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aBsTracT
regulated protein degradation by the ubiquitin-proteasome system is crucial for the removal 

of misfolded proteins, generation of immune epitopes and fine-tuning of protein levels. 

specificity in degradation is generally governed by a specific amino acid sequence in the 

substrate, called a degron. We here identify a degron that targets substrates for degradation 

by means of n-terminal ubiquitination. When placed on the n-terminus, a sequence of the 

two amino acids glycine (g) and Tyrosine (y) led to rapid degradation of multiple substrates 

including the naturally occurring lysine-less protein p16. mass spectrometry demonstrated 

that the gy-degron induced ubiquitination on the n-terminus of the substrate. We proved that 

gy-directed n-terminal ubiquitination was not due to prevention of n-terminal acetylation. 

These results are in contrast with the n-end-rule that classifies glycine as a stabilizing residue, 

indicating that there are possibly multiple exceptions to this rule. Thus, we reveal here a novel 

motif that directs n-terminal ubiquitination.

lisT of aBBreviaTions:
chX, cycloheximide; Tev Tobacco etch virus; pei, polyethyleneimine; 
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inTroducTion.
intracellular protein degradation plays a crucial role in many cellular processes. it serves to 

rid the cell of damaged, misfolded and foreign proteins, allows for rapid adjustments of levels 

of regulatory proteins and creates small peptides to elicit the adaptive immune response.1 To 

accomplish this, protein degradation is a highly regulated and selective process, with the half-

lives of intracellular proteins ranging from minutes to weeks.2

To a large extent, protein degradation is performed by the proteasome, a large protein 

complex consisting of at least 33 subunits, with an inner proteolyic core.3 for proteins to be 

effectively degraded by the proteasome, they require an unstructured region where proteolysis 

can initiate.4 secondly, proteins need to be targeted for degradation, which typically is by 

means of ubiquitination. This involves the attachment of one or multiple ubiquitin moieties 

onto a substrate by a series of three enzymes.5 The individual ubiquitin molecules are activated 

by the ubiquitin activating enzymes (e1) and transferred to ubiquitin conjugating enzymes 

(e2). from there, it depends on the specific ubiquitin protein ligase (e3) involved whether the 

ubiquitin moiety is directly appended onto the substrate by the e2, or first transferred to the 

e3 ligase and then to the substrate.5 The ubiquitin moiety covalently links to cysteine residues 

in the e2 and e3 and is conventionally attached by an isopeptide bond onto a free amino-group 

on the substrate. This can either be the ε amino group of lysine, or the α amino group of the 

substrate’s amino (n)-terminus. ubiquitin itself has eight free amino-groups and can therefore 

also be ubiquitinated.6 as a result, long poly-ubiquitin chains form on substrates and these 

longer chains are also required for efficient proteasomal targeting.7

specificity in protein degradation is governed by the e3 ligases that recognize specific 

amino acid sequences, referred to as degrons. for instance, pesT domain degrons consist 

of amino acid stretches that are rich in proline, glutamic acid, serine and Threonine and lead 

to a continuous turn-over of the protein.8 alternatively, degrons can arise as a result of post-

translational events like phosphorylation9 or proteolytic cleavage, as was established for the 

“n-end-rule”. This rule, which was discovered in 1978 by varshavsky and colleagues,10 states that 

certain n-terminal amino acids form an n-degron and induce lysine-dependent ubiquitination. 

They made use of a ubiquitin moiety fused to different amino acids, followed by β-galactosidase 

(ub-X- βgal). as ubiquitin is cleaved off co-translationally, amino acid X on the newly formed 

n-terminus is exposed as a result. The authors discovered that the nature of the n-terminal 

amino acid that resulted upon removal of ubiquitin dictated the half-life of the protein. for 

instance, exposure of n-terminal arginine reduced the half-life of βgal from more than 20 

hours to about 10 minutes in yeast10 and to 1 hour in rabbit reticulocytes.11 The existence of 

this n-degron was validated on multiple stable substrates, including gfp.12 specific e3 ligases of 

the uBr family recognize these n-degrons and cause ubiquitination on lysine residues carboxy 

(c)-terminal of the recognition sequence.13-14 interestingly, amino acids commonly occurring 

as n-terminal residues (m,s,a,T,v,g), are not recognized. Therefore, the n-end-rule has been 

suggested to help cells to get rid of misfolded secretory proteins,10 to degrade viral proteins,15 

and to remove caspase cleavage products during apoptosis.16 
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in this study, we have investigated which signals govern n-terminal ubiquitination and 

discovered that amino acids gy appended to a protein’s n-terminus can serve as an n-degron. 

n-terminal gy appended to an ha tag induced ubiquitination of various substrates on the 

n-terminus. The gy-degron accelerated degradation of the stable proteins gfp and the 

apoptosis regulatory protein Bcl-w, but also of the naturally occurring lysine-less protein p16. 

our results indicate that the n-end-rule needs further amendments, as the rule identified 

glycine as a stabilizing residue. 

