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Abstract

Apoptin, Chicken Anemia Virus VP3lestively induces apoptosis in transformed cells but not primary
cells. In all casegpoptinundergoes nucleocytoplasmic shuttling, but partitions into the nucleus of
transformed cells and the cytoplasm of primary cells. Therhkinal NES of\poptinandthe domain for
multimerization overlap and all previous attempts to uncouple these activities have failed. In this study,
we successfully uncoupled nuclear export and multimerization througkdgiéeted mutagenesis of
ApI37A and Apl40A. Uncoupling thesmivities and studying them independently could shed insight

into basic biochemical differences between transformed and primary cells that could be exploited for

targeted therapeutic purposes.



Introduction

The Chicken Anemia Virus (CAV)

The chicken amaia virus was discovered to be an avian pathogen that causes the eradication of
thymocytes and erythroblastoid cells in chicks through the induction of apoptakis fesembles the
porcine circovirusRCV) and is a member of the fand@liycoviridaeand the genussyroviridaeltis a
circular, single stranded DNA composed of approximately 2300 nucleotides that has 3 open reading
frames (ORFs) which all partially overlap: VP1, VP2, anfl2/3)30RF 3 encodes the 51 kDa protein
VP1 which responsible for the assembly of the viral capsid. ORF1 encodes the 28 kDa protein, VP2, a
non-structural protein with dual specifity phosptase (DSP) activity. It has a very unusual signature
motif that may play a role in intracellular signaling during viral replication and is the first DSP to be
identified in a small viral genom&l). VP2 iexpressed at barely detectable levels during infectiét).
Lastly, ORF2 encodes the 13 kDa protein, VP3, also knopoptn(5). In many studies, it is shown
that Apoptinselectively induces apoptosis in chicken and human tumor cells and not in most normal
cells through a p53 independent pathwé¥,6,7)® /! + Q& +*to I f2yS Aa ySOSaal N

apoptosis and discriminate between cancerous and normal cells.

CAV VP3:Apoptin
The VP3 of CAYAgoptin) is composed of 121 amino acids with two proline rigions and two
basic regions. It overlaps with CAV \(PRand has no discernable regular structi@®. Using circular
dichroism (CD), Leliveld andveorkers determined thaf\popting & day St NI & RiR@EEAAR 27F |
a0 NHzOG dzNB ¢ | y R { Rpoptinréséntbled ofher aratiBsvithNibiaorde®d structure
8).
Apoptinhas a bipartite bas nuclear localization sequence (NLS) located at #tegr@inus of

the protein between amino acids 821 ( 1,2,9). To determine whetherhe bipartite NLS was



functional, Heilman and coworkers induced point mutations K86A, K87A, R88A in the first part of the
bipartite NLS, and K116A, R117A, and R118A in the second part of the bipartite NLS ¢altrvLS.
Results show that the mutant ApmNLS mislocated to the cytoplasm of H1299 cells, indicating that the
bipartite NLS is indeed functiona2),

Apoptinhas a distinct leucine rich nuclear export sequenceNER) located at the-términus
of the protein between amino acids 3® (2). There have been many different studies done to
determine the correct NES fépoptin. The NES was believed to be between amino acids 97 through
105 and thaamino acids 33 through 46 contained a leucine rich sequence (LRS) that facilitates nuclear
import (10,11). However, this was disproved by Heilman et al., (2006) bycindypoint mutations L44A
and L46A on GFRp-pmNES which actually mislocated to the nucleus in PFF (primary foreskin
fibroblastg cells showing that the NES (aa4&) is functiona( 2). In addition, thg also showed that the
putative Nterminus NES was CRM#g&pendent which further indicates that the-fdrminus NES is
functional (2). The NES &poptin (IRIGIAGITITLSL) resembles the NES o2 RéV t. The danonical
sequence for NESsuso ».5Ww 0 .30 - ywhereus represents hydrophobic amino acids (Lys, Val, lle, Phe,
or Met) and X is any amino adid2). ApoptitQad b 9{ FAGA (KSmMBrwr4gA OF £ &SI dzS
(IAGITITLSL), while the rest of théeNninal domain 133 through G36 (IRIG) are part of the NES, but do

not fit the canonical sequence for NES.

Nuclear Export: LR -NESs and CRM1

Leucine rich nuclear export signals-ilBSs) typically contaaiternating hydrophobic residues
that fit the canonical NES and are additionally rich in acidic amino acids, which makes them more
negatively charged13). They are also either flexible themselvesiear very flexible regions and tend
to be in an alpha helix conformation at least at thédkminal end of the NES (although there are small

percentages of NESs in a coil or beta sheet conformatib}13). AlphahelicalNESs also have a clear

7



tendency to have the majority of their hydrophobic residues on one side of the helix, the side which
makes contact with theiexportin, typically CRM1.a Cour et al. (2004) anaég the structures of six

NESs in an alpha helix conformation and noticed that the structure of #igenNnal hydrophobic

residues of NESs tend to stack together on one side of the helix and ord¢haiGal end of the NES,

the hydrophobic amino acids hd off differently. Their data is not completely representative of all

NESs, but are just shown to illustrate a commonality between a large percentage of NESs in alpha helix
conformation( 13).

The ineraction surface of CRM1, the exportin protein that binds teNESs, is a hydrophobic
groove formed by 3 helices (H11A, H11B, and H12A)dlstucturedas follows: Two helices (H11A and
H12A) parallel to each other spaced farther apart at the end Itivad the Nterminal end of NESs which
gradually narrows to a bottle neck towards thée@minal end of the NES. Past the bottleneck of the
hydrophobic pocket that binds thet€rminal end of NESs is a narrow channel. H11B is underneath
both H11A and H12And additionally contributes to the hydrophobicity of the groove. Dong and
coworkers comment on the fact that the hydrophobic pocket of CRM1 where fteerfinus of NESs
interact with CRML1 is a wider area that besides binding alpha helix NESs, coalccalsmnmodate NESs

in a coil or beta sheet conformation (which illustrates the degeneracy of NEs)

Nuclear Import and Export: Apoptin

Nuclear import and export is doninrough nuclear pore complexéblPCsvith the help of
karyopheringkap) (Figure 1. NPCs allow molecules with a mass of 40kDa or less to pass freely through
their aqueous channel. Any molecule larger than 50kDa can actively pass through with theankfpof
Cleverly, Kaps that mette import are called importind§IP9 and kaps that mediate export are called
exportins (11).

Apoptinhas been shown to be imported into the nucleus via the jMBrotein which uses the

RanGTP cycle. IMP binds to the NLS @fpoptinin the cytoplasm which allows the docking of the VP3

8



to the NPC. The VP3 is then translocated across the NPC and into the nucleus. In the nucleus, RanGTP
binds to IMB 1 which causethe VP3 to be release(dll). Exporting such as CRM1, mediate nuclear

protein export(11,2). CRM1 utilizes the R&@&TP cycle. RanGTP is bound to CRM1. This complex then
binds to the NES &poptin, docks the protein cargo to the NPC and is transported out of the nucleus

and into the cytoplasm through the NPC. Once in the cytoplasm, the GTP is hydrolyzed to GDP by Ran
with the help of Ran GTPasetivating protein, and thépoptincargo containing the NES is released

from the CRMX 11).

Apoptin : Nuclear and Cytoplasmic Shuttling (NES and NLS)

Apoptinhas a shuttling mehanism that is needed for its apoptotic activity. In transformed cells,
Apoptinis partitioned inthe nucleus prior to apoptosis, while in primary cefdppptinis predominantly
partitionedin the cytoplasn( 11,2,10). In PFRPrimary Foreskin Fibroblasills,Apoptinexhibits a
filamentous immunestaining pattern in the cytoplasm which suggests thpoptin might be tightly
associated wh cellular filament network$ 2)or that it naturally form fibrils OnceApoptinenters the
nucleus, it has been shown to bind or enter promyelocytic leukemia (PML) nuclear bodie§ (NBs)
11,2,10). PML NBs are structured protein bodies that are associated with DNA replication and repair,
transcription regulation, RNA transport and more mastingly, apoptosi¢11). Previous studies have
shown that in tumor cellsApoptinis phosphorylated at*#® by an unidentified protein kinase while in
the PML NBs and in primary cell¥®B not phsphorylated( 11). Howeverconflicting results have also
been demonstrated 9). Itis also shown that in transformed cellgpoptininteracts with he APC1 of
the APC/C through domain that overlaps with thHLS ApoptinrecruitsAPC%o the PML NBs, and
apoptosis is induced at G2/M. PML bodies are not detectable in the abseAg®pfinand during
G2/M, PML itself is not heavily present suggesthig is a significant interaction and not artifact&).

It is known thatApoptilQa Ay G SNF OliAz2y 6AGK GKS 1t/ m A& SEGNBYSH
in the absence of APC1 association doatsinduce apoptosi§2). Heilman et al. (2006) also

9



demonstrated that nucleocytoplasmic shuttling of Apoptin is necessary to induce Apoptosis. Inhibition

of nuclear export by leptomyosin Bincanc&rfcf &8 R2Say Qi aAIYAFAOLyGEe& |G
localization, but does eliminate its apoptotic effects. Similarly, artificially stuffing apoptin into the

nucleus of primary cells with leptomyosin B does not Kill the c@)isl¥espite the important of nucleo

cytoplasmic shuttling, it is currently unknown how this proceshfisrentiallyregulatedin transformed

and primarycellshy S Of dzS§ A& (KIFG ' LRLIGAY Q& hie{tsNESIIS| NB G2
appearsconstitutive (2). One possibility is that shuttling is relatedApoptinQd O K I NabildytcS N&A & G A O

form large multimers, since its multimerization domain overlaps with the NES.

