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1. Introduction p300™* The TAD of p53 has binding sites to interact with
. . . transcription adaptor putative zinc finger 1 (TAZI)AZ2,
Tumor protein 53 (TpS3 or p53) continued to be Bt of  yinase-inducible domain (KID) interacting domain (KjX3nd
active research since its first identification fretlate 19705’ nuclear receptor co-activator binding domain (NCBDLBP or
The protein p53 first thought to be an ongoprot&ie eve;ntually p300 along with the p53-binding domain of HDM2TAD-p53
emerged as a tumor suppressor playing central ioléhe  jqeracts via its two active regions AD1 (1-42) and AB2-63)?
maintenance of genome stabiffty. In _unstressed cells, the |, the ynstressed cells, AD2 binds to CBP domainsenAD1
negative regulator human double minute 2 (HDM2) pnote pings o HDM2' Thus, through AD1 and AD2, TAD forms a
ponublqg|t|nates p53 Ieadlng to its contlnuous.tposomal ternary complex that leads to the degradation 08 fify
deg”’}gﬁt'on’ therefore, keeping pS3 concentratibnaalow piguitination™ On the other hand, genotoxic stress results in the
level. =™ Whereas, upon cell stress or DNA damage, pS3 getshosphorylation at Thr and Ser residues of AD1 whisreeely
activated via disruption of the pS3-HDM2 interactiomhich  \yeakens its interaction with HDM2 which leads to preferential

results in accumulation of p53 leading to inhibitiof cell growth binding of TAD to the CBP domains and activation 58>
and apoptosi&™ In many human cancer cells p53 behaves

incorrectly with up to 50% of tumors containing egtlossessing There are not many proteins in molecular oncoldgyt have
p53 mutations! Furthermore, cancer-inducing viruses canSO many sites for post-translational modificatioi®TMs) as
inactivate p53, for example, E6 protein of humapiliama virus ~ P53:° Importantly, the tumor suppressor p53 was showbeta
(HPV) induces p53 degradatidh. phosphoprotein just after few years after its discg¥*® Thus,
i i . i . phosphorylation turned into the most recognized Paid was

The protein pS3 consists of five major domains,hs@s  gyiensively studied over the yedr@he TAD alone contains
transactivation domain (TAD), proline-rich domain, DNA gayen Ser and two Thr residues available for phoyettion ™ A
blndln_glscore domain, tetramerization domain andulE9ry  gingle phosphorylation at Thrl8 results in two-tinesrease of
domain.” The N-terminal TAD is acidic, intrinsically disonael p53 affinity towards TAZ1 of CBP* A more significant 10-fold
and responsible for binding to various transcripfiactors:* The enhancement occurs when Serl5 and Ser20 are also
activity of pS3 is controlled by its interaction WitiDM2 and  \sphorylated along with Thri8.Studies by several authors
transcriptional co-activators CREB-binding prot¢@BP) and  have shown that individual phosphorylations of Ser$6r20,
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Ser33, Ser37, Ser46, Thrl8 and Thr55 modulateadtiens of
p53 to each of the four binding domains of CBP/p2@d to

the role of PTMs requires synthesis of proteindites where the
three-segment strategy is more modular and flexiBlEMs can

different extents®***° However, Thri8 has been found having occur along the entire sequence of TAD-pSRor this reason
the most potent influence*® Moreover, it has been observed larger combinatorial diversity of the library willebeasier to

that depending on the type and intensity of thesstrand cell
type, differential phosphorylation and thereby fmedulation of
p53-CBP/p300 interaction and transcriptional outearacurs’'®

Thus, these events collectively provide a regujaswitch that
facilitates TAD-p53 binding to CBP/p300 over its a#ge

regulator HDM2'

Apart from phosphorylation, there are several aatityh sites
in the C-terminal domains of p53 which are crucil p53 to
maintain its function. The lysine residues, Lys30%s370,
Lys372, Lys373, Lys381, Lys382, and Lys386 are ydatd
during different forms of genotoxic and non-gendtox
stress®*?? Significance of acetylation lies in the fact thiats
mutually exclusive to ubiquitination for p53 regiida.'® In
unstressed cells ubiquitination leads to the demdiad of p53
while acetylation ensures non-ubiquitination of g8 residues
in stressed cells which leads to p53 stabilizatibhus, both
phosphorylation and acetylation are critical fastdor p53
stabilization®®

