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Background: Ornithine decarboxylase (ODC), which catalyzes the first step of polyamine biosynthesis, undergoes
rapid targeted degradation (TPD) with the help of its two degron sequences, namely the N-terminal 50 residues
(N50) and o/p> domain (/) housing antizyme binding element (AzBE), in response to increased polyamine
levels. Antizyme binds to AzBE of ODC and delivers it to proteasome for degradation. Entire ODC was used as a
tag to demonstrate TPD of chimeric proteins.

Methods: Here we fashioned three peptide sequences from yeast ODC to test their capability to act as degrons,

Keywords: L. . . . P
Orﬁ‘i/:hin e decarboxylase namely N50, a/p and No/p3 (a combination of N50 and o/), and monitored their degradation potentials in
Degron chimeric proteins. We have examined the correlation between degradation potentials and structural integrity

of the peptides, to find mechanistic explanations.

Results: Not/3 with two signals in tandem is a better degron, under the regulation of antizyme. N50 like N44
reported earlier could drive chimeric proteins to degradation, while /3 could not act as an independent degron.
Strong correlation was observed between functional efficacy of the peptides and their structural integrity. N50,
which was believed to be unstructured, displayed propensity for helical conformation. Now/ exhibited optimal
structure, while o/p failed to adopt native like conformation.

Conclusions and general significance: Functional efficacy of the degron Not/3 is a consequence of its structural
integrity. Not/3 and N50 could target chimeric proteins to degradation. However, o/ failed in the quest. Nov/R3,

Degradation determinant signal
Structure of degron

Function of degron

CD spectrum

regulated by antizyme, is better suited than N50 for TPD to understand the function of novel proteins.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Polyamines are ubiquitous molecules, which bind to nucleic acids,
proteins and nucleotide triphosphates, participating in the regulation
of cell growth, division and physiology [1-3]. Polyamines are known
to stimulate the synthesis of some proteins and determine the assembly
and stability of ribosomal subunits in bacteria [4,5] and eukaryotes [6,7]
as well. The first and the rate determining step of polyamine biosynthe-
sis is catalyzed by ornithine decarboxylase (ODC) [3]. In eukaryotes the
protein is approximately 450 residues long and exists as a homodimer
[8]. Homodimer of ODC is enzymatically active and symmetrical, formed
as a result of head to tail interaction of the subunits resembling the ‘Yin-
Yang’ formation. The active site of ODC is located in the interface of two
subunits. The marginally stable dimer of ODC is in dynamic equilibrium
with the monomer. This relatively short lived protein [9] undergoes

Abbreviations: ODC, ornithine decarboxylase; AzBE, antizyme binding element;
yEGFP, yeast enhanced green fluorescent protein; TFE, 2,2,2-trifluoroethanol.
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targeted degradation by 26S proteasomes [10], as a consequence of
rise in polyamine levels [11]. However, ODC does not undergo
ubiquitination prior to degradation [12-15]. Instead another protein
antizyme (OAz1) recognizes a sequence in the monomer of ODC
known as antizyme binding element (AzBE) and binds it noncovalently
[16]. The antizyme bound to ODC subsequently interacts with regulato-
ry 19S particle of proteasome and delivers ODC for degradation.
Antizyme mediated degradation of ODC is under tight regulation
dictated by polyamine concentrations. The mRNA of antizyme has two
partially overlapping reading frames and the first ORF has a stop
codon where the translation is terminated under conditions of poly-
amine deficit. Under conditions of polyamine sufficiency the ribosome
undergoes + 1 frameshift just before encountering the stop codon of
first ORF and continues to produce a full length antizyme [17,18]. Subse-
quent decrease in polyamine concentration leads to degradation of
antizyme by proteasomes in ubiquitin dependent manner [19,20].
X-ray crystallographic structures of ODC from mouse and human
revealed that the enzyme has two domains in its structure [21,22].
The N-terminal of ODC has o/p barrel domain formed by 9 o helices
and 8 PR-strands arranged in a TIM P-barrel like structure and the
C-terminal has a B-sheet domain. On the other hand, structure of
yeast ODC (yODC) has not been resolved using NMR spectroscopy or
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X-ray crystallography. Yeast ODC and mammalian ODC (mODC) share
40% sequence homology [23]. However, in yeast ODC there is an exten-
sion of 50 amino acid residues in the N-terminal and in the mammalian
ODC the C-terminal has a tail of 37 residues with extended structure,
which do not have an equivalent in the other protein. The C-terminal
tail of mammalian ODC inserts the protein into the proteasomal portal
for degradation [24]. Removal of this region from mouse ODC resulted
in bringing down the degradation rate [25,26]. In the C-terminal of
mammalian ODC there is another degradation determinant signal,
namely the highly conserved cysteine residue Cys441. Substitution of
Cys441 by alanine, serine or tryptophan made the protein more stable
[25-27]. Further, deletion of the C-terminal five amino acid residues
from mODC affected the rate of its degradation drastically [25]. The
degradation signals of mODC existing in the C-terminal of the enzyme
can be recognized by yeast proteasomes [26]. Prior to these studies,
Descenzo and Minocha reported in 1993 that expression of cDNA either
encoding full-length mODC or truncated form of mODC sans its
C-terminal 37 residues led to increase in the levels of polyamines in
tobacco plant [28].