resulTs
An n-terminal Gy-HA-tag imposes n-terminal ubiquitination 

To investigate whether the anti-apoptotic protein Bcl-B is a substrate for ubiquitination, we 

expressed wild-type (WT) Bcl-B with a double ha tag at the n-terminus (ha-Bcl-B), together 

with flag-tagged ubiquitin in heK 293T cells. ha-Bcl-B was immunoprecipitated using an 

anti-ha antibody, under denaturing conditions to break all non-covalent protein interactions. 

immunoblotting with anti-ha and anti-flag mab identified multiple ubiquitinated protein 

species in the WT ha-Bcl-B isolate (fig. 1a). ubiquitin is typically linked to a free amino group 

of lysine residues. surprisingly, we found that ha-Bcl-B was still ubiquitinated when it was 

expressed as K/r mutant, in which all lysines had been replaced by arginines (fig. 1a). it is 

known that ubiquitination can occur on the n-terminus of proteins,17 but in this experiment the 

n-terminus was formed by the ha-tag. To investigate whether the native n-terminus of Bcl-B 

could serve as a ubiquitin acceptor site, we assessed ubiquitination of Bcl-B and Bcl-B K/r with 

the ha-tag appended to the c-terminus (Bcl-B-ha). in this case, we also observed ubiquitination 

for WT Bcl-B, but in contrast to the lysine-less Bcl-B K/r mutant with the n-terminal ha tag, the 

Bcl-B K/r mutant with the c-terminal ha tag had lost all its ubiquitination (fig 1a). This result 

indicated that the ha tag determined whether n-terminal ubiquitination took place.

To investigate whether the n-terminus of the ha-tag had indeed become a substrate for 

ubiquitination, we repeated the experiment, but now using an ha-tag with an n-terminus that was 

not accessible for ubiquitination. This was accomplished by enforcing n-terminal acetylation of 

Bcl-B. The ha-tag (ypydvpdya) used in our experiments is preceded by a start methionine, followed 

by a glycine (g) and a Tyrosine (y). n-terminal peptides are typically processed by methionine 

aminopeptidases, which cleave proteins with small side chains on the residue in the second position.18 

This leads to the exposure of gy which is a weak substrate for the n-acetyl transferases that conjugate 

acetyl groups to nascent proteins.18 To induce n-terminal acetylation, we appended the amino 

acids serine and aspartate (sd) to the gy-ha-tag at the n-terminus, which is a target sequence for 

n-terminal acetyltransferases.18 since n-terminal acetylation generally occurs co-translationally and 

is thought to be irreversible, it is expected to completely block n-terminal ubiquitination.19 indeed, 

we found that a WT sdgy-ha-Bcl-B version was ubiquitinated, but that the lysine-less K/r mutant was 

not, in contrast to the gy-ha-Bcl-B K/r mutant (fig. 2B). 

We performed mass-spectometry (ms) analysis to confirm the n-terminal acetylation status 

of Bcl-B with the different ha tags. heK 293T cells were transfected with n- or c-terminally 
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ha-tagged Bcl-B, followed by lysis under denaturing conditions. subsequently, Bcl-B was 

isolated by anti-ha immunoprecipitation as detailed in the materials and methods section and 

the immunoprecipitates were separated by sds-page. coomassie-stained proteins running 

at the suspected positions of Bcl-B and ubiquitinated versions thereof were excised from the 

gel and subjected to digestion with Trypsin. The resulting peptides were analyzed by liquid 

chromatography, followed by ms/ms (lc-ms/ms). in line with previous proteomic studies,18 

we found that the methionine on gy-ha and sdgy-ha Bcl-B was always removed, while for 

Bcl-B-ha, we also found n-terminal peptides with the methionine still on (fig 1c). n-terminal 

acetylation does not greatly impact on the ionization efficiency of a peptide20 and we therefore 

directly compared acetylated versus un-acetylated peptides. for sdgy-ha-Bcl-B, we only 

found acetylated n-terminal peptides, in line with sd targeting the protein for acetylation (fig 

1c). for gy-ha tagged Bcl-B, we found that the n-terminal peptide was acetylated in 25% of 

cases and free in the remaining 75%. This indicated that indeed a large proportion of gy-ha 

tagged Bcl-B is available for n-terminal ubiquitination. interestingly, the native n-terminus of 

Bcl-B-ha was also completely acetylated, both before and after methionine cleavage. 

 To further strengthen our data, we aimed to establish n-terminal ubiquitination of gy-ha-

Bcl-B using ms. Trypsin will cleave ubiquitin after arginine (r)74, leaving two glycine residues 

(gg) appended to the ubiquitination target residue of the substrate. This mass increase of 114 

dalton can be used to identify the ubiquitination site (reviewed in ref.21). We expressed lysine-

less gy-ha-Bcl-B with a single ha tag together with flag-tagged ubiquitin in heK 293T cells 

as described above, isolated it by ip and subjected it to lc-ms/ms analysis. This revealed 

n-terminal peptides with a gg-modification on the gy-ha-Tag (fig 1d). 

