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ABSTRACT

The utilization of click chemistry to perform inteand intramolecular ligation on
DNA has become ubiquitous in the literature. Advances in copper (I) stabilizing ligands
that prevent DNA degradatioria redoxpathwayshave providedhucleic acid researchers
access to the efficiency and quantitative natfréhe click reaction. The majority of
ligation procedures in the literature are performed in solution after DNA assembly and
modification with alkyne reporter groups. Howeveiithout specialty alkyne reagents
that can be sequentially and selectivelyrdggted the solution phase methadquires
that the click reaction be performed on &NA-attachedalkynes simultaneously
Therefore the variability of the azideeagents limited to a singular R grouplowever,
performing the click eaction on DNA dtng synthetic elongation (immediately after
each alkyne installatiorgllows for the possibility of performing multiple click reactions
with variable azide reagentdnfortunately, most solid phase click procedures require
long reaction times or the utzthtion of microwave irradiation to accelerate the reaction.
The development of methods for the ligation of azides to alkynes without the use of
microwave irradiation on solid phase petentially very useful. Herein, we report a
simple, efficient, and robust solid phase synthetic method for the ligationaafdc
dianondoids tothe alkynemodified phosplate backbone of DNA with clickhemistry
using [Cu(CHCN),4]PFs without stabilizing ligand Interestingly, i was found that as the
size of damondoid increased, a corresponding increase in melting tempemiture

hybridized duplexeswas observed.The developed method hathe potential to



complement existing DNAigation procedures for applications in biotechnology and
diagnostics.

Interest in pptides incorporating boronic acid moieties is increasing due to their
potential as therapeutics/diagnostics for a variety of diseases such as cancer. The utility
of peptide boronic acids may be expanded with access to vast libraries that can be
deconvolted rapidly and economically. Unfortunately, current detection protocols using
mass spectrometry are laborious and confounded by boronic acid trimerization, which
requires time consuming analysis of dehydration products. These issues are exacerbated
whenthe peptide sequence is unknown, as wWemovosequencing, and especially when
multiple boronic acid moieties are present. Thus, a rapid, reliable and simple method for
peptide identification is of utmost importance. Herein, we report the identificatidn
sequencing of linear and branched peptide boronic acids containing up to five boronic
acid groups by matriassisted laser desorption/ionization mass spectrometry (MALDI
MS). Protocols for preparation of pinacol boronic esters were adapted for refficie
MALDI analysis of peptides. Additionally, a novel peptide boronic acid detection
strategy was developed in which 2lihydroxybenzoic acid (DHB) served as both matrix
and derivatizing agent in a conveniem, situ, onplate esterification. Finally, we
demonstrate that DHBhodified peptide boronic acids from a single bead can be
analyzd by MALDI-MSMS analysis, validating our approach for the identification and
sequencing of branched peptide boronic acid libraries.

It is well known that RNA ligandscorporating basic and intercalating moieties
display high RNA affinity. Unfortunately, these ligands are also often plagued by

promiscuous binding to offarget substrates. Due to the potential utility of RNA ligands



in biology and medicine, it is impative to elucidate RNA binders which display high

specificity as well as affinity. Boronic acid peptides promise unique RNA binding motifs

through the interaction betweenthe empty p bi t al of dydroxglgroupnd t he
of RNA. Herein, we describéa¢ incorporation of lysine and phenylalanine boronic acid

analogues into a branched peptide combinatorial library in an effort to impart increased
selectivity towards the HAM. Rev Response Element (RRE). We were able to easily

select and deconvolute 6sreir | t i ng fAhito peptides from 65, 5¢
high throughput screening adé novasequencing. Although we were unable to evaluate

peptide selectivity towards RRE due to general insolubility in aqueous media, we
demonstrated the efficienedonvolution ofa branched peptidébrary thatincorporates

boronic acids.
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Chapter 1 DNA synthesis and possynthetic modification