Every protein in nature has certain sequences and/or structural
features in its design which determine its function, regulation and lon-
gevity. Once a protein serves the function it is targeted for degradation
with the help of degradation signals or degrons present in its sequence.
The process of ‘targeted protein degradation’ (TPD) seen in nature is in-
creasingly adopted as an effective strategy to bring about rapid degrada-
tion of a specific protein with temporal and spatial control [29]. TPD is
used as a tool to understand the functions of unknown proteins and
can potentially be extended to the removal of pathogenic proteins in
certain diseases as a new line of treatment. Initially, it was observed
that the nature of N-terminal residue determines the half-life of a
protein. N-terminal residues of several proteins were changed to alter
their half-lives [30]. Presence of PEST sequences in some proteins has
been shown to be cause for their rapid degradation [31]. Full length
ODC and the ‘degradation determinant signals’ or ‘degrons’ of ODC,
were employed as vehicles for targeted protein degradation. Appending
C-terminal tail of mODC containing PEST sequence to dihydrofolate
reductase resulted in accelerating the rate of its degradation [32].
Besides, removal of the C-terminal from mODC stabilized the protein.
Jungbluth and co-workers (2010) combined the above two methods
in a path breaking study [33]. They made a bidirectional degron
GFP-cODC-Tdeg-F-RFP, by introducing C-terminal degron of mODC at
the C-terminal of GFP (green fluorescent protein) and the TEV protease
recognition element Tdeg between GFP and RFP (red fluorescent
protein). The N-terminal residue of RFP in the construct has
destabilizing amino acid phenylalanine (F) and hence it was indicated
as F-RFP. To start with, the chimeric protein GFP-TDeg-F-RFP carried
two degrons, which were inaccessible for degradation. Both
C-terminal and N-terminal degrons would be exposed only after
cleavage of the chimeric construct by inducible TEV protease at the
Tdeg site. As a consequence, GFP would be targeted by the exposed
C-terminal of mODC to proteasomes for degradation. RFP on the other
hand would be targeted to proteasomes through N-end rule dependent
polyubiquitination. In another brilliant design, photosensitive LOV2
(light oxygen voltage 2) domain of phototropin was employed as a
light sensitive switch [34]. LOV2 was fused to 23 residues long degron
resembling C-terminus of mODC. LOV2 has a helical region in its
structure which undergoes unfolding upon irradiation with blue light
exposing the C-terminus of mODC. Light regulated depletion of chimeric
fusion of RFP with this photosensitive degron was demonstrated in
yeast system. Most of the strategies described above exploited the
degradation potential of C-terminal degron of mODC. Efforts are
underway to develop other methods for targeted protein degradation
with better temporal and spatial regulation.

Earlier targeted protein degradation was demonstrated successfully
using chimeric constructs of human ODC grafted on protein interacting
domains [35]. Two main shortcomings encountered with the use of full

length ODC are its enormous size and elevated enzyme activity due to
overexpression of the protein. Keeping the degrons intact and pruning
ODC to minimal size, was seen by us as the most effective alternative
for redesigning ODC into an efficient vehicle for targeted protein
degradation. In order to test this hypothesis we have chosen three pep-
tide sequences representing the degrons of full length yeast ODC
(yODC): (i) first 50 residues of the N-terminus (N50), (ii) the o/3 do-
main and (iii) the two sequences kept in tandem i.e., No/p3 (Fig. 1A).
While this work was in progress, Godderz et al. (2011) reported that
the N-terminal 44 residues of ODC (ODS) can act as a transplantable
degron [36]. Our results establish that N50 like ODS can drive the chime-
ric proteins to degradation. Nov/p with two signals acting in tandem is a
better degron. Its activity can effectively be regulated by modulating the
levels of antizyme (OAZ1). However, o/ failed to serve the purpose.
Further, our results establish unambiguous correlation between the
functional efficacy of the peptides and their structure. N-terminal region
of ODC encompassing the N50 sequence was believed to be unstruc-
tured [36]. In the present study we observed that it has a propensity
for helical conformation. Modeling studies indicated interactions
between N50 and o/ domain in No/3 peptide. No/@ folded to form
optimal secondary and tertiary structure, while o/p failed to take up
native like conformation, displaying excessive (3-sheet character.

2. Materials and methods
2.1. Strains and plasmids

The strains of Saccharomyces cerevisiae used in the present work are
Y05034 (MATa his3A1 leu2 AO met15A0 ura3A0 spel::KANMX), a de-
rivative of BY4741 and Y651 (Mat_ his3 leu2 lys2 ura3 oaz1::KANMX).
Yeast expression vector pUG35 expressing YEGFP gene under ADH
promoter was used for engineering yEGFP-degron fusions. Conditions
used for bacterial and yeast cultures were as described previously [37,
38]. S. cerevisiae strains Y05034 and Y651 expressing YEGFP and
degron-yEGFP fusion proteins from plasmid pUG35 were grown in
fresh synthetic dextrose (SD) medium under selection pressure. The
strains Y05034 of S. cerevisiae can tolerate 10 mM putrescine [39],
though one of the reports suggests that the strain can tolerate up to
80 mM putrescine without suffering any negative effects [40].
S. cerevisiae Y05034 strain was supplied with 100 uM putrescine in cul-
ture medium, with and without proteasome inhibitor MG132 (50 pM).
The concentration of putrescine used in the culture medium was varied
from 1 uM to 1000 pM in the experiments, where the effect of antizyme
on degradation was studied. Cultures of Y651 expressing yEGFP and
degron-yEGFP were used as controls for studying the effect of antizyme
on degron mediated degradation.

The cultures of Y05034 strain of S. cerevisiae expressing the chimeric
proteins were incubated with and without cycloheximide to find the
reason behind differences in fluorescence intensities of cultures
expressing the various fusions of degrons. The cultures were grown in
1 mM putrescine and in the cycloheximide set the antibiotic was
added to 4 pg/ml concentration. Fluorescence intensities of the cultures
were monitored and protein concentration was estimated at 30 min in-
tervals. Change in fluorescence intensity per mg protein was calculated
and the results were expressed as %. The experiment was repeated in
three independent sets.