To extend our findings to other substrates, we also investigated the impact of gy-ha-

tagging on ubiquitination of the pro-apoptotic Bcl-2 family protein noxa that is a known 

substrate for ubiquitination.22 Both n-terminally and c-terminally ha-tagged versions of noxa 

were ubiquitinated upon expression with flag-tagged ubiquitin in heK 293T cells (fig. 1e). 

ubiquitination of noxa-ha was blocked by substitution of lysines by arginines (K/r), but not 

the ubiquitination of ha-noxa (fig 1e). This indicated that for noxa, as for Bcl-B, ubiquitination 

took at place at the n-terminus of the gy-ha tag. at the natural n-terminus of noxa the second 

residue is a proline, which always blocks n-terminal acetylation.23 Therefore, the n-terminus of 

noxa should be available for ubiquitination, but this apparently does not take place. 

We next examined whether the n-terminal gy-ha tag could lead to ubiquitination of 

substrates that are normally not ubiquitinated. To this end, we used the naturally occurring 

lysine-less cell cycle regulatory protein p16 as a substrate. We compared the ubiquitination of 

p16 that had been c- or n-terminally tagged with gy-ha. also in this setting, the gy-ha tag 

allowed for n-terminal ubiquitination that was not present on the native n-terminus of p16 (fig 

1f). Blocking the n-terminus with the sdgy-ha tag that imposes n-terminal acetylation resulted 

in loss of ubiquitination (fig. 1f), confirming that ubiquitination occurred on the n-terminus of 

p16. in summary, we have found that addition of a gy-ha tag onto the n-terminus of a protein 

imposes constitutive n-terminal ubiquitination, even if this protein in its native form is not a 

substrate for ubiquitination.
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the Gy-HA tag induces degradation of stable proteins.

We next investigated whether the gy-ha tag could induce the degradation of otherwise stable 

proteins. Therefore, constructs were made encoding gfp or the anti-apoptotic Bcl-2 family member 

Bcl-w, in untagged or n-terminally gy- or sdgy-ha-tagged versions. These two proteins are 

highly stable with half-lives of around 24 hours (ref.24 and data not shown). The constructs were 

transfected into heK 293T cells and 24 hours later, cells were treated with cycloheximide (chX) for 

different periods of time to block protein synthesis, allowing us to follow subsequent degradation 

of the proteins. cell lysates were subjected to immunoblotting for gfp and Bcl-w, while actin levels 
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Figure 1. A Gy-HA-tag on the n-terminus allows for n-terminal ubiquitination of various substrates. (a) 
heK 293T cells were transfected to express flag-tagged ubiquitin together with empty vector (ev), or Bcl-B 
in WT or lysine mutant (K/r) form, tagged on the n- or c-terminus with an ha-tag (ypydvpdya) preceded 
by a g residue (gy-ha). Bcl-B was isolated from denatured cell lysates by anti-ha immunoprecipitation 
(ip), followed by sds-page and subsequent immunoblotting with anti-ha and anti-flag antibodies. The 
two Bcl-B proteins species detected in case of c-terminally tagged Bcl-B-ha result from alternative use of 
aTg start codons.46 (B) as in (a), now with expression of Bcl-B in WT and lysine-less (K/r) mutant form, with 
an n-terminal gy-ha-tag or a modification thereof preceded by the sequence sd that induces n-terminal 
acetylation (sdgy). (c) heK 293T cells were transfected to express the indicated Bcl-B proteins which were 
subjected to lc-ms/ms analysis as described in materials and methods to determine the acetylation status 
of the n-terminus. (d) heK 293T cells were transfected to express lysine less gy-ha-Bcl-B and subjected 
to lc-ms/ms analysis. shown is the tandem mass spectrum of fragmented tryptic gy-ha-Bcl-B peptides 
containing a gg-modified glycine on the n-terminus. The amino acid sequence of the tryptic peptide 
with identified y and b ions and their masses is shown. (e) as in (a), now with expression of noxa as WT or 
lysine-less (K/r) mutant with an n-terminal (left) or c-terminal (right) gy-ha-tag. (f) as in (a), now with 
the naturally lysine-less p16 with an n-terminal or c-terminal gy-ha tag or sdgy-ha tag.
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were determined as a protein loading control. in agreement with previous reports, we found that 

untagged gfp was a very stable protein, with almost no decrease in its protein levels after 8 hours of 

chX treatment (fig 2a). strikingly, the n-terminal addition of a gy-ha tag caused gfp to be rapidly 

degraded, with a half-life of about 2.5 hours, (fig 2 a,c) indicating that the gy-ha tag actively targeted 

gfp for degradation. addition of the sdgy-ha tag that enforces n-terminal acetylation blocked this 

degradation completely. interestingly, gfp has fourteen lysines that could serve as ubiquitin acceptor 

sites, but blocking of the n-terminus appeared sufficient to fully stabilize the protein. for Bcl-w, 

containing four lysines, very similar results were obtained. gy-ha-Bcl-w had a half-life of around 2 

hours, while sdgy-ha-Bcl-w proved to be extremely stable (fig 2B). Together, these results indicate 

that n-terminal gy-ha tagging can strongly promote degradation of the substrate protein.