Apoptin : Multimerization

It has been shown in many different studies that nuclear localization alone is not sufficient for
efficient apoptosis of normal cells, which suggests that there is another step involved in apoptosis of
transformed cellg 6,2,14). Apoptinhas a multimerization domain overlapping with the NES (ad633
Using secondary structure prediction, Leliveld et al. (2003) detethihat amino acids between Gfu
and Led® (the NES oApoptin) might fold as an anparallel beta sheet with AfAand Gly° oriented in a
beta-turn or -hairpin. If this is the case, since the NES generally has alternating hydrophobic and
hydrophilicamino acids, the amino acids would be oriented in such a way that the hydrophobic amino
acids would protrude on one side of the hairpin, and the hydrophilic amino acids would do the opposite.
They hypothesize that this motif might be responsibleApopinQ& Y dzt GAYSNAT I G A2y LINE |
perhaps the lle and Leu resides interlock betwégroptinmonomers to form theApoptinmultimers(
8).

Apoptinhas been shown to be heavily multimerized and insolubleommal cells, while in
tumor or transformed cells, it is less multimerized and more solulgb@ptinspontaneously forms

multimers composed of approximately 30 to 40 subuimitsitro (8). ApoptinQ & K Sktidhdrized
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state in normal cells along with its proposed association with cellular filament networks might explain

the difference in solubility and location éfpoptinin normal cells versus transformed c€lB).

Cellular Concentration of Apoptin and Rate of Cellular Divis ion Affects

Programmed Cell Death

A study by Wadia et al. (2004), illustrated that the characteristic abilithfaptinto localize in
the nucleus of tumor cells is not the soleananism by which apoptosis is induced. They believe that
programmed cell deatiRCDis dependent on a high cellular concentrationfgfoptinto be able to
form multimers large enough to then localize to the nucleus and induce apopitey.transfectedas
transformed mouse 3T3 cells with increasing amount&mdptin DNA and based on scoring of their
microscopic images, they deduced that increased expression lev&fgoptinin tumor cells lead to
better nuclear acemulation and finally apoptosisiowever, their hypothesis was disproved by Poon et
al. (2005) who quantitatively analyzed expression levels at the stegjléevel rather than assumed
increased expression levels based on the amount of DNA transfected. Poon and coworkers illustrated
that there was no relationship between the level Apoptinexpression and the extent of nuclear
localization in tumor cells. In fact, they were able to conclude from their data that increased levels of
expression was indirectly proportional to nuateaccumulatio in SAOR cells( 15).

The rate of cell divisiohas been illustrated to affeétpoptinQa | 6 Af A& G2 AYyR
transformed cell linesTumor cells rapidly divide uncontrollabsithough diferent tumor cell lines have
different rates of replicationindeed, faster growing tumor cells such as Hela cells which have
population doubling times (PDT) of 24 hours, were killed within 2 bgysgoptin. Slower growing cells
such as Sae3 transformel cells whose PDT is 42 hours, took 5 daysfaptinto induce apoptosi¢

16). Evidently the rateof cellular division playsm@le in inducingapoptosis of transformed cells

11



Besides trying to disce the exact mechanism by whié&poptininduces apoptosis in cancer cell
lines, even more perplexing is thapoptincan indeed induce apoptosis in certain Amansformed cells
(e.g.normal breast epithelial tissue) under certain reaction conditioh6). Clearlythere is much to be
discovered abouthe mechanism by whicApoptininducesapoptoss in different tumor cells versus

particularnon-transformed ell lines.

The Cell Cycle and Cell Cycle Reguhtors
¢KS SdzZl F NE23GAO OSftt 0Oe0ftS Aa RAGARSR Ayi(2 ¥F2dN
longest step in the cell cycle, typically consuming about 18 hours of a typical 24 hour cycle. The G1
LIKF&S A& ¢KSy I OSt f boldditbshsBch asZaeigy metabolisn yr@l Mast £ ¢ Y S
protein synthesis. If a cell is no longer actively dividing (quiescent), it will enter an indefinite gap phase
known as GO. Examples of cells in GO are terminally differentiated muscles cells and neul@msd-o
Glisthe S, or synthesis, phase in which the DNA is replicated. S phase is followed by a smaller gap
phase, G2, and then the cell proceeds into mitosis in M phase. After the chromosomes have been
separated into two nuclei, the cell undergoes cytwsis, yielding two daughters cells and beginning the
cycle over again.
Cells have evolved tight regulation of the cell cycle and have checkpoints that ensure the cell is
ready to progress to the next stage in the cell cycle. For instance, it woulddaesiteble for a cell to
progress to G2 and then M phase before all DNA replication had been completed in S phase. In
metazoans, cells also retain tight control of the cell cycle to prevent unchecked cell growth, leading to
cancer.
At the heart of cell cyle regulation are the cyclidependent kinases (Cdk) which allow for the
SELINBaarzy 2F 3SySa ySSRSR Ay (GKS ySEG LKI&asS 27 i
YRSYG 2y (GKS o0AYyRAy3 27F | O OfinayyElic haNie wihA y Qa ¢
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the cell cycle. There are many different cyclinmgh each set corresponding to different stages in the

cell cycle. Once bound by a cyclin, the Cdk enters the nucleus and phosphorylates serine and theronine
residues on histoneS.he DNA surrounding the histones changes packing and conformation, allowing for
the expression of genes needed for the nsbage of the cell cycle (Figurg Zhus Cdks allow for the
controlled, selective expression of genes that allow the cell cyclerttraie to the next stage. But Cdks

are also negatively regulated by cyclin depedent kinase inhibitors (CKI). As the name suggests, these
inhibitors block the function of Cdks and are dependent on the presence of other cyclin proteins. CKI can
prevent thecell from progressing to the next stage in the cell cycle, and can thus be used by the cell as a

way of checking against cancer and uncontrolled cell growth.

Policing the Cell Cycle

Eukaryotic cells have evolved elaborate mechanics to check uncontrellegt@nth. Perhaps
the most important cell cycle regulator is the p53/Me2rsystem. p53 is an antitumor protein that acts
as a central hub in the cell, being at the cross roads of many different proliferative pathways. If any one
of these pathways signatlsat the cell is in danger of becoming cancerous, p53 is activated and arrests
the cell cycle until the problem is resolved. If the damage is unrepairable, prolonged p53 activation
commits the cell to apoptosis, killing the cell for the health of thegrgad Y® ! & SOARSYy OS
effectiveness, half of all cancers have mutated or deleted p53, sidestepping the watchful eye of this
master cell cycle regulat@2,17). In terms @ cancer treatment, a mechanism that kills cancer in ap53
independent manner would be very significant.

p53 is a transcriptional activator that activates expression of certain CKE&"fpTlepending on
the level and duration of expression, the CKI etlner lead to a G2 cell cycle arrest or if the signal is
sustained, CKI expression can commit the cell to apop{dsis This system gives the cell sometime to
try to repair the damage that caused the agltle arrest. However if the damage is too great, the cell
kills itself to prevent the spread of cancer. The action of p53 is kept in check in healthy cells by its

13
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antagonist, Mdm2, an E3 ubiquitin ligase that specifically tags p53 for proteolytic detgini 17)

(Figure 3. Pathways converging on the p53/Me2rsystem can induce cell arrest or apoptosis either by
inhibiting Mdm:2 or activating p53. The Ras pathway responds to growth signals and can become
hyperactive from mutations in receptor tyrosine kinases (RTK), like epidermal growth factor receptor
(EGFR). When overactive, the RAS pathway inhibits-Rjdhe result being an accumulation of p53
which induces expression of CKI leading to cell cyclstaarel apoptosi§17). This p53 check is
important since roughly 30% of cancers have a hyperactive Ras pati@ayConversely, certain
kinases (ATM an@hk2) directly phosphorylate p53, making it immune to Mambiquitylation. As

before, p53 activates expression of CKI, causing cell cycle arrest and apoptosis.

The Anaphase Promoting Complex/Cyclosome
The anaphase promoting complex (APC) is a masterateguf several key checkpoints during
mitosis and is being explored for its regulatory activity in other aspects of the cell cycle. Here, the focus
gAft 0S 2y GKS 1t/ Qa NRtS Ay NBIdzZ I GAy3I Yhdizarao
found in two different forms, depending on the timing in mitosis. Early in mitosis, th&AHarm (the
APC core bound to the protein CDC20) dominates. Later in mitosis, th&#&@ dominates. Each
still has E3 ubiquitin ligase activity, diffeg only in their substrate specificity. The AP&orm prefers
substrates with Eboxes and KEN boxes. The consensus sequences for these domainéXabelR-X-
X-X-N and KEN-X-X-X-E/D/N respectively 19).
Cyroelectron microscopy and immutacating experiments have begun to shed some light on
the structure and organization of theP&, in both of its forms (Figurg 4he APC is formed around the
central protein Apcl. On one side of Apcl exten®& thd ¢ wt | N¥>X¢é¢ O2YLRASR 2F adz
Cdc26, Apc9 and Cdc27. The TRP arm associates with the variable Cdhl or Cdc20 subunits, linking it to
the main body of the APC. The exact stoichiometry of the arm in relation to the rest of the APC is
unknown It is possible that the number of TRP arms is variable. Current estimates range from one to

14



three arms. In principle, each one could be capable of associating with Cdh1 or Cdc20. The variable
subunits Cdhl1 and Cdc20 are thought to be the subunits thatant with and recruit the substrate,

thereby giving the APC is different substrate preferences. It is still open to investigation weather Cdhl
and Cdc20 first capture the substrate and then recruit it to the APC, or if the APC core proteins first
captureCdhl or Cdc and then recruit the substrates. An attractive explanation as to why Cdhl and Cdc
are at the end of a long arm is so that the APC can accommodate an array of difference substrates sizes
20).