2.2. Construction of chimeric plasmids

DNA fragments encoding peptides representing the degrons of yODC
have been cloned in BamHI and Sacl restriction sites of pET30a vector for
the purpose of purification and structural studies. For functional charac-
terization, DNA sequences for the degrons of yODC N50, o/ and Not/3
were cloned in pUG35 plasmid upstream to yEGFP gene in between
BamHI and EcoRI restriction sites. Restriction digestions and ligations
were done using standard methods [41]. All the constructs were finally
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Fig. 1. Yeast ODC (yODC) and degrons of yODC. (A) Pictorial representation of yeast ODC, peptides N50, o/ and No/B (representing degrons of yODC) and their chimeric proteins with
yEGFP. (B) Fluorescence was recorded by exciting cells at 488 nm. Emission of yEGFP control and the peptide-yEGFP fusions was recorded at 517 nm. Fluorescence intensities of cultures
expressing N50, a/f> and Nov/ peptide sequences in chimeric fusion with yEGFP are 19.8%, 38.5% and 10.3% respectively when compared to control culture expressing yEGFP (n = 3 and
***p<0.001). (C) Flow cytometric analysis of cells expressing the peptide-yEGFP chimeric proteins and control yEGEP. 1.5 x 10% cells were loaded in flow cytometer and out of them 30,000
events (cells) were analyzed for yEGFP expression with a standard FITC channel (excitation 488 nm, emission 515 nm). The cells expressing N50 (3) and N/ (2) degrons in chimeric
fusion with yEGFP show much lower fluorescence due to accelerated degradation of yEGFP than cells expressing o/ (4) fused to yEGFP and only yEGFP control (5). Cells expressing

no GFP (1) were used as negative control.

confirmed by DNA sequencing. In the experiments involving
[3-galactosidase, Kpnl and BamHI were used to digest the vector pUB23
and introduce DNA sequences of degrons. The enzyme -galactosidase
was induced using 2% galactose. The negative control used was
ubiquitin-B-galactosidase fusion with methionine as the first residue
of B-galactosidase (Ub-Met-p3-gal) [42,43], where in the ubiquitin is
known to be removed by ubiquitin processing enzymes. Removal of
ubiquitin leads to stabilization of the protein.

URA3 gene was introduced into the EcoRI site of pUG35 vector. The
peptide sequences of yODC degrons N50 and No/ were inserted before
the fusion gene for Ura3-yEGFP, making a chimeric construct of degron-
Ura3-yEGFP.

In the yeast expression vector pUb221 the sequence for His-Myc
tagged yeast ubiquitin was fused with the DNA fragment for
C-terminal of mODC. The resultant vector expressed from CUP1 promoter
the His-Myc-Ub-CmODC fusion, which was used in the present study as a
positive control for proteasome mediated degradation.

2.3. Expression and purification of peptides

His-tagged peptides N50, o/ and No/3 were over-expressed in
Escherichia coli BL21 (DE3) cells. Peptide expression was induced with
1 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG). The His-tagged
peptides were purified by immobilized affinity chromatography by
using Ni-NTA agarose resin (Qiagen) according to manufacturer's
protocol.

24. Circular dichroism

Far UV-CD spectra of the peptides were recorded in the range of
195-250 nm (Jasco-J-815). Other conditions were as described earlier
[44-47]. The percentage of secondary structure was calculated with
the help of CD Pro software [48] for the peptides N50, o/3 and Nov/P.

2.5. Theoretical modeling

AGADIR algorithm was used for predicting the sequence with high
a-helical propensity in N50 peptide [49]. The sequences of N50, o/
and No/p were submitted to I-TASSER server for 3D structure predic-
tion [50-52]. The output of [-TASSER was submitted to PyMOL program
to view the 3D structure of the peptides [53].

2.6. Fluorescence spectroscopy

Fluorescence intensities of the cultures expressing yEGFP and its
chimeric fusions with N50, o/ and Nt/ were monitored using Hitachi
FL-7000 fluorimeter. The cells were excited at 488 nm and fluorescence
emission spectra were recorded in the range of 505 to 550 nm.
S. cerevisiae cultures with no yEGFP were used to normalize autofluores-
cence of the cells. The experiment was repeated three times in indepen-
dent sets and the mean values are presented with error bars. SEM values
are given in the graph.
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2.7. Fluorescence microscopy

Evos FLc fluorescence microscope (Invitrogen) equipped with a
green filter was used to observe cells expressing yEGFP and its fusions
with N50, o/ and Noy/P.

2.8. Flow cytometry

Fluorescence-activated cell sorting (BD-ariall) was used to quantify
yEGFP expression. The instrument settings were as follows: The yeast
single-cell population was gated on forward scattering FSC and side
scattering SSC. 1.5 x 10* cells were loaded in flow cytometer and out
of them 30,000 events (cells) were used to analyze yEGFP expression
with a standard FITC channel (excitation 488 nm, emission 515 nm).
The raw data was analyzed with Flow]Jo software by making a histogram
plot of the FITC channel.

2.9. Western blot analysis

Western blot analysis of yeast cells expressing only yEGFP and N50,
o/ and Noo/ chimeric fusions of yEGFP were performed as described
previously [54]| by using rabbit anti-yEGFP monoclonal antibody
(1:5000 dilutions, Molecular Probes). Anti-yEGFP antibody was used
in the western blot of Ura3-yEGFP control and N50, o/ and No/3 chi-
meric fusions of Ura3-yEGFP. Rabbit anti-p galactosidase antibody
(fluorescein isothiocyanate; Novus Biologicals) was used (1:10,000 di-
lution), in 3 galactosidase experiment. Purified mouse anti- actin anti-
body (BD transduction laboratories) was used at 1:1000 dilution. Anti-
c-myc-horse radish peroxidase conjugated antibody (1:1000 diluted)
was used for detecting cMyc-Ub-CmODC fusion protein which was
used as positive control in the experiment to study the effect of
proteasomal inhibitor MG132 on proteasome mediated degradation
(Antibody from Roche).

