
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