Opposite the Cdhl and Cdc20 subunits lies the E3 ubiquitination domain of the APC, specifically
the subunit Apcll. This subunit is responsible for taking an activated ubiquitin molecule from UBC (an
E2 protein) and transferring it to whatever substréi@ppens to be bound. Apcll has a zinc RING finger
motif which it used to transfer ubiquitin to its substrate without itself ever forming a covalent bond to
the ubiquitin. RING finger motifs are seen in other E3 ubiquitin ligases, such as SCF (SkgsGxii(in/F
20).

One of the most well known activities of the APC is promoting the transition from metaphase to
anaphase by promoting the separation of sister chromatids. Once all of the mitotic spingdies ha
attached to the kinetochores, AB¥°ubquitinates securin, which normally inhibits the protease
separase. Sepase then degrades the cohesin protein bridge linking sister chromatids, allowing them to
separate and anaphase to progress. The system isrsitive that one unattached mitotic spindle is
enough to shut down the pathway, ensuring that each daughter cell will receive one copy of each
chromosomg 19,20).

It iseasy to see how disruption of this master cell cycle regulator could cause significant damage
to the cell, ultimately leading to cell cycle arrest and apoptosis. However, not all cell deaths are equal.

Apoptosis refers to a very specific and regulatedrfaf cell suicide and differs significantly from

15



necrosis, in which a cell explodes in an uncontrolled manner. These differences are important when

discussing both cancer and viral infections.

Necrosis Versus Apoptosis

Necrosis and apoptosis are two geakways in which eukaryotic cells are killed. Necrosis
typically takes place under toxic conditions, such as during a pathological reaction, and is considered to
be a passive degeneration of cellis type of cell death is characterized by loss of nitiegf the cell
membrane and the loss of control of cellular functions of internal cellular organelles. By contrast,

apoptosis can be induced either by the cells themselves (intrinsic) or by cell of the immune system

(@

OGSEGNRYEAAOLE |%0d 1(W2IS0 25FA & OS5 t ORIHMMIOARS NAT SR o8
condensation of chromatin, fragmentation of nuclei, and fragmentation of chromosomal RNA

After these events take place, the cell fragmeform into membraneenclosed bodies and are

phagocytosed by neighboring cdll$). The ability of neighboring cells to phagosize the apoptotic cells
allows apoptosis to be more efficient and less datrital to cell tissue than necrogig).

two routes through which apoptosis can occur, via the extdror intrinsic pathway (Figurg.3n the

extrinsic pathway, an outside cell directs the target tlcommit to apoptosis through the interaction

of membrane proteins. The inducing cell presents the membrane protein FasL (Fas Ligand), which docks
gAGK GKS GFNBSG OSffQa Cra GNIyaYSYoNIyS LINRGSAYA
(FasAssociating Death Doman) binds to the cytoplasmic side of the Fas transmembrane proteins, and

serves as an adapter protein for recruiting procasp@sad procaspas&0. These inactive initiator

caspases require protolytic processing before they themsdbegzome active proteases. Due to their

physical proximity, procaspaseand procaspas&0 are able to cleave and activate each other,

producing Caspasg and Caspast0. Caspas8 and Caspasg0 then proteolytically convert

16
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procaspase to caspass, theso called executioner caspase because it degrades many of the cellular
targets of apoptosi§22).

The route of intrinsic apoptosis is less well known. What is certain is that it is triggered by the
release of cytochromeC from the mitochondrial intermembrane space. Together, cytochromeC and
Apafl (Apoptinprotease activating factor) form the apoptosome, which cryoelectron microscopy has
shown to resemble a wheel with six bent spokes. The apoptosome tasigeocaspas®, which in turn
activates procaspas@ using similar proteolytic processing strategies as for the extrinsic pathway.
Caspase8 then degrades it cellular targets. The events that link apoptotic stimuli, such as DNA damage,
to the downstreamevents of the intrinsic pathways are not yet establisli@@). Thus the molecular

events linking CKI expression by p53 and cell cycle arrest to apoptosis are not well understood.

Virus -induced Apoptosis

Cell use apoptosis as a means of limiting viral egRessilts from a study done with mutant
insect viruseg 21) show that virusinduced apoptosis can be a host defense mechanism as a result of
prematute lysis of infected cells that have not finished replicating their genome. This leads to a loss or
suppression of virus multiplication in the host organis?i). This hypothesis, however, seems to be
increasingly challanged by the fact that animal viruses have developed two strategies for overcoming
premature apoptosis or apoptosis itself: rapid multiplication and an antiapoptosis gene. Through rapid
multiplication, viruses are able to completely repliedheir genome before apoptosis takes pld@d).
RNA viruses are particularly good at rapid multiplication, completing their life cycle before apeptosis
mediated suppression is effective. From an evioluary standpoint, it makes sense that RNA viruses
have developed the means for rapid multiplication before apoptosis because they have a relatively small
number of genes compared to DNA viruses so it would be more difficult to acquire anothef2gne
DNA viruses on the other hand, have an antiapoptosis gene that prevents apoptosis in infected cells.
Examples of such DNA viruses with an antiapoptosis gene would be poxviruses, herpesviruses and
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adenoviuses. HIV has an antiapoptosis gene even though it is an RNA virus. HIV is a retrovirus that has a
Gf2y3 AyOdzml GA2Yy LISNAZ2R O0F2NJ NEBOSNES GNI yaONR LI A2
virus genome with fine regulations), [s0] it seemsyeasd reasonable to have an antiapoptosis gene
AyaiSIFIR 2F NIYLAR((2DdzZ GALX AOFGA2Yy 2F @A NHzA¢€

However, apoptosis is not always used a defense mechanism of the cell. Viruses have the ability
directly induce apoptosis for their advantage. The first virus found to induce apoptosis directly was an
adenovirus mutant (EEBIK). It was found that the adenovirus mutant induces extensive apoptosis in
infected cells and that the adenovirus contains an antiapoptgsine. Over the years, many RNA and
DNA viruses have been discovered to induce apoptosis in eukaryoti¢ ZBI®NA viruses induce
apoptosis differently than RNA viruses. Most large DNA virusesnohige apoptosis when their
genome acquires a mutation and they lose a particular function of a gene while most RNA viruses induce
apoptosis under conditions that allow sufficient virus multiplicat{@i).

There are viruses that are able to selectively induce apoptosis in cancer cells while leaving most
normal cells untouchedlumor necrosis factenelated apoptosisnducing ligand (TRAIL), or Apo 2 ligant
(Apo2L), is able to do so through an extiinsathway(see Figure Bt is a member of a tumor necrosis
factor (TNF) family that is able to induce apoptosis through the binding of its ligand to a death receptor.
It also induces apoptosis independently of the p53 tursoppressor gene, which is ingant since this
pathway is mutated in approximately half of all can¢@B)® ¢ Kdza (N} yaF2NXSR 0OStf O
R2gyé¢ S@Sy AT GKSé& OFy y2 f2y3SN NEAWdxdifaiedtini KS OS¢
that it does itself infect cancer cells. However, intriguing evidence has shown tiAgtafgin protein is
able to selectively kill cancer cells via an intrinsic pathway independent of the p53-tumor
suppressor gene and cannog¢ blocked by B (1,24).

In order to determine how exactly Apoptin induces apoptosis of transformed cells, further study

needs to be done on the roles of the rate oflabvision, shuttling, and multimerization. It has been
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shown that nuclear localization in tumor cells is required for apoptosis. It has also been shown that in
order for apoptosis to take place, Apoptin needs to interact with the APC1 and does so fioosniyf

when multimerized 2). The goal of this project was to discover how nucleocytoplasmic shuttling and
multimerization are related, and what roles they play in selectively inducing apoptosisderazells.

This was done through a more expansive probing of the NES with point mutations (140A, T43A, L44A,
L46A) to try to uncouple nuclear export and multimerizatioseAior thesis projeaione by DeConti

and Medeiros (2005) illustrated that they hastained multimerization by inducing a point mutation in
the NES (137A)25). This project also conducted additional testing on Apl37A to discover if nuclear

export was retained or lost.
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Materials and Methods

Site Directed Mutagenesis

A 2 4 oA x

{A0S RANBOGSR Ydzil 3SySaAra 61 a I 002YLI AAKSR dzaAy3

(R) primers of ~40nt in length were designed to be complementaAptaptin, except for the desired

base changes, whichese located in the center of the primer. N and C terminal fragmengspoiptin

were generated by PCR using forward and reverse primeisgoptin Primers ApF and SDMR

generated the Nerminal fragment, while ApR and SDMF generated tier@inal fragmemn. N and €
GSNXYAYLFf FNIIYSyda o0GKS aYSIAFLINAYSNEEOD gSNBE ISt
stoichiometric ratio of 1:1. A second PCR was done with ApF and ApR primers, and 1:10 serial dilutions
of the megaprimers. The resiriy mutated full lengttApoptinfrom the PCR with the moslilute

megaprimersvas used in subsequent cloning. All other cloning was accomplished with standard

techniques.