Although there are multiple studies that provideduable
insights into the role of phosphorylation of indival residues
and other PTMs, there are still many questions tiegtd to be
addressed to fully understand the biological sigaifce of p53.
The TAD-p53 (wild-type or phosphorylated) used soifiamost
of the studies were either prepared biosyntheticatlly

achieve with three-segment ligation approach, whidhreguire
lesser number of peptide building blocks. For exampo
prepare all 512 possible phospho-variants of TAD-{s8¥en Ser
and two Thr phosphorylation sites lead to' 2 512
combinations), it will require synthesis of 132 pdptsegments
(2"+2?) via a two-segment ligation strategy (approachein 24)
and only 28 peptide building blocks®¢2'+2%) using a three-
segment ligation method (Fig. 1).

The ligation junctions (residues (15-16) and (37r38
respectively) were chosen in the regions of the eecg that
remain unstructured in the known complex with nuclear
activator binding domain (NCBD) of CBP, therefore
modification of GIn1l6 and GIn38 into pseudo-glutamsinis
unlikely to affect the properties of the synthéftisD-p53.

Both the C-to-N and N-to-C one-pot ligation stragsgivere
tested in our study with different thioesters of thiedle segment
used in the N-to-C native chemical ligation andrtbemparative
yields are presented in this article.

2.1. Synthesis of the peptide segments

For the synthesis of the segment-1 (Nlel-Serl5), ualan
conventional Fmoc/tBu-SPPS was applied using hydeagtsin
and HBTU (hexafluorophosphate benzotriazole tetrayheth
uronium) as coupling agent anbl,N-diisopropylethylamine

biologically expressed or in some cases a small part of it has(DIEA) as activator base (details are in tW@pendix A

been synthesized chemicalfy. The efficient total chemical
synthesis or semi-synthesis of full-length p53 wothus be
particularly attractive to address the questionshefrole of the
combinations of PTMs in p53 function because suethods can
allow for preparation of modified analogues with jgeqatterns
of the desired modificatiorfs. Towards this goal, in this
manuscript a detailed synthetic procedure for pagmm of
TAD-p53 is described based on the combination of d¢#tBoi-
solid phase peptide synthesis (SPPS) and nativaichkligation
(NCL), which complements previously published syrithet
protocol®*

2. Results and Discussion

In this work the 61-residue transactivation domafnp63
(TAD-p53) has been synthesized using a three peptdenent
ligation strategy (Fig. 1). The peptides were joirted native
chemical ligation (NCL) using unprotected peptitiioesters
and Cys-containing peptide segmenits. The TAD-p53 has no
native Cys residues in its sequence, therefore, 85&mtd GIn38
were replaced by Cys residues in which the thiol sitgns were
alkylated using bromoacetamide to achieve a sidainch
chemically similar to glutamine. Another modificatiovas made
to prevent the problem of oxidation of the methims, which
was shown to complicate the synthesis and isolatiorhus,
Metl, Met40 and Met44 were replaced with nearly Eost
norleucine (Nle) residues. As a result, the threensegs in the
synthesis were Nlel-Serl5 (segment-1), Cys16-Seyn@nt-
2) and Cys38-Asp61 (segment-3) (Fig. 1).

The ligation of three segments can be advantagemmpared
to previously reported synthesis based on a twmseg
approach for the following reasons: (i) peptide segmentsdeee
for ligation are shorter and easier to synthegideglucidation of

Subsequent cleavage from the resin and HPLC puidita
resulted in a yield of 56%. Segment-1 (Nlel-SefNHiNH, was
then transformed into the correspondftigioester (Fig. S1). To
achieve such conversion, the C-termififaydrazide functional
group was first oxidized téazide by sodium nitrite anith situ
thioesterified with MeSNa (sodium 2-mercaptoethan@mnate)
making it suitable for native chemical ligatidh.

Meanwhile, the middle segment-2 (Cysl6-Ser37) was
synthesized in two forms (see Table S1 and Fig. [82he first
approach, using the hydrazide resin, (Cys16-SefSHANH,
(segment-2A) was synthesized using microwave-assiSRES
usingN,N"-diisopropylcarbodiimide (DIC) and Oxyma (2-cyano-
2-(hydroxyimino)acetic acid ethyl ester) as couplireagents.
After cleavage and HPLC purification the yield wasrfduo be
32%. Such (Cys16-Ser3M{HNH, containingN-terminal Cys
residue was used in N-to-C ligations.