3. Results

3.1. Expression of N50, o/3 and Noy/3 as chimeric proteins of yEGFP and
monitoring steady state levels of the chimeric fusions

We have cloned the gene fragments encoding the three peptides
N50, o/ and Noa/ as chimeric fusions of yEGFP gene under ADH
promoter in the vector pUG35 and expressed them as N50-yEGFP,
o/B-yEGFP and No/B-yEGFP in Y05034 strain of S. cerevisiae to
investigate their potential to act as degrons (Fig. 1A). The strain

0 min
30 mins 140

120 mins

ty/mg protein
=}
S

v /mg protein

Fluorescence int

2455

Y05034, a derivative of BY4741, is a deletion mutant for SPE1 gene
and requires putrescine supplementation in the culture media for
growth since it cannot synthesize polyamines. The fluorescence intensi-
ties of yEGFP tagged proteins in the cultures, grown to mid-log phase,
were monitored initially to compare their degradation potentials
(Fig. 1B). The degron No/p> showed highest efficiency in reducing the
steady state levels of yEGFP fusion, followed by N50 and o/B. Further,
the cultures were examined using flow cytometry and the result was
confirmed (Fig. 1C).

3.2. The effect of cycloheximide on the degradation of yEGFP and chimeric
YEGFP tagged with N50, o3 and Noy/3

Cycloheximide is an inhibitor of translation in yeast and other
eukaryotes. To answer the question of whether the differences seen in
the steady state levels of the chimeric fusions of N50, /3 and Nov/3
with yEGFP are due to the differences in their rates of degradation or
due to differences in their rates of synthesis, the cultures of Y651 and
Y05034 strain of S. cerevisiae expressing the chimeric proteins were in-
cubated with and without cycloheximide (Fig. 2A and B). Fluorescence
intensity of the cultures was monitored and protein concentration was
estimated at 30 minute intervals. Change in fluorescence intensity per
mg protein was calculated and the results were expressed as %. The
experiment was repeated in three independent sets. In the absence of
cycloheximide fluorescence intensity of the culture expressing
control yEGFP showed increase with time, while cultures expressing
o/3-yEGFP decreased marginally. N50-yEGFP and Noi/B-yEGFP showed
considerable decrease in fluorescence intensity with time. The effect
seen in the absence of cycloheximide treatment with N50-yEGFP and
No/R-yEGFP, is more pronounced with greater decrease in fluorescence
intensity. In the background of inhibition of protein synthesis, the
decrease in fluorescence intensity with Na/3-yEGFP was more than
with N50-yEGFP indicating the greater degradation potential of the
degron Not/3 over N50. In order to have better clarity over the degrada-
tion potentials of the constructs we compared the half-lives of control
YEGFP, N50-yEGFP, at/3-yEGFP and Not/B-yEGFP, under conditions of
cycloheximide treatment and antizyme induction in the above experi-
ment. The half-lives of N50-yEGFP and No/3-yEGFP were 86.6 min
and 58.9 min respectively. The results were extrapolated to get an ap-
proximate estimate of the half-lives of at/B-yEGFP and yEGFP, which
were around 3 h and 4 h respectively. Further, the plateau seen with
Not/B-yEGFP curve between 90 min and 120 min points in the direction
of involvement of another protein namely antizyme, the synthesis of
which was also negatively influenced by the inhibitor. Cycloheximide
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Fig. 2. Degradation of yEGFP tagged with N50, o/f> and Not/p> with time, monitored in the presence and absence of (i) antizyme and (ii) cycloheximide. (i) The cultures of Y651 and Y05034
strains of S. cerevisiae expressing N50, /3 and Nov/p> chimeric fusions with yEGFP were monitored for fluorescence at 30 min intervals. YO5034 cells were grown in 1 mM putrescine con-
taining medium. Change in fluorescence intensity per mg protein was determined at 30 minute intervals and the results were expressed as % (n = 3) (results with Y651 given in panel 2A
and with Y05034 given in panel 2B). Na/3-yEGFP showed more degradation with antizyme expression over N50-yEGFP. Control yEGFP and o/3-yEGFP did not show much degradation in
the presence and absence of antizyme. (ii) The cultures of Y05034 strains of S. cerevisiae expressing N50, o/ and No/3 chimeric fusions with yEGFP were grown with and without cyclo-
heximide. Change in fluorescence intensity per mg protein was determined in the presence and absence of cycloheximide and results were presented similar to the above experiment. In
the absence of cycloheximide fluorescence intensity of the culture expressing control yEGFP showed increase with time, while cultures expressing N50-yEGFP and No/3-yEGFP showed
decrease and o/R-yEGFP showed marginal decrease (panel 2B). With cycloheximide treatment with N50-yEGFP and No/3-yEGFP showed more pronounced decrease in fluorescence in-
tensity. The degradation observed with Not/3-yEGFP is more than N50-yEGFP (panel C).
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treatment on the other hand produced slight decrease in fluores-
cence, almost to an equal degree in cells expressing control yEGFP
and o/B-yEGFP (Fig. 2B and C).