1.1 P(Ill) and P(V) chemistry

In order to synthesizeligonucleotides (ONs) with natural or unnatural features,
there are several methodologies that the synthetic chemist can take advaniye of
synthesis of ON polymers is fundamentally tied to the fdionaof the phosphate
backboneTherefore the scientific community has putrtb a significant amount of time
and efforttowards the optimization dherequisite activation and coupling of nucleotide
building blocks Since theearliestexamplesof ON syrthesis, this process has been
dictated by eitheP(lll) or P(V) chemistriefSchemel.1). The earliest methodologiésr
artificial DNA synthesis were pioneered and dominatedP¥) chemistriesuch as the

diesterand triester approach&sThe use of P(V) precursomich asl.1 and 1.2 were

Diester approach Y 1.5 H-Phosphonate approach
0 B
:O:
B B
DMTO 0 DMTO 0
¢ R
(') R coupling O:E_O- ) oxidation ) couplin (') R
0=P-0' 0 5 9 0=P-H
O 0 o
11 1.3
o
R=Hor OH
B = Nucleobase
Triester approach Phosphoramidite approach
B P-deprotection
DMTO— 4 DMTO— B
—Q coupling oxidation coupling —Q
O o - - O
| R | R
0=P-0Ar P.
o (Me),N”" “OCH,CH,CN
12 14

Schemel.1 Approaches for forming phosphate backbones



preferreddue to the fact that theyereless prondo oxidativedegradationand therefaoe
easier to handle than their P(lll) counterpatttawever, bythe ar | vy 1 9 éddt®d s ,
become more apparent thaethodologies based on P(lll) derivatives such as the H
phosphonatel(3) and gnosphoramide (1.4) approacheslso had the potential for great
synthetic utility. Indeed, the phosphoramidite approactcusrently the most common
method for ON synthesis on solid suppbrt.

Phosphorus compoundslized canbe subdivided intdéetracoordinate P(M)L.6),
tricoordinate P(ll1)(1.7), and etracoordinate P(lll) compound$.8). In terms of utility,

each has its own specifatvantages and disadvantages.

1.6 1.7 1.8
Type A Type B Type C
0] @ 0]
RroW N—or RO\ TOR i \—or
OR" OR" OR"
P(V) tetra-coordinated P(III) tri-coordinated P(III) tetra-coordinated
Phosphate Phosphite H-Phosphonate

Figure 1.1 Phosphorus building blocks for ON synthesis

Type A phosphorus compounds are characterized by a tetrahedral geometry with
a very stable phosphoryl grouue to p h o s p & bighuogidation state, it is
exceptionally stable during storage and convenient to handiging organic
transformations Unfortunately, the utility oftype A phosphoryl groups is hindered by
lower synthetic transformation efficiency than typeor C building blocks, even after
activation with condensing agents

Type B phosphitecompounds are characterized by a trigonal pyramidal geometry

with a lone &ctron pair on the phosphorts yield a slightly basic soft nucleophile

2
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However, whenthe phosphorus isittached toappropriate activating groupshese
compoundscan alsoreact with various nucleophiles s uc h -aysroxyt bfe 56
nucleosidel.10to yield P(Ill) ON1.11 (Schemel.2). Unfortunatéy, type B phosphites
can be difficult to handleand due to their low oxidation stat@re susceptible to

spontaneous oxidation and hydrolysis upon stocadeandling’

. 0 Base
o ase k }
k # HO

Base
O\ O~ \/_\/O Activator \'?/O\/\CN
P CN o

DMTO
DMTO.

Schemel.2 ON dimer (L.11) synthesiwia phosphoramidit¢l.9) activation/coupling
Type C phosphorus compounds possess a tetrahedral geometry with a phosphoryl
group. Unlike typeB, they lack a lone pairf electrons on phosphorus. One
distinguishing characteristic of this class of compounds is tHebBndthat makes type
C structurally quitesimilar to type A compounds(tetrahedral with no lone pair of
electrons) Therefore they have been found tde more stable and less prone to
spontaneous oxidation under storaban their type B counterparts Additionally, the
type C H-phosphonate are unique in that they are capable of numerous chemical
transformations ee 1.2.3 that are inaccessible when using typeor B phosphorus
building blocks
1.2 H-Phosphonate chemistry
1.2.1H-phosphonatestability and reactivity
In terms ofON syntheticchemistry, the ideal situation would be for a phosphorus

compound to be stable on the shelf, convenient to manipulate, and highly reactive when



placed in a reaction flask. Indeed, all of these needs are met wthosphonate
compounds. TypeC phosphorushas been shown to be stable to silica gel
chromatography Their coupling rates are comparable to phosphoramidite derivgtives