In another method, employed for C-to-N ligatioNsacylurea
linker was used for the middle segment synth@sis this
process, a linker 3-amino-4-(methylamino)benzoidd awas
prepared with the primary amino group Fmoc-protettethe
Fmoc-Rink amide resin was used in this case andha@racid
glycine was coupled to it followed by the linker ahén theC-
terminal amino acids starting from Ser37 were caliplsing
Fmoc-SPPS. As required in this method the last ealpk
terminal amino acid was Boc-Thz (Boc-thiazolidif)t has to
be noted that in the synthesis of (Thz16-Sef8%®Nbz
(segment-2B) a more efficient coupling reagent HATU
(hexafluorophosphate azabenzotriazole tetramethigdnium)
needs to be used instead of HBTU in conjunction withbde
couplings of the five C-terminal residues to avdaletions. The
peptide was prepared at room temperature using |Syrtomatic
peptide synthesizer. After the last coupling, kamethylaniline
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Fig. 2. (a) One-pot native chemical ligation towards TAD-p%3
N-to-C direction (using MeSNa for preparing activeéoéster
after first NCL) monitored by analytical HPLC. By-phacts in
panel 6 (from the top) are (1) (Cys38-Aspédinide, (2) (Nlel-
Serl5)-(Cys16-Ser37QH,
“amide. (b) ESI-MS-Orbitrap analysis of the pure TAD3p5
Multiple peaks for each charge state are due toaxa K ion
adducts. A repeating of the synthesis (summarizeBign S4)
using this procedure with several modifications &ppendix A
confirms complications in N-to-C strategy.

moiety (linker) was subjected to cyclization on mesising
chloroformate derivative and DIEA base in successieps to
convert it into arN-acylurea (MeNbz) moiety. The peptide was
cleaved and purified with a yield of 25% before MeSiées used
for thioesterification of (Thz16-Ser37)eNbz by substituting
the MeNbz moiety (Fig. S2). The resultant (Thz1633%r
“thioester building block was used for C-to-N ligaton

The C-terminal (Cys38-Asp6iamide segment was
synthesized on a Rink-amide resin using microwasgestes
SPPS using DIC and Oxyma with an isolated yield 6%1
(Fig. S3) and was used in both N-to-C and C-to-Nikoes.

(3) (Nlel-Serl5)-(Cys38-Asp61)-

2.2.Native chemical ligation of peptide segments

2.2.1. N-to-C one-pot and sequential ligations

The two segments, (Nlel-Serl™R (MeSNa thioester) and
(Cys16-Ser37yNHNH, were ligated in a denaturing buffer (6 M
guanidine-HCI, 200 mM phosphate, pH 7) within 3 h veithood
conversion as evident from analytical HPLC (Fig. 2).
Subsequently, (Nle1-Ser15)-(Cys16-Ser3¥HNH, was
converted to’thioester upon treatment with Nadl@ndin situ
reaction with MeSNa furnishing the corresponding (Nget15)-
(Cys16-Ser37jthioester ready for the second NCL with
(Cys38-Asp61lfamide segment. However, we found that the
second NCL was complicated by hydrolysis of (NleliSgr
(Cys16-Ser37jthioester. The reaction was continued for
extended period of time (10 h) to reach maximumsjiobs
conversion. In Fig. 2 (6panel from the top) the pealts 2, 3
correspond to unreacted (Cys38-Asptditide, (Nlel-Serl5)-
(Cys16-Ser37yOH and (Nlel-Serl5)-(Cys38-Asp6Bmide,
respectively, along with the desired (Nlel-Serl5)s1B¢Ser37)-
(Cys38-Asp61famide product. High quantities of unreacted
(Cys38-Asp61famide are due to undesired depletion of (Nlel-
Serl5)-(Cys16-Ser37jhioester. The by-produ@ arises from
the undesired ligation between (Nlel-SeriSR (remaining
from the first ligation) and (Cys38-Asp6lgmide, which is
present in excess.