3.3. The effect of proteasomal inhibitor MG132 on the degradation of yEGFP
and chimeric yEGFP tagged with N50, o/3 and Noy3

ODC of yeast is rapidly degraded by proteasomes. To test whether
the degrons of yODC when grafted on yEGFP are degraded by
proteasomes, the log phase cultures of Y05034 strain of S. cerevisiae
expressing the chimeric proteins were incubated with the proteasomal
inhibitor MG132. Fluorescence intensity measurements of the cultures
after four hours of exposure to inhibitor showed accumulation of
N50-yEGFP and No/B-yEGFP, while the levels of o/B-yEGFP and
yEGFP control remained unchanged (Fig. 3A). Western blot analysis
of the same cultures, once again showed increase in intensity of
No/B-yEGFP and N50-yEGFP bands in the lanes containing MG132
treated cultures with respect to untreated samples, where as MG132
did not show any effect on the intensity of bands of o/3-yEGFP and
yEGFP control (Fig. 3B). The results indicate that both No/B3-yEGFP
and N50-yEGFP are degraded by proteasomes. However, o/p-yEGFP
may not be subject to degradation by proteasomes. The above results
were confirmed using fluorescence microscopy (data not shown).
The effect of MG132 on the degradation of two more proteins
-galactosidase and Ura3 was tested when they were fused to the
degrons N50 and No/p. Control 3-galactosidase remained unaffected
both in presence and absence of MG132, whereas degradation of
[-galactosidase fusions of N50 and Not/3 were inhibited (Fig. 3C). To

(A)

31.4%

have a positive control for our experiments on protein degradation by
proteasomes, we have fused the degron from the C-terminal tail of
mammalian ODC (CmODC) to N-terminally His-Myc tagged ubiquitin
(Ub) and monitored the degradation of His-Myc-Ub-CmODC. In the
DNA construct, prior to the fusion of CmODC, the C-terminal glycine of
Ub was removed to prevent cleavage of Ub from CmODC. A remarkably
stable protein, ubiquitin underwent degradation more rapidly. Addition
of proteasomal inhibitor MG132 inhibited degradation of ubiquitin
(Fig. 3D). Similarly, control Ura3 remained unaffected by MG132,
while degradation of Ura3 fusions of N50 and No/3 were inhibited
(Fig. 4D).

3.4. Effect of antizyme on the degradation of proteins yEGFP and Ura3
tagged at the N-terminal with the peptides N50, /3 and Noy3

Increased intracellular pools of polyamines lead to synthesis of the
protein antizyme. Antizyme binds monomers of ODC and presents
them to proteasomes for degradation, in feedback mechanism of regula-
tion that brings down ODC levels, shutting down polyamine biosynthe-
sis. The two chimeric proteins Not/R-yEGFP and o/3-yEGFP contain
antizyme binding element (AzBE) in their sequence. We asked whether
AzBE in the peptides Not/R-yEGFP and o/R3-yEGFP would successfully be
recognized by antizyme for binding. Initially to answer the question, we
treated the cultures of Y05034 expressing yEGFP and chimeric yEGFP
proteins with increasing concentrations of putrescine and monitored
the fluorescence intensity of cultures in mid-log phase (Fig. 4A).
Increased polyamine levels caused considerable decrease only in the
case of Na/B-yEGFP, establishing that the No/p sequence in the

(B)
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Fig. 3. Effect of MG132 on the degradation of chimeric protein tagged with N50, /{3 and Nov/B. (A) Cultures of S. cerevisiae (Y05034) expressing yEGFP as control and degron-yEGFP chi-
meric proteins in log phase were subjected to 50 uM MG132 treatment for 4 h. Their fluorescence intensities were monitored by exciting the cells at 488 nm and recording the emission at
516 nm (n = 3 and *p<0.01; **p <0.005, ns — not significant). (B) Western blot analysis of the same samples used for fluorescence studies. Rabbit anti-GFP antibody was used for probing.
3-Actin used as load control was probed with anti-B-actin antibody. (C) Western blot analysis of 3-galactosidase with N-terminally fused degrons N50 and Na/3 showed accumulation of
protein with proteasomal inhibitor MG132, establishing that proteasomes are the site of their degradation. Full length [3-galactosidase with no fusion was negative control. (D) Ubiquitin is
a stable protein. Ubiquitin fused to the C-terminal of mODC (Ub-CmODC) showed accelerated degradation. In the presence of MG132 degradation of Ub-CmODC was inhibited. Ub-CmODC

was used as a positive control for the inhibitory effect of MG132 on proteasomes.
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Fig. 4. Effect of antizyme on the degradation of proteins tagged with the peptides N50, o/ and Not/B. (A) Antizyme expression was induced by varying putrescine concentrations (1 puM to
1000 M) in culture medium (in B, Cand D). Strain Y651 lacking antizyme was used as negative control and Y05034 carrying the gene for antizyme was used as test. (B and C) Fluorescence
intensity measurements and western blot analysis of the peptide-yEGFP fusion proteins in the presence (4 ) and absence (—) of antizyme respectively. For (B) n = 3 and **p <0.005, ns —
not significant. (C) Anti-GFP antibody was used for western blot analysis. (D) Ura3 fused to yEGFP at C-terminal and degrons N50 and Not/{3 at N-terminal was used to study the effect of
antizyme on degradation. In (B, C and D) 1 mM putrescine was added to culture medium. Results indicate better degradation by Nt/ over N50 in the presence of antizyme induced by

1 mM putrescine.

chimeric protein adopts a conformation that can readily be recognized
and bound by antizyme for degradation. However, the slight decrease
that was observed in the case of oi/3-yEGFP was found to be statistically
insignificant. As expected, the yEGFP and N50-yEGFP levels remained
unaffected. Putrescine concentrations used in this study are in the
range of 1 uM to 1 mM. The strains Y651 and Y05034, which are deriv-
atives of BY4741, can tolerate 1 mM putrescine without suffering any
toxic effects of the polyamine.