5 min), and they are amenable to a variety of condensiegtaty Furthermorethere is

no need to install phosphate protecting growpsch are requisite for phosphoramidite
compounds {.9). This is due tgphosphonat@hosphite equilibriunin solution which

favors the phosphonate tautomshownin Figure 1.2.° The phosphonat¢éautomer1.12
possesses a hydrogen atom that can be considered the smallest possible effective

protecting group.

I g
—_— " P
H\\\‘\‘; P‘\"‘OR' - HO\\\\\ """‘--..._ORu
OR" OR"
P(III) tetra-coordinated P(III) tri-coordinated
1.12 1.13

Figure 1.2 Tautomeric equilibrium in Fbhosphonate compounc

1.2.2Preparation of H-phosphonate monoesters

There are several simple, general, and efficient methods for the preparation of H
phosphonate monoestdos DNA synthesisThe salts of the monoesters are stable solids
that are resistant to air oxidation as well as to hydrofysis general, commercially
available reagents such 844 1.16 can form thenucleoside FHphosphonaté.18in high
yields (7095%) from 1.17 (Figure 1.3).*"® Additionally, these @nsformations can be
completedn relatvely short time frames (~ 3 husing mild reaction conditions at room

temperature with pyridine/acetonitrile mixtures as solvent.
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B B
o o
—_—
1.14,1.15,
OH R or 1.16 (1) R
R =H or OTBDMS O=P—H
B = nucleobase O
1.17 1.18

Figure 1.3 Synthesis of Fphosphonate monoesters

1.2.3 Oxidativetransformations of H-phosphonate diesters

Once the Hphosphonate monoester is successfully formed and coupled to a

growing ON polymer, an extensive number of oxidative transformations can be

performedas shown irSchemel.3.

20 . Ao
X—FI’—Se Selenation Oxidative X=P—NR,
|

amination

j{c;\; \;\ / {j\o\;

X=P-S Sulfurylation (IJ P-alkylation/arylation C|)
Cl) X:FI’—H XzFl"—R
\,J'J O Oxidative @)
ﬂ Oxidation ?’f coupling \f/
(0]
X:|:3_8 X=0,8 (I)
X=P-OR
O\;/ |

Y
Schemel.3 Oxidative transformation of dhosphonate diesters
Oxidative amination yields thB-N functionality which has led to a number of

interesting compounds.Letsinger and colleagues initially exploredationic

phosphoramidates n t h e ahdadeneonsBafled@hat under appropriate conditions
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(low pH; low sat concentration) the cationic probes bind more effectiventtheir
natural counterpartslt has also been shown thais possible to synthesize nuclédes
phosphoramidate libraries via treatment ofphkbsphonates with acyclic, cyclic,
heterocyclic, and aromatic amines. A representative 600 member library was assembled
and screened for antiviral activity against the hepatitis B virus (HBV) with some
membes displging potent antiviral activity®

Oxidative sulfurylation and selenation have been demonstrated in the literature.
The development of sulftylation compoundssuch as the &aucage reager{8H-1,2-
benzodithiol3-one1,1-dioxide) 1.20 (Schemel.4) has led tahe development abne of
the most successful classes of modifi@dgodeoxynucleotide§ODNSs) utilized for gene
therapy*'*? Indeed, the phosphorothioate ODPSODN) Vitravene is the only
antisense drughat has been approved by the FDA to treat cytomegalcwuitisced
retinitis in AIDS patients® These types of ODN analogs have demonstriiteability to
form stableduplexes by Wabn-Crick base pairs, acceptable stability against nucleases,
and adivation of RNase HUnfortunately, these ROGDNSs display high affinity for
certain proteinsand havebeen shown tacause cellular toxicity? Oxidation to the
phosphoroselenoate diesters has also beermgtisbed usingransformation eagents
similar to the Beaucage reagenalthoughpractical applications of these diesters have

been minimal.