SDM Primers:

Ap F PQ FG3AFFO3O0GOGOO0K AL Ik
ApR pQ GdalF OF3GO0GaGr Gl 0300GaG
I37AF 5' cagagagatccggattggtgccgcetggaattacaatcactc 3'

I37TAR 5' gagtgattgtaattccagcggcaccaatccggatctctctg 3'
[40A F 5' gatccggattggtatcgctggagccacaatcactctatcgcetgtg 3'
[40A R 5' cacagcgatagagtgattgtggctccagcgataccaatccggatc
T43AF 5' gtatcgctggaatcaatcgccctatcgcetgtgtggetg 3'
T43AR 5' cagccacacagcgatagggcgattgtaattccagcgatac 3'

L44A F pQ IOUIIFLGdr OFF GO Od3a0:
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L44AR  pQ 3O0FGG0O03030L 3OO

0
L46A F pQ 3IJL L Gdr OF GOl Ok GEICHO®

L46A R pQ O3JF3I0FGGO303a0rA00!L OF

Yeast 2-Hybrid Assay

The yeast 2hybrid assay was carried out in Y190 yeast cotransformed with the appropriate pACT2 and

pGBK plasmids and selected for oncg&iptophancleucine plaes, as described elsewhe{26).

Colonies were lifted on VWR Blotting paper 703, freelzeGri dzZNS R A Y

f Adgadmia® yAGNRIASY

detected using Xal in Zbuffer as described elsewhe(@6). The assay was incubated overnight at 30C

before imaging.

Fluorescence Microscopy

H1299 cells were grown on cover slips for 24 hrs and transfected using Effectene from Qiagen per

YI ydzfF I O dzNB ND a asmidl pEGRBIz@intaigey tiudcatibrié 8f thigdbptinmutants so as

to lack the NLS. (Truncation primép244R 24 hrs later, cells were washed with PBS and fixed with 2%

paraformaldehyde in PBS on an orbital shaker for 15 minutes. The cells were agaddl witthPBS and

mounted onto slides witla drop of mounting media (50% glycerol, 100 mM Tris pH 7.5, 2% DABCO and

DAPI) Cells were iraged by fluorescence microscopy.
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Results

Site-Directed Mutagenesis of Apoptin NES

In order to uncouple multimerizatioffom nuclear export, point mutations were induced at the
most conserved residues of the canonical NE&pofptin Inducing mutations of a canonical
multimerization sequence was not possible because there is no known canonical multimerization
sequence. Segpnce alignments of other various canonical viral and mammalian NES&peigin NES
were done to illustrate the most conserved residues that likely play a key role in nuclear export (Figure
6, section (A)). ApL44 and ApL46 are the most conserved regichay) all of the selected NESs of
comparison. ApT43 of is also conserved among HTR®x NES, MDM2 NES, p63 NES, and p73 NES
except that their residues are all serine. Since threonine and serine are both very similar amino acids in
that their side chainare uncharged and polar they are essentially interchangeable amino acids. Apl40
is also highly conserved among all of the NESs. As is the case with ApT43, Apl40 is interchangeable with
the leucine in the same position of all the selected NESs (excelgtM2 NES) because both amino
acids have large nepolar side chains and behave similariiyl37 appears to be less conserved when
compared to the conservation of the other canonical amino acids; however, there toss#rvation
between Ap37and HIVL Rev NES, p63 NES, p73 NES and p53 NES.

In this study four canonical residuesAfoptinQad b9 { X A &2f SdzOAYyS nn3z {KNB
and leucine 46, were all individually mutated to alanine through PCHliseteted mutagenesis. The NES
of Apoptinhasbeen shown to interact with the major exportin Crm1. Previous studies in which Crm1
dependent canonical NES residues were mutated to alanine, a small neutral amino acid, and showed no
interaction with Crm1 therefore alanine was the chosen amino acid tatauhe canonical residues to.
Also, in addition to L44 and L46 being highly conserved residues of NESs, previous studies have shown

that anApoptindouble mutant, ApL44ApL46A, results in the loss of nuclear export and
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multimerization. This reveals tha#l4 and L46 are likely key players in Crm1 mediated nuclear export

and multimerization. Isoleucine 37 was previously mutated to alanine and was additionally used in this
study.l40, T43, L44 and L46, along with 137 were the five amino acid residues msstwa that

would most likely have an effect on nuclear export and multimerization when mutations were induced

at these residues (Figure 6, section (B)). Once Apl40A, ApT43A, ApL44A and ApL46A were created, DNA
sequencing results verify successful pointtations and homology throughout the rest of tigoptin

gene for all fouApoptinmutants (Figure 6, section (C)).

Secondary Structure Predictions
As virtually no structural data is available fguoptin, two secondary structure prediction
programs (JPREand SSPRO) were used to get a crude ideas of any secondary structures present in
Apoptin Both programs agreed thdtpoptinis largely devoid of secondary structure, except for an
extended peptide near thedl S NJY A y dza -héligeRat thes@@rmihus (Figure7) . Perhaps the
general lack of secondary structure could explain the difficult in crystalkgiogtin, as well as the
inconclusive results of the circular dichroism. Significantly, the extended pepttidelg covers the NES
and extends several upstrearasidues. To check that the prediction programs could correctly
determine the secondary structure of known NES, the programs were asked to predict the secondary
structures of SNUPN and p53, both of whielve crystal structures of their NES. Both programs
O2NNBOGf & LINBRAOUGSR (KS -Helix,inaggremghRuith tie @rystalstfusturés 2 6 S
(Figure7). While these controls do not prove that JPREQ SSPRO are 100% accurate in their
secondary structure predictions of an NES, it does significantly boost the confidence of their predictions.
There is less correlation between secondary structure and the Np&ptinQa b [ { A& 1y 29y
be bipartite, conprised of two sites of containing three adjacent basic residues. The rtesnihal
basic site overlaps partially at the end of the modey A y I £ LINWBIR hvitldi teeRther basic
AA0S | YR 2 lU-hebNd noldiBnrRatad(@afamot 8Bhown). While there is poor correlation
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betweenApoptinQa b [ { I Yy R -feKc8s, itid\igriRidant thé gReditted extended peptide in a
largly structureless protein correlates extremely well withoptinQa b 9 { @ 2 KAfS GKSas$s
experimental, it is tempting to speculate that there might be a reason why the extended peptide

overlaps with the NES, which is also foundpoptinQ & ltiMeatzation domain. A more complete

consideration of this point, and the relation between the NES and multimerization, can be found in the

discussion section.

Y190 Yeast 2-hybrid Assay

The yeast ybrid assay assessed the retention of multimerizatimotigh a double
transformation of Y190 yeast with pGBKT7 and pACT2 plasmid vectors confgintgnand/or the
Apoptinmutants. All five mutants, Apl37A, Apl40A, ApT43A, ApL44A, and ApL46A were ligated into
pGBKT7, a plasmid vector that contains the TgdPE and a DNA binding domain (DBD), half of the
necessary transcription factor to turn on the Gal4 promoter. ApWT was previously ligated into pACT2,
the second plasmid vector used in the yeastybrid system. pACT2 contains the second half of the Gal4
transcription factor, the transactivating domain (TAD) that binds to RNA polymerase Il for transcription
initiation, and also the LEU2 gene. The Gal4 promoter is also under contemfhich when
i NI y a ONJR 0 S-gamctosivBeRviinSeSattificiallsstrate when cleaved yields galactose and 5
bromo-4-chloro-3-hydroxyindole, a product that stains colonies blue. The DBD of the pGBKT7 vector and
the TAD of the pACT2 vector when brought into close proximity to one another by a pooteéin
interaction, will recruit RNAPII to the Gal4 promoter and transcribeltheZFigure 8 section(B)). Y190
yeast were transformed with both pGBKT7 and pACT2 vectors and plated ogt@&Brp plates to
confirm that the yeast indeed were transformed with both vestorhe transformed yeast that took up
both vectors would express the LEU2 gene from the pACT2 vector and the TRP1 gene from pGBKT7 and

be able to grow on the plates without leucine or tryptophan. Untransformed Y190 did not grow on the
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SxLeulTrp plates erifying that Y190 yeast require both plasmids to expteasine and
tryptophan(Figure 8section(A), panel 2B).

For the second half of the yeasth®brid assay, we lifted the colonies off eachlD/Trp plate
with 3mm whatman paper, flash fracturetleém in liquid nitrogen, and soaked the fracture colonies in
X3t G2 -gdaesiiadSactivty if present. The positive control, pAQTRT /pGBKFAPWT,

a K 2 ¢ §akactosidase acitivy (Figuresction (A), panel 1A). Witgpe Apoptinwas used athe

positive controls for this assay because it is well known Aadptinextensively multimerizes with itself.

The negative contrafpACT2/LID . Y ¢ T I & fa@astésidase/aztivily (Figuresction (A), panel

1B).This negative control illustrated2n -galactosidase activity due to the missing inserts in both of the
vectors so the proteiprotein interaction was unable to occur to allow the DBD and TAD to turn on the
DFfn LINRBY2G§SNI TF2NJ (NI yaONA Ligadagtgsidasactivity arfl asmlest ¥ (1 K S

they all have retained the ability tmultimerize(Figure 8 section (A), panels 2A, 3A/B, and 4A/B)

Subcellular Localization of Apoptin mutants.

Fluorescencémaging of mutant®\poptins fused to GFP revealed that point mutation of
conserved residues in the NES change subcellular localization. As compared to GFP alap@AGAP
GFPApL44A and GHRpL46A showed a clear cytoplasmic localization consistent with a functioning NES
(Figure9). The cytoplasmic localization is consistent with the localization ofApWR as reported
previously( 2). This data indicates that T43, L44 and L46 alone are not essential for nuclear export. It is
interesting to note, however, that the double mutant L44AL46A has been shown to abrogate nuclear
export. Either L44 alone or L46 alone is required for nuclear export, but the presence of both is not
required.