The next step was the alkylation of the two Cysdess to
convert them into pseudo-glutamings@In16 andy-GIn38). To
achieve this, 1 M bromoacetamide was prepared in 6 M
guanidine-HCI, 200 mM phosphate, pH 7 buffer and dddehe
reaction mixture in three-fold excess over totadltmamount in
the solution and kept at 40 °C after adjustingghieto 6.6. This
reaction was fast and was stopped after 10 min diocger
reaction times can result in undesirable alkylatafnresidues
other than Cys. Reduction of pH to around 4 after rémction
prevents any undesired alkylation. Purificationtbé reaction
mixture resulted in the final 61-residue TAD-p53 lagae in
13% overall yield (based on the (Nle1-SeriSR).

Instead of adding MeSNa to convert (Nlel-Serl5)-(6ysl
Ser37)%azide into the correspondintfhioester, ligation with
(Cys38-Asp61famide was also tried with 50 mM or 100 mM
MPAA (4-mercaptophenylacetic acid) through situ thioester
generation and subsequent ligation but in each dasge
amounts of hydrolyzed (Nlel-Serl5)-(Cys16-Sef&ht were
observed concomitant with minute amounts of the tibiga
product with (Cys38-Asp61%amide segment (data not shown). It
appears that activation in the form of aryl-thieesproduces
highly reactive peptidéhioester particularly labile to hydrolysis.
In the presence of a different alkyl-thiol such &
(dimethylamino)ethanethiol hydrochloride used poegly in
NCL* introduced for transforming (Nlel1-Ser15)-(Cys16358¢
“azide into a thioester (while maintaining the samcentrations
and conditions as of MeSNa) the desired full leng&D-p53
could be obtained in a 10% yield (based on (Nlel-DEISR)
which is similar to the results with MeSNa thiol (F&p).

The sequential three segment ligation in N-to-Ceation
rather than one-pot procedure was also attemptetlidicase the
product of the first ligation (Nlel-Serl5)-(Cys16r%8)-
*NHNH, was alkylated using 2-bromoacetamide and converted
into the correspondintthioester followed by HPLC purification.
Subsequently, second ligation was performed (seeS&y After
Cys alkylation and second HPLC purification, the ik
product was obtained, however, with the overall yi@) less
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than half of what was obtained from one-pot procedww®ause 2.3. Characterization of binding of chemically sysized

of losses in the additional HPLC purification. TAD-p53 to nuclear co-activator binding domain (NCBD)
2.2.2. C-to-N one-pot ligation approach 2.3.1. Circular dichroism study
To improve the efficiency of the sequential natolemical TAD-p53 is an intrinsically disorder protein domaire. in

ligations and reduce the amount of by-productdregiffom the isolated state it does not have well-defined secgndatertiary
hydrolysis observed in the N-to-C ligation appraagheverse C- structure’> We confirmed that synthetic TAD-p53 s
to-N ligation route was adopted (Fig. 3). In this eathe  unstructured, which can be seen in its CD spectrum
thioesterification of the middle segment was peridm corresponding to a random coil (Fig. 4). Intrindisorder plays a
separately and unlike in N-to-C ligation the (Th=8&r37)°SR  key role in the biological function of p53 by prdirig structural
(MeSNa thioester) segment was used as the starépgide  plasticity and enabling this protein to bind to aigety of other
containing Thz (thiazolidine) moiety at the N-tenms instead of ~ proteins® In this way, p53 can serve as a hub in proteineimot
Cys, which is necessary to avoid undesired headito-t interaction networks regulating gene expressfoBne of such
cyclization. Thus, (Thz16-Ser37$R (MeSNa thioester) and interacting partners is nuclear co-activator bigdidomain
(Cys38-Asp61famide were ligated in 6 M guanidine-HCI, 200 (NCBD) of CREB-binding protein (CBP). We therefore
mM phosphate buffer at pH 6.8 (Fig. 3). Subsequertthg  inspected structural changes in synthetic TAD-p53ckvioccur
thiazolidine ring was cleaved by treatment with 0.2 Mupon interaction with NCBD by recording the CD speaifa
methoxyamine-HCI at pH 4. After thiazolidine deproimet  TAD-p53/NCBD complex. We found that the helicity ihet
second ligation with (Nlel-Serl8ioester segment was complex increases significantly (Fig. 4) comparedree TAD-
performed in the presence of 50 mM MPAA. The MPAA aryl- p53 or NCBD alone judged by the enhancement of williptat
thiol catalyst was used to increase the efficientyhe second 222 nm. The presence of-helices in the TAD-p53/NCBD
ligation in the presence of an internal Cys resfduetook 4 hat complex is in accordance with previously reported NMR
40 °C for the reaction to reach near completionicaedd by  structure of the compleXThus, the CD experiments confirm that
unchanged relative intensity of the analytical HPIlpgaks the chemically synthesized TAD-p53 retains the ati@ristics of
(Fig. 3). Then, 2-bromoacetamide was used for afiofiasimilar  biologically expressed protein domain by formingcamplex
to the procedure described earlier for N-to-C ligyag. An overall  with NCBD.

yield of 26% was obtained after HPLC purificationtbé final

peptide (based on (Cys38-Asp6amide segment).