(0]
OR
i ACN OR1
H—I|3—O S/S - - -s_|:l>:o
OR, 2 TEA OR
00© 2
1.19 1.20 1.21

Schemel.4 Sulfurylation of HPhosphonaté$



P-alkyl and Paryl functionalities have alsbeen successfully installed using H
phosphonates as starting materi&&winski and clleagues have demonstrated that C
phosphonate pyridylphosphonate derivati@23 can be obtained rapidly from-H
phosphonateliesters in high yields (80%)® These PC bond formation§Scheme 1.5)
also make this class of phosphate esters resistant to enzymatic hydrolysis, making them

interesting for antisense/antigene agents.

R | h DBU 7 N\ PR
H_FI):O (I-\Bl/ S) —_— E’:O
OR, Y PTSA Acetonitrile =N  OR,
OMe
1.19 1.22 1.23

Schemel.5 Arylation of of H-Phosphonates

This section has presented a general synopsis of methodologies for ON synthesis
which was then followed withinformation regarding HPhosphonate utilization for
construction of ONs with inteséing structural motifs.
1.3 Click chemistry
1.3.1Criteria and early development

Perhapsthb e st known andl inbksd reex®ul}catatyzedi sict he
[3+2] azidealkyne cycloaddition (CuAAY; which was developed independently by the

Sharplessand Meldal labs (Figure 1.4).1%%’

In order for chemical processes to be
classified under this category, a stringent set of criteria mustdiein regards to the
react i on 6condgidnd, and pudfication requirements. Click reactions must be
wide in scope, give high vyields with stereospecific products, and generate only

inoffensive byproducts. Reaction conditions must utilize ingaavailable starting

materials, noeor benign solvent, and above all else, simple reaction conditions. Finally,



if any purification is to be performed, it must be by fwbmomatographic methods and

the final product has to be stable under physiologicaditions

R'
Cu (I) catalyst
6 o ¢y y —
R——N——=N——=N HC——C——R' 3 N—R
N§N/
1.24 1.25 1.26

Figure 1.4 GenericCUAAC reaction

With such a demanding checklist, it seems amazing that any chemical
transformati on c¢oul deacthoa. Howeses, sevefral gerteraldypes a i c | |
of reactions conform to the click checklist and are able to do so in general because of a
high thermodynamic driving foe usually greater than 20 kaabl™.

Several interesting advancegth Click chemistryin the form of the Huisgen 1,3
cycloaddition hae been @monstrated.One of the first steps forward was the
development of copper () catalyst, which wasound to drastically accelerate triazole
formation with high regioselectivity of the 1,4ver 1,5 product*® Another was the
application of Click Chemistry by the Sharpless group to select for a femtomola
inhibitor of acetylcholinesteras¢AChE).*® This study provided an unprecedented
example of a target enzyme synthesizing its own inhibitor, as well as a demonstrated
ability of AChEto preferentially select between the-la#d 1,5 products.

An impressie extension to this preliminastudy was the demonstration by the
Bertozzi group of Ciree click chemistry using strained hydrophilic azacyclooctyfes
These cyclooctynes were attached to biotin for biochemical binding assays and were
shown to bind effectively to cells incorporating the corresponding azides with no

recognizableytotoxicity.



1.3.2DNA modification by Click Chemistry

In addition to the general appeal of click chemistry, GeAAC reaction has
shown great potential in thaucleic acidsfields for several reasons. First, azides and
alkynes can be attached to nucleic acids witlgoeatly dsturbing biophysical properties
Secondly, both of these moieties are almost entirely unreactive to functional groups
found in nature. Find}, the resulting triazolés extremely stable and naaxic.*

When copper is not used as a catglthe CUAAC reaction is referred somply
as the Huisgen 1;8ipolar cycloaddition. One of the earliest applicationshid topper
free cycloaddition inthe nucleic acids field was by performed byetual to attach an
alkynyl 6-carboxyfluorescein (FAM) fluorophore to an azidteled singlestranded (ss)
DNA.? This pioneering study demonstratibet this ligation strateggould be utilized to
synthesize fluorescent oligonucleotideO N avih) high selectivity, yield, and purity.
Unfortunately, this initial study required high temperatures 4B)) extended reaction
times (3 days), and produced a mixture of &/dd 1,5 regiasomers.