Mutant Apl37A showed a strong reduction of nuclegpert, adopting a diffuse localization
(Figure 9) The partitioning between the nucleus and the cytoplasm was more equal than even the GFP
control. The GFP control shows a slight bias towards a nuclear localization. This difference could indicate
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very weakNES in the 137A mutant. However, the significant result is that mutation of a single conserved
hydrophobic residue in the NES can almost completely knock out nuclear exggropfin. Because Ap

I37A was shown to still multimerize in the yeastybrid assay, these results show that it is possible to
uncouple nuclear export from multimerization Apoptindespite the fact that they have overlapping
dowmains.

Mutant Apl40A shows patrtial loss of nuclear export. In some cellsAGEBRA adopted a diffuse
localization, identical to the localization of GRPI37A. In other cells, nuclear export was only partially
disrupted, with significant amounts of GRPI40A observed in the nucle(Sigure 9) The levels of GFP
Apl40A in the nucleus were noticeably higktgain for mutants GFRApT43A, GFRpL44A or GFP
ApL46AFigure 9)It is possible that the observed reduction in NES activity and the cell to cell variability
in localization are controlled by two different mechanisms. That is, one mechanism coh@&s
Apl40A is excluded from the nucleus and another mechanism comiwalsnuchis excluded from the
nucleus. However, it is more tempting to speculate that these two observations may be functionally
related, with the activity of nuclear export existing afpa continuous spectrum. However, the trivial
explanation that CRM1 is differentially expressed at different stages of the cell cycle is unlikely, as it has
been shown that CRML1 protein levels are constant throughout the cell cycle, although CRM1 mRNA
leves do rise and fall with the cell cydl@7). Perhaps an extra cellular factor modifigoptinto
regulate its export in a cetlycle dependent manner. This would be in line with the majority of CRM1

substrates, which are differentially exported because dithrole in cell cycle contrdl27).
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Discussion

Apoptin is a protein from the Chicken Anemia Virus that has the unique ability to induce
apoptacsis in transformed and cancerous cells, but not primary o&fleptin triggers apoptosis through
a p53independent pathway, which is significant since roughly half of all cancers are insensitive to p53
mediated apoptoss, owing to a mutated pathwayA dazlingarray of mutations in any one of a sea of
regulatory proteins can cause canc€he study of Apoptin is important because the protein is somehow
able to distinguish between a wide variety of transformed and primary,aelt®gnizing some common
biochemical difference. Not only can it specifically recognize cancerous cells, but it can kill them in a
manner that it not dependent on the specific mutation that caused the cafcé¢.dza ! L2 LJGA Yy Qa 1 A
abilities are specific enough to leave primary cefllarmed, but broad enough to recognize cancers
caused by different genetic mutations.

¢g2 AAIAYATAOLIY(H OKIFINIOGSNRAGAOA 2F ! LRLIWAY KI Q
mechanism. First, Apoptin shuttles between the nucleus and cytoplasm in biatlrand
transformed cells using antdrminal NES and-términal NLS. However, in primary cells, Apoptin
partitions into the nucleus and in transformed and cancerous cells, Apoptin partitions into the nucleus.
Previous studies suggest differential adyivof the NES is responsible for the characteristic partitioning (
2). Second, Apoptin forms large multiménsvivoand is able to shuttle between the nucleus and
cytoplasm at least as a dimer. Signifittg, the multimerization domain overlaps with the NES, opening
the possibility that multimerization and nuclear export are functionally related. In line with this idea,
prior to this study all mutations that disrupted nuclear export also disrupted mutizagon, suggesting
nuclear export might depend on multimerization. However, this studyated a greater number of
conserved hydrophobic residues in the NES and found that two of the mutants, I37A and 140A, lost

nuclear export while retaining multimeritan.
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Generating Mutants and Assessing Multimerization

Apoptincontains a canonical NES that overlaps with the domain for multimerization and this
study illustrates that these activities can definitively be uncoupled. Through sequence alignments of viral
and mammalian NESs with the NE@&pbptin, we were able to identify the most conserved residues
that were likely to affect recognition by Crm1 in an effort to uncouple nuclear export from
multimerization. The most conserved residuasostly hydrophobicwere 137, 140, T43, L44, and L46. It
was hypothesized that a mutation of one these key residues would lead to the loss of nuclear export
and/or multimerization. A previous study showed that the replacement of the NBBatinwith
another NES lead to ¢hloss of multimerization. The same study also illustrated that a double mutation
of L44 and L46 to alanines lead to the loss of both nuclear export and multimerization. This result left
the interesting question of if single mutations at L44 and L46 deald to the retention or loss of
nuclear export and/or multimerization.

A yeast zhybrid assay was first done in this study to assess the pr@itein interaction of
the five Apoptinmutant NESs with ApWT. Each mutant was fused to the DNA bidingd{DiiD) of
GAL4 and ApWT was fused to the tracsiviatingdomain (TAD) of GAL4; when the DBD and TAD are
brought into close proximity through proteiprotein interactions, the Gal4 promoter is turned on,
SELINBa&aAy3d (K SgakdokitdeliAfdirebdnRaduSingythe yeast in liquid nitrogen, the
i -galactosidase can be easily detected, as it the breakdowrgaf Xto galactose and the blue dye 5
bromo-4-chloro3-K&@ RNRE&AYR2t S® wS&adzA Ga 27F ( KA-galadtosidabed & K2 g &
activity, indicating the mutanfpoptins retained mitimerization. This indicates that single point
mutations at these key hydrophobic residues does not disrupt the domain for multimerization. This
could be because either A) point mutations do not disrupt the secondary structure of the domain for
multimerization so the interaction surface betweékpoptinmolecules is still intact or B) the mutated

residues do not participate directly in tigoptinApoptininteractions.
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Subcellular Localization of Apoptin Mutants.

Next we assessed the effect each mutatioml lzad nuclear export H1299 cells, a remallcell-
lung-carcinoma line . We truncatefipoptinto remove the NLS, fused it to thet€minus of GFP and
transformed each of the tagged truncation mutants into H1299 cells. Fluorescence imaging of each
mutant Apoptin fused to GFP revealed that point mutations of conserved residues in the NES change
subcellular localization. As compared to GFP alone;ApFR3A, GFRpL44A and GFRpL46A showed
a clear cytoplasmic localization consistent with a functioning NEScyEbplasmic localization is
consistent with the localization of GFApwt as reported previously2). This data indicates that T43, L44
and L46 alone are not essential for nuclear export. It is intergsb note, however, that the double
mutant L44AL46A has been shown to abrogate nuclear export. Either L44 alone or L46 alone is required
for nuclear export, but the presence of both is not required.

Mutant Apl37A showed a strong reduction of nuclear@xpadopting a diffuse localization.

This significant result shows that mutation of a single conserved hydrophaobic residue in the NES can
completely knock out nuclear export &poptin Because Af37A was shown to still multimerize in the
yeast 2hybrid assay, these results show that it is possible to uncouple nuclear export from
multimerization inApoptin, despite the fact that they have overlapping domains.

Mutant Apl40A shows patrtial loss of nuclear export. In some cellsAGBRA adopted a diffuse
localization, identical to the localization of GRPI37A. In other cells, nuclear export was only partially
disrupted, with significant amounts of GRPI40A observed in the nucleus. Significantly, the levels of
GFPApI40A in the nucleus were noticeabliglher than for mutants GFRpT43A, GFRpL44A or GFP
ApL46A. One possibility is that-MDA partitions differently depending on the stage in the cell cycle.
This would be in line with the majority of CRM1 substrates, which are differentially exportedssect
their role in cell cycle controld7). If this is true, the trivial explanation that CRML1 is differentially

expressed at different stages of the cell cycle is unlikely, as it has been showRatgLotein levels
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are constant throughout the cell cycle, although CRM1 mRNA levels do rise and fall with the cell cycle (
27). Perhaps an extra cellular factor modifies/interacts wAioptinto regulae its export in a ceitycle
dependent manner. However, post translation modifications (PTM) seem difficult to rationalize, given

that no PTM targets isoleucine and that no other mutants show variable subcellular partitioning.