In order to have a second line of evidence on the contribution of
antizyme to targeted degradation, we decided to compare the levels of
chimeric proteins in the antizyme deletion strain Y651 to those in
Y05034 strain. The results of fluorescence intensity measurements of
the cultures (Fig. 4B) and western blots of the cultures (Fig. 4C)

demonstrated that Not/R-yEGFP with two degradation signals working
in tandem has better degradation potential over the other two degrons.
Further, its degradation potential can easily be regulated by varying
polyamine levels. The experiment was repeated with N50-Ura3-yEGFP
and Not/B3-Ura3-yEGFP fusion. Ura3-yEGFP fusion was negative control.
No/p-Ura3-yEGFP fusion was degraded to a greater degree than N50-
Ura3-yEGFP in Y05034 strain, when antizyme was expressed under
the influence of putrescine.

To confirm the effect of antizyme induced by putrescine on the
degradation rates of degrons, the two strains of yeast Y05034 and
Y651 expressing YEGFP and degron-yEGFP fusions were monitored
using fluorescence spectroscopy. The cultures of Y05034 were grown
in presence of 1 mM putrescine. The experiment was carried out similar
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to the cycloheximide experiment and change in fluorescence intensity
per mg protein was calculated and the results were expressed as %
(Fig. 2A and B).

3.5. Far and near UV CD spectra of the peptides N50, /3 and Noy/3

We wanted to determine if there is any correlation between the
degradation efficiency of peptides and their structure. Towards this
end, far UV CD spectra were recorded for the peptides N50, o/ and
Na/R to understand the nature and content of secondary structure
(Fig. 5A). The results showed a well formed o/p structure in the case
of Not/3. However, the spectrum of o/ peptide displayed (> sheet char-
acter as its dominant feature. The degron character of the N-terminal 44
residues termed as ODS was reported earlier with a conjecture that the
N-terminal is unstructured. However, no studies are available on the
structure of N-terminal extension and for the first time we took up the
structural characterization of N50. Interestingly, the far UV CD spectrum
of N50 showed negative ellipticity values at 207 nm and 222 nm. From
an earlier study it is known that if the ratio of ellipticities observed at
222 nm and 207 nm corresponds to a value of 0.4, then the structure
formed is a 31 helix [55]. With N50 the value observed was 0.418, sug-
gesting the presence of 319 helix. Besides, the analysis of CD spectra
using CD Pro indicated the various components of secondary structure
in all the three peptides (Table 1).

At this juncture, we addressed the question whether the conforma-
tions displayed by these peptides are optimal or there are regions in the
peptides which have weak propensity for secondary structure, but are

30 4 —Na/f}

[0) gz 103 deg.cm?.dmol !

90
195 208 215 2258 238 245

Wavelength (nm)

—a/p
s e a/Bin 0% TFE

[Olyew s 107 deg.cm?.dmol

195 205 215 228 2358 245

Wavelength (nm)

Table 1
Secondary structural analysis of far-UV CD spectra of the peptides N50, ot/ and Not/3
using CD Pro software.

Reference set: SP43 Helix (%) Sheet (%) Turn/unread (%)
No/p 30.8 18.6 494
a/p 17.7 27.9 54.4
N50 323 16.6 50.2

remaining extended under the experimental conditions. With the aim
of answering the question, we decided to record the spectra of the
degron peptides in presence of 40% TFE, a solvent known to stabilize
a-helical structure in peptides which can form a-helices under ideal
conditions, but remain in extended conformations otherwise. From
the results presented in Fig. 5B, it is clear that No/3 does not show
any change in the structure, establishing that its c-helical regions are
completely folded and addition of TFE did not have any influence over
the secondary structure of the fragment. The o/p fragment showed a
change in its secondary structure (Fig. 5C). However, the result
observed with N50 was surprising as long stretches of 3¢ helix are
uncommon to proteins in their native state. To test if the above result
is a pointer towards a-helical propensity of the peptide, CD spectrum
of N50 was recorded in the presence of TFE (2,2,2-trifluoroethanol).
The peptide readily adopted a-helical conformation (Fig. 5D).

The near UV CD spectra of the three peptides showed evidence for
presence of some tertiary structure (Fig. 6A) which was denatured by
the addition of guanidine hydrochloride (Fig. 6B).