304
(a) s ——p53-TAD
& = 1 ~NCBD
- ) 154 —— p53-TAD+NCBD
t=0h o ] g
»
i T T T T T T T T T T T |
E o
t=4h N e o
JLM\'E N 381 ‘ >
= 2
f : T i T d T T T T T 1 = -154
t= 6h + methoxylamine.HCI S R o =
o () )
= - | -30-
r T T T T T T T T T T = 1
iti - L] X L} L T T T T ']
Addition of (Nlel-Ser5)-“sR - & 200 220 240 260 280

o o M o
t=10h ,Jksk [115 ))Lg"\ 1637 *uf
_A N Mnm)

T ¥ T v T ¥ T ¥ T i T T 1
. . Fig. 4. Circular dichroism (CD) spectra of free TAD-p53, NCBD
t=10h 10min  *Sremeacetamide iN/[s{i"f;:"‘ and their 1:1 complex in 20 mM phosphate buffgutat7.4 at 25
' ’ °C (concentration of protein = 25 pM).

2.3.2. NMR study

A s In addition, 1D'H NMR and 2D'H-'*C heteronuclear single
== T T T T T T T T T T i qguantum coherence (HSQC) spectroscopy were also wsed t
o ! . S g ®  monitor structural changes occurring upon bindifgAD-p53
retention time (min) . Lo e 1
to NCBD (Fig. 5). Changes upon binding are clearsjble in™H
(b) MW found: NMR corresponding to aromatic protons (spectra weocended
aH* 6908.3 in D,O), where sharp resonances are present for free TAD-p5
SH* ol MW calculated: ~ which is in agreement with intrinsically disorderemerties of
. 128266 6908.6 this protein domain, whereas signals become broagem
%IZ! , addition of NCBD corresponding to a larger size & tlomplex
1000 1200 1400 : (01)600 1800 2000 and different environment of aromatic side-chaifig.(5a). The
m/z a

'H-3C HSQC is also supportive of complex formation: caerl
of the methyl regions of the spectra for free TADBpand its
Fig. 3. (a) One-pot native chemical ligation of three papti cpmplex with _NCBD show_distinct resonances inc_iicati\ie o]
segments in C-to-N direction monitored by analytid@LC. (b) different phemlcal surroundings of the correspogdimethyl
ESI-MS-Orbitrap analysis of the pure TAD-p53. groups (Fig. 5b).
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Fig. 5. (@) Overlay ofH NMR (aromatic region) and (BH-*C
HSQC (methyl region) spectra of free TAD-p53 (in blaayl 1:1
complex with NCBD (in red) recorded inO.

3. Conclusions

In this article we reported total chemical synthesfisthe
(1-61)-form of transactivation domain (TAD) of p53ofein
based on native chemical ligation of three pepsieigments. The
peptide building blocks are relatively short (I#s3n 24 residues)
and can be efficiently synthesized using Fmoc/tBRS
approach accessible in many academic laboratorigisgu
commercially available building blocks. Two approashN-to-C
and C-to-N have been used to ligate the peptide segnto
achieve the full-length TAD-p53 and it has been fbtimt C-to-
N approach results in 2- to 2.5-fold higher yieldnhN-to-C
method. The non-canonical residues introduced énseégquence
to facilitate the synthetic protocols such as thmedeucines (at

sites 1, 40 and 44) and two pseudo-glutamines {g 46 and
38) do not affect coupled folding and binding to NTRhich is
a known binding partner of p53. The reported syintregtproach
based on the ligation of three segments will beiqdarly
advantageous for the combinatorial synthesis of puoest-
translationally modified variants of TAD-p53 e.{.
phosphorylated) in order to perform proteome-wideriction
profiling as a function of phosphorylation pattarsing protein
arrays and other approaches to study protein hindireractions.
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