Apoptin 8 O . 9eBrinus.v ersus Gterminus

tKS O2yaSyadza aSljdzSyOS FT2N) bo9{a KI ad,9&,Sy LINE LR
U2 BGKSNBE u NBLINEB A S ysilys, Kk IR, NPRel K [ed) An0 X iy aiding acidl OA R
12,13). ApoptilQ& b9{ A& LwLDL!DL¢LC¢[{[ FYR NB&aARdSaA Lot
sequence, while Nerminal residues 133 through G36 (IRIG) do not fit the canonical sequence, even
though those residues have beerperimentally validated as part of the NES®quence alignments of
various known NESs wiipoptilQ&d b 9{ Af f dzAGNI 4S& GKIF G Gt&mBinavzaid 02y
hydrophobic residues L44 and L46Agoptin(s - wvith respect to the canonical NEEjgure 6, section
(A)).One would expect that these-t€rminal residues, L44 and L46, are the most important residues of
NESs since they are most conserved and when double mutants are produced at these resideas, nucl
export is lost. That would make thet€minal end of NESs more important for NES recognition by
CRML1. Contrary to this analysis, our data suggests that the less conseteediMus ofApoptirQa b 9 {
(ApI37A and Apl40A) is more important for CRMHioig, while the more conservedt€rminus
(ApL44A and ApL46A) is less important for CRM1 binding. Since it took a double mutant to knock out
nuclear export at the @rminus (ApL44A46A) and single mutants more towards theédkminus (I37A
and 140A), it ppears that the @erminus is more tolerant to mutations while thetidrminus is more
sensitive to mutations. Nonetheless, our data shows the degree of conservation of a residue between
ApoptmMQad b9{ YR (GKS OFy2yAOlf bsOfportneSnanucledr éxpott2 NNB f |
This results could hint at the possibility tispoptinQa b9{ o6AyRa /wam AYy | YIyyS
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canonical leucine rich NES {NRS). In line with this idea are the results of secondary structure predition
programs, vk A O K LINBdRxiirCtie cdnghical SNUPN NES, but predict an exended peptide in
ApoptmQa b9 { &
Single mutations at residues ApL44 and ApL46 each showed the retention of export, illustrating
that CRML1 still has the ability to recogniZpoptinQ a  AsPfevously stated, double mutants at these
residues completely abolishes nuclear export. One explanation for the difference in this data between
the double and single mutants is that perhaps CRML1 recognition of an NES requires a general
hydrophobic reslue in the area of extreme-terminal end of an NES. By having either ApL44 or ApL46
present CRML1 is still able to make contact with one of the hydrophobic residues atdnmiGus of
Apoptinand recognize it as an NES. Another explanation for the éiféer in nuclear export between
the double mutants of ApL44ApL46A and single mutants of the same residues is that perhaps
knocking out both residues in a double mutant changes the way the NES folds and therefore inhibits the
interaction between CRM1 ampoptinQa b 9{ ® ¢KS R2dzof S Ydziltyid bo{ 02 d:
completely abolish any interaction with CRML1 at thee@ninal end. Such a change in secondary
structure might also be responsible for ablating multimerization in L44AL46A double mODtatie
other hand, the single mutants ApL44 and ApL46A retained nuclear export, which could be because the
single mutants may not have an effect on the secondary structure of the NES; the secondary structure
could still be in its normal form in which CRMbst efficiently binds the NES. It is frustrating to leave
this at speculation, but all previous attempts to determitygoptinQd ONB & G F f & G NUzOG dzZNB K

circular dichroism revealed no secondary structure.

Apoptind O AAT T T EAAIT . %3 celahdStruttare pd, 3 ANOAT
Using the nuclear export data obtained in this study, the canonical N&&pfin, and
AYF2NXYIEGA2Y Fo2dzi GKS OFy2yAOFf b9{ 2F {b!tb 068K?2

deduced the key residues ApoptinQa b 9 { Yy S S R&lRRtedhacear éxpoat. Ve ¥so
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postulate a possible secondary structure AgoptinQa b 9 { G K (hpofliexkxt R OS\H LAEGIEA i 2

as a dimer.

The exportin CRM1 bindsINES. The following summary of CRM1 binding is based on the
recent cocrystalizigon of CRM1 with SNUPN (a canonicaNHES containing proteiil2). It is the only
cocrystalization of CRM1 with an NES to be produced thus far. The interaction surface of CRM1 that
binds to the NES & hydroptobic groove formed by 3 helices. The hydrophobic groove starts out wide

and then gets progressively narrower until it is just a narrow channel. The widest part of the

hydrophobic groove bindsthe-BISNX Ay f NBIA 2y 2 Fheliit, WiSle te Bafromgsk A OK A &

part of the hydrophobic channel binds thet€@mial region of the NES, which has been squeezed into an
extended peptide conformation. Analysis of crystallographic structurdSESs show that HRESs

typically contain hydrophobic residues spd2-3 amino acids apart that fit the canonical NES, are rich
in acidic amino acids which make contact with flanking basic residues on CRM1, and are very flexible
themselves or are near very flexible regions of the protein. A large percentage of NE8stiend an

h - helix conformation, although there are a small percentage of NESs in an extended peptide
conformation such as agheet or coil. The hydrophobic amino acids align all on the same side of the
helix that contacts CRM1. {NES are also enrichad serines, which could help solvate the back of the

NES.

{YdNLRNIAY ™M 6{b!tb0o A& I LNRGSAY 6K2Q& [w bo{

located at the extreme Nerminus of the protein and consists of residue$@ (MEELSQALASSFSVSQ).

TheNterYA Yl f NBIA2Y 2 RelixicdaBrmation{(MEEIZSQALKSS) while'the extreme C

terminal end (FSVSQ) is part of a very long extended peptide/loop structure. The loop structure-at the C
terminus of the NES makes the NES itself a very flexiblewteucLikeApoptinQa b9 { 2 2yf é& |

the NES fits the canonical NES. Residues LSQALASSFSV are part of the canonical NES, while the extreme

N-terminal NES residues, MERd extreme @erminal residues, SQ, are not part of the canonical NES,
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butarea GAf f LI NI 2F (K SYGANBE b9{® wSaAiARdzSa amz [nZ
GAUK | KERNRLK260AO ANR2OS 2F /wamd ! OARAO &aARS OK
basic residues (L560 and L522) that flank the hydroghgiziove of CRM1. SNUPN additionally contains
a second NES epitope consisting of mainly basic residues that help to stabilize the main NES with an
acidic patchon CRM1. ThaiNS N A $tEAE 2F {b!tbQ&d b9{ o6AYyRa& (2 (K
hydrophobic pcket and the extended loop of thelCSNX¥ Ayl f Sy R 2F {b!tbQa bo9{
channel after the bottleneck of CRM1s NES binding pocket.
As illustrated by mutants Apl37A and Apl40A who both lost nuclear export, both hydrophobic
residues Apl37 and MO play a role in CRM1 recognitionAdoptinQa b 9{ ® 52 dz0t-S Ydzil yi
ApL46A lost nuclear export in another stud), while in this study single mutants of L44 and L46
retained nuclear export, whicindicates that the @erminal end ofApoptiQa b 9{ R2Sa L} I & |
CRM1 recognition ohpoptinQ & BgoptidRa OF y2yAOFf b9{ A& L! DL¢L¢[{[ =
37 through 46. However there are more NES residues at the extretagrihal endof the entire NES
and within that region, there are 2 hydrophobic residues, 133 and I35 that could potentially interact with
/ wam® {b!tbQa NBaARd:S& amI [nX [yZ CmMnX FYyR *#mMc A
data and from data previouslyode in another study, one could deduce thfgtoptinQa NBX aA RdzS& Lo
L44 and/or L46 directly interact with CRM1. One could also speculate that either 133 or 135, residues of
the Nterminus ofApoptilQa b 9{ G KI G0 R2 y20 YI (eé with KEBV1Gihcg 2 Yy A O €
{bltbQad amX gKAOK Aa y2i | LI NTRMZ2 (Figuidg)S O y2y A Ol f
ApoptimQa | YAY2 | OAR &a4SIdsSyO0S ¢l a& NdHzy GKNRBdAAK | &¢
was predicted to have an extended peptide confation in the NES (CITE). As secondary structure
prediction programs are not near 100% accurate, we put SNUPN and p53 through the same prediction
LINEINIY & | O2ydNBf & { Heélix athedNedninal )i moAC@imbdtend 2 KI @3S

oftsND{ & ¢KAOK YIUOKSa ¢AUK GK ONEB&aUGFf &l MazO( dz2NB ©
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throughout its NES, which also matches solved crystal struc@®&gFigure7). As found by Leliveld et

al. (2003) through circular dichrois#poptinis largely devoid of helical structuré8), so it is possible

that ApoptinQa b 9 { A & onfgfmation Ra AASIDNEB LRI {O O2 dzy G SNLI NGHSNE K|
helix conformation. Although the NESs of SNUPNAgaptin may have different secondary structures,

it seems safe to assume that all proteins that are exported by CRM1 must interact with CRM1 in a very
similarmanner. 88 K& RNRLIK20A O NB&aARdzSa Ay GKS b9o{ ySSR (2

for export. As of now, there is no reason to believe that the correct positioning of NES hydrophobic

(s}

NBEaARdzSa O2dzZ R 2y f & S& S ErO Q2 YA phindkiéShitoach i xteinded hi
LISLIGARS O2yF2NXIF GA2Y &AY OfelicinformatiorocBulldstBi BS R G KIF G b9
NEO23IyAT SR o6& / wawm RdzS -teinfnal NESSntegmdtiohSyffScpapticduld/ wa m Q a
adopt an extended peptide céormation such as a-Bheet for the Nterminal region of the NES

(residues 133 through T43), and an extended peptide (eitheccwilar a Bsheet conformation) at the
extreme @i SN¥YAydza 2F GKS b9{ o[ nn {KNRdzKcdhanmelthati 2 FA G
binds the @erminal ends of NESk addition, it seems almost mandatory that the hydrophobic

residues of an NES that interact with CRM1 be on one side of its secondary structure in order to interact
GAGK / wamMQa K&RNRIEKRZ oAKS AlySieS Nerd RONSPALIKL2/ORASO NB a A RdzS a
2y 2y S AAKBI AEF YKRS I'NB (KSYy o0dzZNASR gAlKSHMUPNwamQa K
interface. In sum, although the secondary structure was predicted to be different than SNUPN, it i

speculated thatApoptincould potentially adopt an extended peptide conformation with key

hydrophobic residues on one side of the extended peptide available for interaction with CRM1.