ol —Na/p
~~~~~~ Na/fin 40% TFE
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195 208 215 228 235 245

Wavelength (nm)

110 +
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...... N30 in 40% TFE
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<90 +
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Fig. 5. Far UV CD spectra of (A) the peptides Nov/B, o/3 and N50 in 10 mM Tris buffer, pH 8.0, recorded from 195 nm 250 nm to analyze the secondary structure status of the peptides. Far
UV CD spectra in buffer (-) and in 40% TFE (-) of the peptides Not/ (B), o/ (C) and N50 (D). TFE is known to stabilize helical structure of peptides which cannot form stable helices due to
weak propensity for adopting the secondary structure. In (B) Not/p> does not show any change in the spectrum even after addition of TFE.
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Fig. 6. Near UV CD spectra of the peptides N50, o/ and Nt/ in 10 mM Tris buffer, pH 8.0 (A) and in 4 M guanidine hydrochloride (B).
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2460 R.G. Joshi et al. / Biochimica et Biophysica Acta 1850 (2015) 2452-2463

3.6. Theoretical modeling of N50, o/3 and Noy3

When the helical propensity of N50 was evident in far UV CD spectra,
to test whether the entire sequence or a part of it takes up helical struc-
ture, we have used AGADIR algorithm and the results indicated the se-
quence *'YYKDGETLHNLLLELKNN*® showed greater preference for
helical structure over rest of the peptide sequence (Fig. 7A and B). 3D
modeling of the same peptide was carried out on I-TASSER server. The
somewhat hyphenated occurrence of hydrophobic and polar residues
suggested a possibility of amphipathic a-helix. To check this possibility
we have drawn a helical wheel diagram which has supported formation
of amphipathic a-helix as a side of the helix has four hydrophobic resi-
dues and the other side has polar residues (Fig. 7C).

3D modeling of o/ and Nt/ using I-TASSER resulted in TIM like ot/
[ barrel structure. Moreover, with No/3 peptide interactions between
regions of N50 and o/ domain were observed (Table 2). The models
of the peptides N50, o/ and N/ generated using Pymol are present-
ed in Fig. 8.

There are differences between the values of secondary structures ob-
tained by CD spectra and 3D modeling. The values observed for various
secondary structural features with CD spectra are closer to reality as we
have observed them experimentally with the peptides. I-TASSER uses
fold recognition to detect structure templates from the protein data
bank for a given sequence. The structural fragments so generated are as-
sembled into model of full-length structure. Hence, the 3D model of
structure generated indicates structural preference of the sequence
rather than the exact content of secondary structure. Since, o/ and
Na/? have a large overlap in their sequences, they display almost simi-
lar contents of helix and sheet. CD spectrum of o/ has more 3-sheet
and less a-helix content than Not/B. Besides, addition of TFE made no
difference to secondary structure of Noa/p, establishing that it has
already folded into its optimal and most stable conformation. This
observation was also supported by its response to antizyme as seen
in the western blots. o/ fragment, in contrast to No/3 has greater
p-sheet content and showed a change in secondary structure in
TFE, indicating that its a-helix has not folded to its optimal content.
Moreover, it could not act as a degron and did not respond to
antizyme.

4. Discussion

In the present work, we demonstrate that among the three peptide
sequences selected from ODC, two of them namely, peptides N50 and
Noy/p are effective as degrons. Apparently in both cases the first fifty res-
idues of the N-terminal region lead the chimeric protein successfully
into proteasomes for degradation. There was a reduction in the level
of degradation observed with No/3-yEGFP unlike N50-yEGFP in the
strain Y651, which lacks antizyme. This could be due to the presence
of a compactly folded o/p region downstream to N50, which requires
antizyme mediated destabilization or partial unfolding, as a condition
prior to the entry of rest of the chimeric protein into proteasome.

Table 2
Polar interactions of N50 region with a/p> region in No/{ structure.

Besides, from the results of CD spectra and modeling studies we
anticipate interaction between N50 and o/ regions, which may act as
a hindrance for degradation No/p. The interaction of No/ with
antizyme probably introduces a conformational change which loosens
the interactions, making N50 region amenable for degradation. The
N50 region then extends away from the protein and inserts itself into
proteasomal portal once the protein is delivered to proteasome. It
appears that the assistance of antizyme is required not only to prevent
formation of a dimer by monomers, but also to destabilize the confor-
mation of the N50 region making it amenable to degradation. In the di-
meric state the N50 region is most likely buried to avoid degradation.
The two degrons which are acting in tandem are responsible for the en-
hancement of degradation observed with Na/ when compared to N50.
The mechanism of degradation of chimeric protein assisted by degrons
is presented in Fig. 9.

Another spin off from this study is o/ cannot act as a degron and
fails to lead chimeric proteins to proteasome for degradation. At this
stage it is difficult to comment on the site of degradation for the chime-
ric proteins of a/B.

Failure of a/R in targeting the chimeric protein for degradation es-
tablishes the importance of N50. At the same time absence of o/> pre-
cludes binding to antizyme, depriving the degron of any regulatory
mechanism. Hence, even though N50 is an effective degron, it leads
the protein towards uncontrolled degradation upsetting the very pur-
pose of targeted degradation. On the other hand the regulatory feature
in Nov/ makes it an ideal degron.

Hence, among the redesigned degrons No/[3 carries many important
features: i) it cannot dimerize, as a part of the protein is missing. ii) It is
catalytically inactive, a property of great significance in the context of
TPD, to obviate polyamine over-expression, and iii) No/p is an interest-
ing degron with recognition sequence for yeast antizyme. Further, we
propose the use of this engineered protein as a tag in mammalian
cells, along with yeast antizyme which does not interfere with other
mammalian cellular functions [20].

As mentioned earlier the degradation potential of ODS was reported
by Godderz et al. in 2011 [36], while the present work was underway.
Further the authors made a comment that the peptide is unstructured.
ODS which represents the first 44 residues of N-terminal of ODC shares
some commonality with the N50 peptide reported here. Structure pre-
diction with the sequence of N50 using I-TASSER and AGADIR algorithm