the n-terminal Gy motif is sufficient to induce ubiquitination 

To investigate whether the sole addition of a gy motif was sufficient to induce ubiquitination, the 

p16-ha construct was modified to encode either gy or sd at the n-terminus. ubiquitination of the 

WT, gy and sd versions of the p16 protein was assessed by transfection of these constructs into 

heK 293T cells, together with flag-tagged ubiquitin, followed by anti-ha immunoprecipitation, 

sds-page and immunoblotting. This revealed that the sole addition of the gy motif to p16 was 

sufficient to induce its ubiquitination, while the addition of the sd motif had no effect (fig 3a). 
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Figure 2. the Gy-HA-tag promotes degradation of otherwise stable proteins. (a) heK 293T cells were 
transfected to express gfp that was either untagged or carried an n-terminal gy- or sdgy-ha tag at 24 
hours after transfection, the cells were treated with protein synthesis inhibitor chX (50 µg/ml) for the 
indicated time periods. cell lysates were analyzed by immunoblotting for expression of gfp. actin was 
taken along as a stable protein and loading control. (B) Quantification of gfp degradation from the 
experiment shown in (a). signal intensity was corrected for actin signal intensity in the same cells, the 0 
min time point was set to 100% and data points were connected by a one-phase decay curve fit. (c) heK 
293T cells were transfected to express Bcl-B with an n-terminal gy- or sdgy-ha tag. cells were treated and 
processed as indicated in (a) to monitor Bcl-B degradation. (d) Quantification of Bcl-B degradation from 
the experiment shown in (c), performed as outlined in (B).
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in the native p16, the n-terminus is not ubiquitinated. We hypothesized that the n-terminus 

of p16 is normally blocked by acetylation, since the second residue of native p16 is a glutamic 

acid, which makes it a preferred target for n-acetyl transferase B.18 To analyse the relationship 

between n-terminal acetylation and ubiquitination, we determined the acetylation status of 

the n-termini of the various p16 versions by ms. The native n-terminus of p16-ha, as well as 

the n-terminus of sd-p16-ha were completely n-acetylated, while gy-p16 was mainly un-

acetylated (fig 3B). This suggested that the gy motif either specifically induced ubiquitination, 

or allowed ubiquitination by being a poor substrate for n-acetyltransferases. 

To examine which of these two scenarios was correct, we used the following strategy: a 

fusion construct was created that encodes ubiquitin, followed by either WT p16 with a start 

methionine followed by a glutamic acid (me), or p16 with a gy or sd motif at the n-terminus 

(fig 3c). n-terminal ubiquitin is efficiently cleaved off from nascent proteins by deubiquitinases 

during translation, independent of the n-terminal residue of the protein.10 although the 

resulting n-termini have never been assessed for acetylation status, they are believed to be 

free of n-terminal acetylation as any acetylation would prevent their binding to the uBr family 

ligases.14 Therefore, using this approach, we expected to create p16 proteins that did or did 

not expose the gy ubiquitination motif at an otherwise un-acetylated n-terminus. The fusion 

constructs were transfected into heK 293T cells, subjected to immunoprecipitation and lysates 

were analyzed by immunoblotting. This revealed that all three versions of the ubiquitin-p16-ha 

fusion protein were efficiently cleaved, as only a minor fraction of the uncleaved variants was 

still visible (fig. 3c). notably, poly-ubiquitination was only observed for gy-p16 (fig. 3c) This 

indicated that the gy motif induces ubiquitination, not only by blocking acetylation.

in the previous experiment, poly-ubiquitination of ub-gy-p16 might have been due to linkage 

of ubiquitin to uncleaved ub-gy-p16 species. To exclude this possibility, we used an additional 

approach: a construct was made that encoded the first eight amino acids of p16, followed by a 

serine-glycine linker and a Tobacco etch virus (Tev) protease recognition site (fig 3d). The Tev 

site was followed by p16 with either the gy- or sd motif at the n-terminus. By co-transfecting a 

rapamycin-inducible Tev-protease referred to as sniper,25 these p16 proteins could be cleaved 

at the Tev site after protein translation, thus exposing a newly formed n-terminus. an initial test 

revealed that the Tev-site followed by the WT p16 protein was not cleaved (data not shown) and 

therefore we could only compare gy- to sd-tagged p16. We assessed ubiquitination of these 

Tev-p16-ha species in heK 293T cells as described above, but now in the presence of rapamycin 

(20 nm), sniper, or both. While almost no cleavage was observed with either one, a clear 

cleavage product of the gy version of Tev-p16-ha was observed in the presence of rapamycin 

and sniper (fig 3c). immunoblotting for the flag-tag revealed that this cleavage product was 

ubiquitinated, in line with previous findings. The sd version of Tev-p16-ha was also cleaved albeit 

less efficiently, but no ubiquitination was observed, also not with longer exposures of the film (fig 