Noncanonical Aspects of Apoptin 6 O . %3
ApoptinQa b 9{ | f atte cdRdniEaF NESJvith TedRdy to its Hoydrophobic residues.
Alignments of experimentally validated NESs have revealed an enrichment of aspartic acid, glutamic

acids and serine residues in the NES. Dong et al. (2009) have speculated that the adigis s¥giance
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bo{ O6AYRAY3 o6& 0S8SAy3a O02YLI SYSyilNE (2 oFarxd NBaiR

NBaARdSEasS (GKSe aLSOdzA I i S RBelixdcehel silvad 2. Bdysisofk S o1 O 2

QX

ApoptilQa b9 { &aK2ga y2 idedduasleithé dirdly irdtiedanuetcad @ in the®

ax

ddzZNNR dzy RAy3 ' YAy2 | OAR&X adaA3SadAiy3da GKFG Ad R2S
would make sense fpoptimQ&d b9{ I RILIWISR Iy SEGSYRSR LISLIARS 02\
different secondary structure prediction programs. Assuming that the hydrophobic residues are all
facing downward to contact the CRM1 NES binding site, an extended peptide conformation would orient
the intervening residues facing up. Being more exposed to sbthan to the flanking side chains of
CRML1, the orientation would prohibit the interaction of any acidic residues with the flanking basic
NBaARdAZSad / 2y OBSNBSE &3 ¢ K Shflix togforrbagiop, residigslciinde G KS Y2 NB
positioned such that tly jut out to the side and make easier contact with nearby CRM1 residues. Thus
the lack of aspartic acid and glutamic acid residues could be explained by the predicted extended
peptide conformation being unable to position the acid residues to productbglyy i Ol / wamQa o |
residues.

'Y20KSNJ FYAYy2 FOAR GKIFIG A& SYNAOKSR Ay b9o{Qa A
binding to CRM1, Dong et al. (2009) suggested that polar residues along the solvent exposed side of the
b 9 {-helix would help to solvate {t12). In agreement with this idea, an enrichment in serine residues
has been identified at positions within NEHS$8). Taken together, these observations suggest that at
least some NESs function as a flexible, independent tag that is not significantly bound up in the tertiary
a0 NHzOG dzNB 2 T ihédixSof thaNNEE Sis Svérg/ adface. of a gioBufir protéiere would be no
need to coat the back side with hydrophilic residues. WhApeptinQa b 9{ Kl a 2yfte& 2y S &8

does have two nearby threonine residues. Again assudpaptinQa b 9{ | R2LJia G(KS LINBR

peptide conformation, the threeqdar residues would be aligned to the same side, helping to solvate
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the NES. The presence of the polar residues could be an indicatioAgbptinQa b 9{ FdzyOliA2y a
independent motif, spatially separated from the maipoptinfold.

Thus, whileApoptinQa b 9{ f A { St &-hedeHatativexiended pgdidel y
conformation could allow for similar residymositioning strategies. It would allow the hydrophobic
residues to align downward, fitting into the hydrophobic pockets of CRM1, while afjahén
hydrophilic residues to align upward, solvating the back of the NES. A limitation of the extended peptide
O2Yy T2NXI GA2Y | Zeliodnfoudtatel iRthal ifwodldyhot allow for acidic residues to be
positioned sideways to interact with @R basic residues. Consistent with this idea, no acidic residues
are found in or neaApoptinQa b9 { @

In addition to the LR NES of SNUPN there is also an NES region rich in basic residues in SNUPN
that binds with an acidic patch on CRM1 near the hydrophdES binding site and is used to help
stabilize and strengthen the weak SNUEBRML1 interface. Interestingly, there are an abundance of basic
residues which make up the bipartile NL&\pbptinthat is located near the extremet€rminus of the
protein. Dong et al. (2009) speculate that since the proximity of the LR NES binding site and the acidic
patch are so close on CRM1, that many CRML1 substrates may contain, in addition to-tHEB Lifasic
NES regiongl2). It is complete speculation, but perhaps when CRM1 binds the N&®pfin, it
induces a conformational changeApoptinto essentially swing over the NLS to bind with the acidic
patch on CRML1 to help stabilize the CRMINES interface. Thisuld help explain whjpoptinis
believed to have little regular secondary structure since it has yet to be crystallized and circular
dichroism has shown no secondary structure. NESs and NLSs are required to be flexible portions of
proteins for easy accego exportins and importins. Sinégoptinis such a short protein (121 amino
acids), and the NES is located at thteNninal end and the NLS is located at thee@ninal end, it begs
the question of how much regular structure can the protein have ifethds needs to be flexible and

mobile.
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Intermediary Export of 140A

Site directed mutagenesis 8poptiMQd b 9{ NBadzZ GSR Ay I &aLISO0GNHzy 2
ApT43A, ApL44A and ApL46A showed complete retention of export, while mutation Apl37A showed a
complete loss of transport. Intermediary between these two extremes is mutation Apl40A, which in
some H1299 cells shows complete loss of export, while in other H1299 cells, it shows varying amounts of
nuclear export. These results show that nuclear expbAmoptinA &8y Qi A GNA OGt & 2y 2NJ 2
H1299 cells the same mutant can adopt different-seliular localizations. This observation may hint at
more complex regulatory mechanism that medidtpoptinexport beyond simply binding to CRM1.
Although nore data is certainly needed to tease out the regulatory details, we will speculate on some
possibilities here.

One attractive possibility is th#poptinQd SELR2 NI A& &2YSK26 Ay |1 SR iz
culture are at different stages in the cellcty, and so could exhibit differeAtpoptinlocalization, if its
export were coupled to the stage in the cell cycle. Indeed, a major class of proteins with NES are
involved in cell cycle control. These proteins obviously need to be exported only at ¢eni@snin the
cell cycle, and so it seems possible tApbptincould be regulated by some of the same -ogitle
dependent mechanisms. But if the variability in localization of Apl40A is due to the stage of the cell
cycle, why then is no variability obsed in wild typeApoptinor any of the other mutants? This could
be explained if a cell cycle dependent helper protein could a&gisptinin binding to CRM1. The
necessity of this helper protein would depend on the strength with wiAipbptinQ& b 9 fo CBM1y R &
In the wild typeApoptinor in mutations ApT43A, ApL44A or ApL46A, the NES binding to CRM1 would be
strong, and would be stable regardless of the presence of a helper protein. Thus wild type, T43A, L44A
and L46AApoptinwould always be exportedConversely, the 137A mutation could be so destabilizing
that it could not bind CRM1 even in the presence of the helper protein. In the case of 140A, the mutation

could have an intermediary effect on CRML1 binding. The mutations could be disruptive enatigh su
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that ApoptinR 2 S & y” @poptiddn yfsRown, but still has enough affinity for CRM1 that it can bind with
the assistance of the helper protein. Thiygsoptinwould only be exported at the stages in the cell cycle
during which the helper protein is exmsed.

Alternatively, the mutations idpoptinaffect how well it competes for CRM1 bindidgoptin
mutants T43A, L44A and L46A could have equal CRM1 affinity as does wilgptypie. These mutants
would always strongly bind CRM1 and be exported. Irnrasty Apl40A could have intermediary affinity
for CRML1, and could be outcompeted for CRM1 binding by othecyel dependent proteins. Thus a
diffuse Apl40A could correlate to times of high CRM1 dependent export in which CRM1 is saturated and
so prefeentially exports strong binders. Similarly, nuclear exclusion of Apl40A could correlate to times
of low nuclear export during which CRM1 can export low affinity binders. Clearly, further experiments
are needed to provide data to distinguish among thesesfimtities. One particularly useful experiment
would be to transfect a synchronous population of H1299. If Apl40A localization is still variable, then the
difference could not be correlated to the stage of the cell cycle and is likely due to other oelll to
variablity. However if Apl40A localizes similarly in the synchronous cells, then it would point to a
dependence on the stage of the cell cycle. It would be particularly convincing if the cells could be caught
at the stage in the cell cycle where ApMi3 diffusely localized, since this is normally a relatively minor

localization of Apl40A.

Post Translational Modification of Apoptind O . %3

It is unlikely that mutated residues that caused a changg&pioptinlocalization are the targets
of differential pst-translational modifications (PTM), which could influence localization. Both of the
mutated residues that cause a change in nuclear export were isoleucines, which are not subject to post
translational modification. It is possible that mutations 137A &@A could distort the secondary

structure, which could inhibit binding to the enzyme that adds the PTM. However, this is entirely
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speculative and it is simpler to think that alteration in the secondary structure would directly inhibit

CRML1 binding, rattrehan inhibiting binding of an enzyme that adds a PTM that prevents CRM1 binding.

Relationship Between the NES andMultimerization

The most significant result of this study is that multimerization and nuclear expépabtin
are separable functions. Ofindings are in contrast to previous studies in which all mutations that
eliminated nuclear export also eliminated multimerization. Taken together, the data shows that nuclear
export and multimerization are functionally related, and that only certain rioite are able to separate
them. The simplest explanation for nuclear export and multimerization being related is that they both
NEfe 2y GKS alFyYS IYAy2 | OAR NB&aARdzSa (2 FdzyOlAazyo
align along one side of drhelix and form a hydrophobic strip that participates in the tetramerization
domain interactions. Thus mutating a conserved hydrophobic residue would not only prevent CRM1
binding, but could also reduce or eliminate the affinities of the tetramerizadiomain. However,
secondary structure prediction programs predigioptinQd b 9{ G2 68 Ay Lty SEGSYRS
02 y ¥ 2 NI I (i AMhk.Signffigaitly, lthg extended peptide of the NES is the only secondary
structure predicted in the multimerization domaimhe lack of any predicted secondary structure
elsewhere in the multimerization domain makes it even more tempting to speculate that the
multimerization activity maps to the extended peptide of the NES, as it is difficult to see how a proteins
could multmerize at an interface without a regular secondary structure.