suggested a strong possibility for existence of ai-helical conformation
between amino acid residues 31 to 48. ODS does not have some of the
residues which formed part of a-helix in our model of N50. Further-
more, the interactions observed in our model between first 20 residues
of the N-terminal and the o/ domain, seem to play a crucial role in
preventing the degradation of ODC at below optimal levels of poly-
amines. If N-terminal by itself can siphon the monomer to degradation
under normal conditions, there would not be any ODC left for poly-
amine biosynthesis. The conformational change induced in No/R by
antizyme, an indicator of polyamine surplus, activates the otherwise
dormant degron N50 in the native protein. Our results of accelerated

Backbone-backbone

Backbone-side chain

Side chain-side chain

Y31-C=0"H-N-G35 H39-C=0H-N-143
K33-C=0H-N-T37 N40-C=0-H-N-E44
D34-C=0H-N-L38 N40-C=0-"H-N-1L43
G35-C=0H-N-H39 L41-C=0H-N-L45
E36-C=0""H-N-H39 L42-C=0H-N-L45
E36-C=0""H-N-N40 L42-C=0""H-N-K46
T37-C=0H-N-L41 L43-C=0""H-N-N47

H-N
L38-C=0H-N-L42 T14-N-H0=C-L126

T14-C=0"H-N-K96
L130-C=0"H-0-T15
G93-C=0H-0-T16
K28-N-H~0=C-E57
Y31-C=0H-N-H56

E57-C=0"H-N-K28
Q49-C=0H-0-T121
K29-N-H0-T26
K33-N-H0=C-E36
N22-C=0"H-N-N8
D19-C=0+H-0-S11
K46-N-H0=C-D50

T14-0-H-N(H)-K96
K28-N-H0=C-E57
(2 interactions)
Q49-C="H-0-T121
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Fig. 8. 3D modeling of peptides representing degrons of yODC on I-TASSER server.

degradation observed with Noy/3-yEGFP over N50-yEGFP in the
presence of antizyme support this observation.

Our results impart two very distinct and significant roles to N50 re-
gion. First, it confirms the earlier observation that it can act as a degron.
Even though a/p fragment could not fold successfully to act as a degron,
presence of N50 helped Na/3 fold and act as an antizyme responsive
degron, implicating a role for N50 in the folding of ot/ domain.

The work reported by Dohmen's group was elegant and in addition it
is pioneering with respect to use of N-terminal peptide of yeast ODC as a
degron. However, our study not only extends the previous work but also
adds several novel observations as listed here: (i) we have selected
three different peptides for the study and compared their degradation
potentials. Studies on the peptides o/ and No/p were unprecedented.
(ii) There were no investigations on the structure of any of these pep-
tides. For the first time our study shows that No/3 can fold by itself
into native like conformation and consequently can interact with

antizyme. Further, our results established that o/ cannot adopt native
like conformation, providing basis for its functional failure. In spite of
carrying the entire sequence representing o/3 domain, only one of
them is successfully folding into native like conformation is a consider-
able advance in the structure aspect. (iii) The involvement of N50 in the
folding of o/ domain is a surprise find. (iv) N50 does not fold into
a-helix in isolation from rest of the sequence. Instead it displays 310
helix like structure. However, far UV CD spectrum of the peptide record-
ed in TFE establishes that N50 has a potential for adopting a-helical
structure and might take up the conformation when it is contiguous
with o/ domain. Besides, modeling studies on N50 and Not/(3 indicated
a possibility for interaction between N50 and /3 regions of the protein.
Put together these results strongly suggest that these interactions
stabilize the structures of both N50 and o/p regions in No/p3 and also
in native ODC keeping the N-terminal anchored and preventing it
from heading for degradation. Interaction between Not/3 and antizyme

o/p

(Unknown structure)

Fig. 9. Proposed mechanism for the degradation of chimeric proteins of yEGFP carrying the peptide tags a/3, Nov/3 and N50. (A) The peptide tag ot/ in spite of carrying antizyme binding
sequence AzBE cannot adopt the right structure and fails to act as a degron. (B) The degron Na/{3 carries two degradation signals N50 and AzBE in o/3 domain. Noi/P3 acts as an efficient
degron regulated by antizyme, the expression of which is regulated by polyamines. (C) N50 can act as a degron and since it does not have AzBE its degradation cannot be regulated by

antizyme.
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or ODC and antizyme leads to a conformational change which is
responsible releasing N50 region from the interactions and exposing it
for degradation. (v) The construct with No/3 undergoes accelerated
degradation in response to elevated polyamine concentration. Hence,
presence of antizyme binding element provides a handle for modulat-
ing the rate of degradation. All these aspects which certainly advance
the topic in more than one direction cannot be simply overlooked.

5. Conclusions

In conclusion, this study establishes that in S. cerevisiae, the N50 and
No/P peptides from ornithine decarboxylase take up secondary struc-
ture independent of rest of the protein. They can act as degrons and
cause rapid degradation of chimeric proteins. The helical structure
adopted by part of N50 most likely facilitates locking up of the region
in noncovalent interactions with the adjacent o/ domain in the native
protein and in No/3 peptide as well, keeping it invulnerable to the
otherwise inexorable process of degradation. Hence, chimeric peptide
of Not/ is more stable compared to chimeric peptide of N50. Besides,
/B domain houses AzBE sequence to interact with antizyme. The
enhanced degradation observed with No/B as a consequence of
increased expression of antizyme proves that interaction of AzBE
sequence in Na/p with antizyme induces conformational change in
the N-terminal region of the protein, exposing N50 region for degrada-
tion. The interaction of AzBE and Antizyme has a very specific role in
destabilizing intact yeast ODC by stabilizing monomers and exposing
N50 degron. The construct with No/3 peptide comes with a built in
modulator switch to alter the rates of degradation. The a/p peptide
cannot attain o/3 structure in the absence of N50 sequence implying
that N50 sequence plays a role in the folding of ot/ domain. As a conse-
quence of its failure in adopting o/p structure, the peptide also fails to
act as a degron. The function of AzBE and antizyme duo becomes redun-
dant, when N50 or o/p domains are dissected out from ODC and grafted
on other proteins. Hence, either AzBE or o/3 domain cannot be consid-
ered as complete and independent degrons. And what is more, the in-
teraction of antizyme with proteasomes is significant for enhancing
degradation in a regulated manner, as seen with Not/3 domain. N50 ap-
pears to be important for two entirely distinct reasons, first, as a degron
and second, as a region which is essential for the folding of /3 domain.
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