3c). ms confirmed that under these conditions, the majority of sd-p16-ha was not n-terminally 

acetylated (fig 3e). Together, these results indicate that the gy motif is sufficient to target a 

protein for n-terminal ubiquitination. moreover, the gy motif enforces ubiquitination, not solely 

by disallowing n-terminal acetylation, but apparently by providing a specific recognition motif.
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Figure 3. definition of an n-terminal Gy motif that induces ubiquitination of lysine-less p16. (a) heK 293T 
cells were transfected to express flag-tagged ubiquitin together with empty vector (ev), c-terminally 
ha-tagged p16 (p16-ha) with a native n-terminus (WT) or p16-ha with the additional amino acids gy or sd 
after the start methionine. p16 was isolated from denatured cell lysates by anti-ha immunoprecipitation 
(ip), followed by immunoblotting of the precipitates and detected using anti-ha and anti-flag antibodies. 
(B) heK 293T cells were transfected to express the indicated p16-ha proteins which were subjected to 
lc-ms/ms to determine the n-terminal acetylation status. (c) heK 293T cells were transfected to express 
flag-tagged ubiquitin, together with p16-ha that was n-terminally fused with ubiquitin and had a WT 
(me), mgy- or msd n-terminus. ubiquitination of p16-ha was assessed as outlined in (a). single arrow 
indicates uncleaved ub-p16-ha and the double arrow indicates cleaved p16-ha species. asterisks indicate 
polyubiquitinated species of gy-p16-ha. (d) heK 293T cells were transfected to express flag-tagged 
ubiquitin, together with rapamycin-inducible Tev protease (sniper) and p16-ha as fusion protein with 
a repeat of its native n-terminal amino acids, followed by a Tev cleavage site (scissors) and a WT (me), 
mgy- or msd n-terminus. cleavage of the fusion protein by Tev was induced 48 hours after transfection 
by addition of rapamycin (20 nm) for 4 hours. ubiquitination of p16-ha was assessed as outlined in (a). 
arrow indicates cleaved species of the Tev-p16-ha proteins. asterisk indicates ubiquitinated species of 
Tev-gy-p16-ha. (e) isolated Tev-cleaved p16-ha proteins derived from an experiment as depicted in (d) 
were analysed by ms for the acetylation status of the n-terminus. 
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the n-terminal Gy motif is a degron, accelerating degradation and limiting function of p16

To assess whether the gy motif was sufficient to induce protein degradation, WT p16-ha and 

gy-p16-ha were transfected into heK 293T cells and cells were incubated with the protein 

synthesis inhibitor chX for different periods of time. selected cell samples were co-incubated 

with the proteasome inhibitor mg132 to determine whether protein degradation was proteasome 

dependent. The stable protein gfp was co-expressed as a reference. cell lysates were prepared, 

separated by sds-page and subjected to immunoblotting for p16 and gfp (fig. 4a). WT p16-ha 

was relatively rapidly degraded with a half-life of around 6 hours (fig 4a,B). This is in agreement 

with literature stating that p16 can be degraded in a ubiquitin-independent manner by the regγ 

proteasome.26 however, gy-p16 was degraded much faster, with a half-life of 2.5 hours, indicating 

that the gy-induced n-terminal ubiquitination accelerated p16 degradation. co-incubation with 

mg132 revealed that both WT p16 as well as gy-p16 were degraded by the proteasome. (fig. 4a).

next, we assessed whether the gy-induced degradation of p16 also impacted on its function. 

p16 is a tumor-suppressor protein that slows down cell-cycle progression by inhibition of the 

cyclin-dependent kinases cdK1 and cdK4 that regulate the g1 checkpoint.27 overexpression of 

p16 is known to induce a g1 cell-cycle arrest in u2os osteosarcoma cells, that lack a functional 

p16.28 empty vector, WT-p16 or gy-p16 and spectrin-gfp were transfected into the u2os 

cell-line. at 48 hours after transfection, cells were harvested, fixed, stained with propidium 

iodide and analyzed for cell cycle status by flow cytometry. spectrin-gfp allowed for gating on 

transfected cells. We found that WT-p16 induced a significant increase in the proportion of cells 

that were in the g1 phase of the cell cycle as compared to cells transfected with empty vector 

(ev) (fig 4c). cells that expressed gy-p16 transfected cells also arrested more in g1 phase than 

ev-control cells, but this was significantly less than cells expressing WT-p16. immunoblotting for 

p16 revealed that steady state protein levels of gy-p16 were much lower than those of WT-p16, 

even though transfection efficiencies were similar as could be deduced from equal spectrin-

gfp levels (fig 4d). in summary, we conclude that the gy motif serves as an n-terminal degron 

and destabilizes the lysine less protein p16, which limits its capacity to induce a cell cycle arrest.

discussion
Timely degradation of regulatory proteins is crucial to a multitude of cellular processes. This 

process is regulated by certain amino acid motifs in the substrate protein, referred to as 

degrons. in this study, we have identified the n-terminal gy motif as a novel degron that induces 

n-terminal poly-ubiquitination and subsequent proteasomal degradation of substrate proteins. 