One speculative idea is that the extended peptide of the NES contributes to multimerization in a
manner similar to amyloiglaque formation(Figure 11)Nelson et alshowed short extended pejutes
can stack in the standard Pauli@prey parallel arrangement and form fibrils that show the essential
features of amyloid plaquegs29). The fibril is composed of two sheets that are held togethetiditly
interlocking amino acid residues, with each sheet being composed of a parallel stacking of extended
peptides held together vertically by hydrogen bonding. The two sheets are arranged arouadrev2
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axis, so that they are rotated 180 degreesuard the central axis, and staggered one half the length of
the vertical repeating unit. A similar quaternary structure could be formed by the extended peptide of
the NES. Most significantly, it would explain #hgoptinfibrils observed in the cytoplasm boot the
nucleus under immunofluoresense. GFP fused to therhinus ofApoptinare known to instead form
punctate aggregates in the cytosol, possibly a consequence of GFP interfering with the stability of large
stacks of the extended peptides. The anigdlike formation would also explain the fact that the
appearance oApoptinfoci only occurs after a certain period of time and are only observed in the
cytoplasmNelson et alproposed that the rate limiting step in amyloid formation is the nucleatiep s
which requires high protein levels to ocqu29). Only after a certain period of time woulboptinQ a
concentration be high enough for productive nucleation. Additionally, active export from tHeusuc
would reduceApoptinQa O2y OSY (N} A2y o06Sf2¢ (GKS GKNBakKz2fR
contrast to the possibility thaf\poptinassociates with existing fibrils in the cytosol, like actin filiments,
which are present in the cytoplasm buoot the nucleus. IApoptindid associate directly with existing
filiments, it would not explain the time it takes fépoptinfoci to form. An immunofluorscence time
course assay would be useful to distinguish the two possibilitidgpdptinfilamentsare found from the
beginning of expression, whekpoptinQa O 2 y OS y i NI Apdpgnyhoshlikely bsBogidtes with S y
existing cytosolic filaments. However if the filaments only appear after a certain amount of time, it
would point to an amyloidike Apoptin filament. Most significantly though, the possibility that an
extended peptide could pull double duty in both the NES and multimerization domains could explain
why mutations in the NES also disrupt multimerization. A mutation in one of the hydraphesdidues
needed for CRM1 binding could also destabilize the interactions between the extended peptides
forming the amyloidike fiber. However, given the preliminary data at this point, it is difficult to
rationalize a structural basis as to why some atiains (Apl37A and Apl40A) eliminate nuclear export

and not mutlimerization, while other mutations (ApL44AL46A) eliminate both nuclear export and
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multimerization. While it is certain that each hydrophobic residues contributes differently to nuclear
exportor multimerization, at this point we are unable to saiy each residues contributes differently.
Perhaps the mutation of certain hydrophic resides disrupts the secondary strucuture, leading to loss of
both export and multimerization, while other mutatiosly remove the residues needed for CRM1
binding, while leaving the secondary structure unchanged.

Having the multimerizaton domain overlap with the NES domain could potentially result in an
antagonistic relationship between multimerization and nuclegpaat if the NES is buried in the
F33INBIFGSR adGlriadSed ¢KAA A& AAYATI N G2 (KdteiFdzyOlGA2y
interface in the tetramer state. However a series of experiments have provided convincing evidence that
Apoptincanshuttle between the nucleus and cytoplasm in at least a dimerized state, and potentially as
larger aggregates. In the study, two differentially labeled muggpoptins were created which either
lacked a functional NLS (GAP-pmNLS) or lacked a functiodES (dsREBp-pmNES)Heilman et al.,
2006).As expected, GFRp-pmNLS always localized to the nucleus and ds&EUNNES always
localized to the cytoplasm, regardless if they were expressed in cancerous (H1299) or primary (PFF) cells.
However coexpressionf the mutants resulted in wild type localization patterns, partitioning into the
nucleus of cancer cells and partitioning into the cytoplasm of primary cells. Restoration of wild type
partitioning is presumably due to a functional NES and NLS beinghtrtoggther byApoptin
RAYSNAT Ay3a 2NJ Ydzf GAYSNAT Ay3do ''a adGqrkriSR 62383 Ydzi
masking its activityApoptincould not multimerize this way if its mutlimerization and NES map to the
same residues. HoweverApoptinmultimerized similarly to amyloid fibers, a functional NES would be

left exposed at the end of the stack, allowing for nuclear expoAmdptinaggregates.
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Conclusions and Future Recommendations

Apoptin, a viral protein from the chicken anemia viruastthe unique ability to selectively
induce apoptosis in transformed cells but not primary cél[soptincontains both an NLS and NES,
which promote the nucleocytoplasmic shuttling which is necessary to induce apoptosis. Overlapping the
NES is the multintezation domain, which facilitatespoptinQd F I3INB I GA 2y Ay d2 1 NBSE
multimers. Because protein multimerization has the obvious potential of masking an NES, and because
previous studies have shown thApoptincan shuttle at least as a dimer, tlqgestion arose as to
weather multimerization and nuclear export were functionally linked. All previous attempts to uncouple
multimerization from nuclear export using site directed mutagenesis have failed. However this study has
shown that mutlimerizatiorand nuclear export can be uncoupled. Mutations I137A and 140A retain
multimerization while loosing nuclear expah obvious way of regulating NES activity via mas

It will be necessary in the future to test each of the mutants for their ability to induoptapis
in transformed cell lines such as H1299 c¢efpeciallywith the Apoptinmutants 137A and 140A
Previous studies have shown that chemical inhibition of nuclear export nulifieptinmediated
apoptosis.Therefore, it would be expected thaipl37A will show no apoptotic activity and that Apl40A
will showcell to cell variability in apoptosis, mirroring its cell to cell variakitityuclear exportlt will
also benecessary to assess the ability for each ofAlpeptinmutants that retained nuear export
(T43A, L44A, L4689 induce apoptosis to verify that these mutations do not affappptinQa oAt A G &
induce apoptosis even thougtuclear export is functional

Although this study mutated many of the hydrophobic residuespoptinQ @ ke@efalXemain
to be mutated.To assess the ability afiditional hydrophobic residues #jpoptinQa b9 { @2 Ay i{ SNI
CRM1, mutants ApI33A, ApI35A, Apl42éudth be generated. dditionallydouble mutants Apl40AI42A
and ApI33AI35A coulok generated to se if those amino acids interact with CRM1 like L44 and L46

appear to do. If double mutants Apl40AI42A and Apl33AI35A act like L44 and L46, then they should both
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loose NES and multimerization activity, while their single mutants (ApI33A, ApI35A, Apl405)Apl
should retain NES and multimerization (except Apl40A which has partial NES activity as verified by this
study). In these regions of the NES, perhiapth hydrophobic residues are positioned similarly and so
only one is needetb interact with CRM1. Tdse same single and double mutants would also be useful

to try to distinguish the exact domain for multimerization and to try to determine which amino acids are
required forthe multimerizationinterface Is it possible to knock out multimerization witimgie

mutants to disrupt the multimerization interface, are double mutants required to so (perhaps by
disrupting the secondary structure and disrupting the multimerization interface then)?

Apoptinmutants that eliminate nuclear export while retaining multimerization will be
indispensible in future studies #fpoptiMd Y SOKF yAayY 2F | OlA2yd | 26 SPSNE
mutants that retain nuclear export but lack multimerizatidtotentially,mutations 133A and I35A could
accomplish thisResidues 133 and 135 lie just upstream of the canonical NES but still within the predicted
extended peptide. IApoptindoes form multimers similar to amalyoid fibrils, mutations 133 or 135 could
disrupt the inkeractions between the extended peptides, without necessarily changing the position of
the conserved hydrophobic residues in the downstream NES.

ApoptimQa OF yOSNJ 1 AffAYy3 | 0Af A (adgdide ®yudrgcandd S| f SRX
therapy.Apoptin@ mechanism of action is particulavgluable since it is able to kill a broad spectrum of
cancer cell$n a novel p53ndependent mannenvhile leaving most normal cells unharmetis
significant thatApoptinkills via a p53 independent pathway, as gbly half of all cancers have a
mutated p53 and are insensitive to therapies targeting this cellular policing pathirragapitulated in
a cancer therapeutid\poptiftQd o6 NP | R &dhiinstcantaSodlisvduld Béitiiedoly grail of
cancer treatmeh The mutants generated in this study will aid in the future dissectiofpaiptinQ a
mechanism of action and selectivity. If understood well enodgloptinresearch coulgrovide a

roadmapto designingnew powerful, broadly actingnticancer therapeutics
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Figure2 ¢ Regulation and effects of Cdklpon binding to the proper cyclin, the Cdk migrates to the nucleus where it
phosphorylates the &ils of histones surrounding particular genes. The DNA unwinds, allowing transcriptional machinery
access to the gene. Once expressed, the gene products promote the next phase of the cell cycle. Green arrows represent

activation, red blunt arrows represeninhibition, and black arrows represent physical associations or movement.
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Figure3 ¢ The p53/Mdm2 anticancer pathway. Mdm2 normally antagonizes p53 through ubiquitylation. This process is
blocked if kinases (e.g. ATM or Chik#)osphorylate p53 or if Mdm2 is inhibited by antiproliferitive pathways (e.g. RAS). p53
promotes expression of CKIls, which arrest the cell cycle and can eventually induce apoptosis. Green arrows represent
activation, red blunt arrows represent inhibitionand black arrows represent physit associations or movemer(t17).
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