We show that lysine-less mutants of Bcl-B and noxa and the naturally lysine-less protein 

p16 become poly-ubiquitinated when an ha-tag starting with the sequence mgy is appended 

to their n-terminus. for Bcl-B, we demonstrated by ms that the n-terminal g residue was 

ubiquitinated. This residue was accessible because the start methionine was cleaved off and the 

n-terminus was largely un-acetylated. The context of the ha tag was irrelevant, since addition 

of a gy sequence after the start methionine of the native n-terminus of p16 also resulted in its 

n-terminal poly-ubiquitination. Thus, a gy motif enables n-terminal poly-ubiquitination. 
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it will be highly informative to identify the specific e3 ligase involved. it is unlikely that the 

ubiquitination of the gy motif will be performed by ligases of the n-end rule. These uBr e3 ligases 

have been shown to completely engulf the n-terminus13-14 and therefore will most likely not allow 

for n-terminal ubiquitination. furthermore, removal of internal lysines blocks ubiquitination by 

the uBr enzymes indicating that for these enzymes the n-terminus is not an acceptor site.4, 29

We demonstrated an inverse correlation between n-terminal ubiquitination and n-terminal 

acetylation, in case of wild-type native p16 as well as Bcl-B. This raised the question, whether 

the gy motif enabled n-terminal ubiquitination solely by blocking n-terminal acetylation. it 

has been shown before that acetylation competes with ubiquitination on lysines and thereby 

influences protein degradation.30 The sd motif we use here, as well as other motifs used before 
31 promote n-terminal acetylation, while the gy motif prevents it. however, it is unlikely that 

this is the sole reason why the gy motif promotes n-terminal ubiquitination. firstly, the second 

residue of noxa is a proline that always blocks n-terminal acetylation.23 This means that the 

native n-terminus of noxa is already available, but it is not ubiquitinated. secondly, using a 
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Figure 4. the n-terminal Gy motif is a degron that accelerates p16 degradation and limits its function. 
heK 293T cells were transfected to express gfp and c-terminally ha-tagged p16 with a WT or mgy 
n-terminus. at 24 hours after transfection, the cells were treated with protein synthesis inhibitor chX (50 
µg/ml) for the indicated time periods in hours (h), in absence (-) or presence (+) of proteasome inhibitor 
mg132 (50 µm). cell lysates were analyzed by immunoblotting for p16 with anti (α)-ha antibody and for 
gfp that served as a transfection and loading control. (B) Quantification of the experiment shown in (a). 
signal intensity was corrected for gfp signal intensity in the same cells, the 0 min time point was set to 
100% and data points were connected by a one-phase decay curve fit. data represents mean values ± s.d. 
of three independent experiments. The half-life of the WT and mgy p16-ha is indicated in hours. (c,d) 
u2os cells were transfected to express spectrin-gfp and empty vector or c-terminally ha-tagged p16 with 
a WT or mgy n-terminus. at 48 hours after transfection, cells were (c) fixed, stained with propidium iodide 
and analyzed by flow-cytometry for dna content in the transfected, spectrin-gfp+ population, or (d) 
lysed and subjected to immunoblotting for p16 (α-ha) and spectrin-gfp (α-gfp). data in (c) represents 
mean values ± s.d. of three independent experiments. asterisks indicate statistical significance (p<0.01, 
student’s t-test) for the comparisons between the indicated groups. 
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construct that allowed us to reveal the n-terminus of p16 after translation (fig. 3d), we showed 

that in this case, p16 with the n-terminal (m)sd motif was not ubiquitinated, even though 

the n-terminus was largely un-acetylated. We also found that WT p16 was not n-terminally 

ubiquitinated when expressed as a ubiquitin fusion construct. however, in this case the 

n-terminal acetylation status still needs to be examined.  

The gy motif also acted as a degron. addition of the gy-ha tag onto the n-terminus of 

the stable proteins gfp and Bcl-w induced their rapid degradation. This degradation could be 

prevented by addition of the sd sequence in front of the gy-ha tag that induces n-terminal 

acetylation. moreover, the addition of the gy motif alone was sufficient to accelerate degradation 

of lysine-less p16 and reduced its functionality. interestingly, the half-life of all three gy proteins 

was around two hours, suggesting that their instability was regulated by the same mechanism. 

it will be important to establish that this degradation is ubiquitin-dependent, as a non-

acetylated unstructured n-terminus has also been described to lead to ubiquitin-independent 

degradation.32 surprisingly, the gy motif alone was not sufficient to induce the degradation of 

gfp (data not shown), indicating that there are other requirements to the gy-degron. other 

amino acids in the ha-tag or the n-terminus of p16 may be part of the degron, but this is unlikely 

since they are not very similar. alternatively, the ha-tag could serve as the unstructured region 

that is a requirement for a protein to be efficiently degraded by the proteasome.4 in line with 

this, gfp is more structured compared to p16, especially at the n-and c-terminus (iupred 

analysis, data not shown). furthermore, an unstructured linker of over 40 amino acids proved 

to be required for degradation of β-galactidose and egfp, according to the n-end-rule.4, 10, 33 in 

summary, further definition of the degron and its requirements will be important.

our data warns for the possibility of introducing a degradation signal by n-terminal tagging 

of proteins. This is especially true for the ha tag, which is frequently utilized starting with 

gy to abide to the Kozak sequence rules.34-35 care should be taken if these tags are used in 

determination of degradation or ubiquitination, especially if these would alter the n-terminal 

acetylation state to be different than the native n-terminus.

our definition of the gy n-degron that induces n-terminal ubiquitination is interesting 

from multiple perspectives. firstly, the existence of a gy n-degron indicates that the n-end-

rule requires amendments. experiments by varshavsky and colleagues using ubiquitin fused 

to β-galactidose classified n-terminal glycine as a stabilizing residue, with half-lives of >20 

hours.10-11 our data now reveals that n-terminal glycine can also destabilize proteins, probably 

depending on the adjacent residue. This indicates that amino acids like serine, alanine, 

Threonine and valine might also destabilize proteins, when situated next to a different amino 

acid. interestingly, a recent study identified certain residues adjacent to the start methionine 

that reduced the affinity of peptides for the n-end-rule ligases.13 hereby, they reduced the 

destabilizing capability of the primary n-degron. This indicates that in general the n-end rule 

might have neglected the importance of neighbouring residues. 

secondly, we have defined new rules guiding n-terminal ubiquitination, a process that has 

only recently been defined36 and of which the in vivo functions still need to be revealed. There 

have been only three other papers that proved n-terminal ubiquitination by ms, other substrate 
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proteins being erK3 and p21,37 p19arf38 and myod.39 interestingly, this was either on an n-terminal 

ha-tag,37 an in vitro ubiquitinated protein,39 or an in vitro ubiquitinated viral protein with a mutated 

n-terminus.38 in summary, there has so far not been conclusive evidence of a human protein being 

ubiquitinated on its native n-terminus. in this paper we also identified n-terminal ubiquitination 

by ms, but again on a non-native n-terminus. it would therefore be highly interesting to see if 

native gy-proteins could be used to finally prove that n-terminal ubiquitination takes place. 

Knowledge about the e3 ligase will also be helpful in unraveling the fysiological relevance 

of the gy-degron. There are only 7 proteins within the entire human proteome that start with 

gy. This suggests that this process is highly specific. however, there are over 100 gy sequences 

located next to predicted caspase cleavage sites, which might indicate that this process like 

the n-end rule is important for protein-degradation of cleavage products during apoptosis. 

alternatively, this n-degron might turn out to be more loosely formulated and present an 

alternative protein quality control pathway.  

maTerials and meThods
Constructs. The cdnas encoding full-length human Bcl-B, Bcl-w and noxa have previously 

been described.40 cdna encoding human full-length p16 was kindly provided by rob 

Klompmaker (division of cell Biology, The netherlands cancer institute, The netherlands). 

cdnas were cloned into modified versions of pegfp-n or pegfp-c, (clontech), in which the 

egfp coding sequence was replaced by a double ha-tag sequence (ypydvpdya). The plasmids 

containing flag-ubiquitin41 and spectrin-gfp42 have been described. The cdna encoding 

rapamycin-inducible Tev protease sniper25 was kindly provided by dr. Jim Wells (department 

of pharmaceutical chemistry, university of california, san francisco, usa). point mutants were 

made by site-directed mutagenesis pcr. constructs containing the codons for Tev cleavage 

site (enlyfQ-(g/s)) as well as those encoding ubiquitin fusion proteins were constructed by 

nested-pcr. all constructs were verified by dideoxynucleotide sequencing. 

Cell lines and DNA transfection. The osteosarcoma cell line u2os and the human embryonic 

kidney cell line heK 293T were cultured in dmem
.
 Transfections of cdna were carried out in 

serum-free medium with polyethyleneimine (pei) at a dna:pei ratio of 1:3 (w/w). 

Western Blotting. cell lysates were prepared in np-40 buffer (1% nonidet-p40, 50 mm Tris-hcl 

(ph 7.4), 150 mm nacl, 5 mm edTa), supplemented with pmsf and complete protease inhibitor 

cocktail (roche) and protein content was determined by the Bio-rad protein assay. Total cell lysate 

at 30 µg per lane was loaded on 4-12% nu-page Bis-Tris gradient gels (invitrogen) and subsequent 

blotting was performed using the Trans-Blot Turbo system (Bio-rad). primary antibodies used 

were: rabbit anti-gfp polyclonal (1:300), mouse anti-actin mab maB1501r (1:10.000 millipore), 

hrp-conjugated anti-flag mab m2 (sigma 1:10.000), and fluorochrome-conjugated anti-ha 

mab 12ca5, anti-myc mab 9e10 (both purified in house) and anti-flag mab m2 (sigma-aldrich). 

fluorochromes dy-682 (ha), or dy-800 (myc, flag) were from dyomics. fluorescently labeled 
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secondary antibodies were from li-cor. fluorescence signals were visualized and quantified on 

the odyssey imaging system (li-cor), and chemiluminescence signals (pierce Biotechnology) by 

the chemidoc imaging system (Bio-rad) or by exposure to film (Kodak). 

Immunoprecipitation (IP). for analysis of ubiquitination, heK 293T cells were transfected with 

indicated plasmids and, 24 h after transfection, cells were incubated with mg132 (50 µm) for 4 

hours. subsequently, cells were lysed in pre-heated sds buffer (50 mm Tris-hcl ph 8.0, 1% sds, 

0.5 mm edTa, 10 mm dTT) for 10 min at 95 ºc. next, nine volumes of np-40 buffer were added 

and lysates were cleared by centrifugation at 17.000 g for 10 min. at 4oc. equal amounts of 

protein were incubated with anti-ha mab 12ca5 and protein g sepharose beads (ge healthcare 

life sciences). Beads were eluted in sds buffer and eluate was subjected to Western blotting. for 

ms, heK 293T cells were harvested 24 h after transfection in pBs with 2 mm n-ethylmaleimide 

and lysed in sds buffer. lysate contained ~80 mg total protein. after quenching with np-40, ip 

was performed with anti-ha mab 12ca5, bound protein was eluted from the protein g beads 

with sds buffer and a second ip in excess np-40 buffer was performed with anti-ha 3f10 affinity 

matrix (roche). This eluate was separated by sds-page and the gel was coomassie-stained with 

simplyBlue safestain (invitrogen).

Mass Spectrometry. for ms analysis, selected bands were cut from the gel and reduced with 

dTT. To avoid false positive interpretation of ubiquitination,43 the n-methylated form of 

iodoacetamide was used as alkylation reagent instead of standard iodoacetamide. Trypsin 

digestion was performed using the proteineer dp digestion robot (Bruker, Bremen, germany). 

The tryptic peptides were extracted from the gel, lyophilized, dissolved in 95/3/0.1 v/v/v water/

acetonitril/formic acid and subsequently analyzed by on-line nanohplc ms/ms. an 1100 hplc 

system (agilent Technologies)44 coupled to a 7-tesla lTQ-fT ultra mass spectrometer (Thermo 

electron) was used, essentially as described45 peptides were trapped at 10 µl/min on a 15-mm 

column (100-µm id; reprosil-pur c18-aQ, 3 µm, dr. maisch gmbh) and eluted to a 200 mm 

column (50-µm id; reprosil-pur c18-aQ, 3 µm) at 150 nl/min. The column was developed with 

a 30 min gradient from 0 to 50% acetonitrile in 0.1% formic acid. The eluent was sprayed into 

a 7-tesla lTQ-fT ultra mass spectrometer (Thermo electron), operating in data-dependent 

mode, automatically switching between ms and ms/ms acquisition. full scan ms spectra were 

acquired in the fT-icr with a resolution of 25,000 at a target value of 3,000,000. The two most 

intense ions were isolated for accurate mass measurements by a selected ion monitoring scan 

in fT-icr with a resolution of 50,000 at a target accumulation value of 50,000. selected ions 

were fragmented in the linear ion trap, using collision-induced dissociation at a target value of 

10,000. in a post-analysis process, raw data were first converted to peak lists using Bioworks 

Browser software v 3.2 (Thermo electron), then submitted to the swissprot database using 

mascot v. 2.2.04 (www.matrixscience.com) for protein identification. mascot searches were 

with 2 ppm and 0.8 da deviation for precursor and fragment mass, respectively, and trypsin as 

enzyme. acetylation status was determined by comparing the frequency n-terminal peptides 

that were n-acetylated or not acetylated amongst all possible ions.
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Assessment of protein stability. heK 293T cell lines expressing the indicated constructs were 

treated with chX (50 µg/ml) for the indicated periods of time. cells were lysed in np40-buffer 

and subjected to Western Blotting. 

Reagents. stock solutions were prepared in dmso for cycloheximide (sigma), mg132 

(calbiochem) and rapamycin (lc labs).

Cell cycle analysis. u2os cells were transfected with empty vector or the same vector encoding 

p16, in combination with vector encoding spectrin-gfp as a marker for transfected cells. at 48 

hours after transfection, trypsinized cells were fixed in 70% ice-cold ethanol overnight at 4ºc. 

The next day, cells were incubated in staining solution (50 µg/ml propidium iodide, 200 µg/

ml rnase a, 0.1% (v/v) Triton X-100) for 20 minutes at room temperature, and gfp-positive 

cells were analyzed by flow-cytometry (facs calibur, Bd-Biosciences) for dna content, using 

flowjo (Tree star) software.
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