The initial report by Juand colleagues demonstrated the general appeal to the
nucleic acids field. However, there were several incompatibilities of the CUAAC reaction
to ON chemistry that first needed to be addressed. One of theunfostunateof these
was the incompatibilityof azides withtraditional ON synthesis. It is well known that
azides react with (Al) reagets via the Staudinger reactibhThis is problematic
becausehe major coupling step f@®N synthesisakes place vi&(lll) (Phosphoramidite
| H-Phosphonaje chemistry. If the azide functionality is already present within the
growing ON structur€1.27), it is efficiently reduced to the corresponding amihs&0

upon the sukequent couplingtep. Schemel.6) Consequentlythe general methodology



has been reversed to modifying ONOs with al

with azidefunctionalized groups.

OCH,CH,CN 1.30
P<
XO™ “N(Me), y ON—-NH,
X = Nucleoside ~ ON. _Q H,O
ON-N; > N*FI’*OCHzCHZCN — = .
N, N(Me), (Me);N—P—~OCH,CH,CN
OX
1.27 1.28 1.29

Schemel.6 Reduction of azide to amine via Staudinger reduction

A second, and perhaps manafavorableincompatibility of CuUAAC chemistry
with ON chemistry i s DNA/ RNAeoscopper.gndetd, d e gr ad.
Cu(l) is known to damage DNA by promoting radicaédiated processé$Additional
studies have also reported an extremely shortlifi@l{~10 min) of DNA under Cu(})
conditions” The solution to this problem was presented by the Sharpless group in a
study reporting the comsiction of Cu stabilizing ligand$® Fortunately several ligands
such as (tris-(benzyltriazolylmethyl)amine TBTA and tris-
(hydroxypropyltriazolylmethyl)aming(HPTA) (Figure 1.5) were found to be quite
efficient at accelerating the cyclization reaction itself as well as abolishing redox
processes which led to ON degradation. These ligands paved the way towardsitiee ro

modi fication of ONOG6s via the CuAAC pat hway.
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TBTA HPTA

Figure 1.5 Cu(l) Stabilizing ligands

1.3.3 Postsynthetic modification of DNA

Postsynthetic functionalization €.g, attachment of fluorescent tags) of small
reporter groups incorporated into DNA is very appealing for life science research as well
as the diagnosis of genetic disorders. This typ@asitsyntheticapproach is mguired
becauseenzymatic incorporation ofdbrescently tagged nucleoside building blotks
long genetic sequencés quite challaging?’ Unfortunately,this limitation requires that
the postsynthetic functionalizatiobe highly efficient and specific.

To explore whether the CuAAC reaction was suited this task, Carell and
colleagues synthesized a series oiri€r ODNswith ethynyl(1.31) as well actadiynyl
(1.32) uracils (Figure 1.6).?® The octadiyn uracil was incorprated in the event that
stericsinterrupted high density labeling on the ethynyl moidtywas determined that
cyclization efficiency of the azide tag4.331.35 with the short ethynyl unit was
unacceptable with only 6 adjacent unpsesumably due to sterdockade(Figurel1.7).
However, the less restricted octadiynyl functionalized ODNs displayed quantitative

conversion even with 6 adjacent uniss a further testament to the efficiency of this

11



reaction, quantitative cyclization was obtained even on PCR fragments up to 2680 bas

that were constructed from primsecontaining two click sites.

0 o)
P
=z =
HNT =
Ay

0]

HO HO
0
° OlOIOH

OH
OH -
1.31 1.32
CO,H
N 9
HO 0.__0
HO = O N/\/\N
OH "oH N3 H 3

1.33 1.34 1.35

Figure 1.6 Alkyne modifieduracils and azide reporter groups

DNA DNA

B
N //N -
R™ N

H H H Excess R-Nj . W
l ! I H

Incomplete cyclization

Excess R-N3

Complete cyclization

Figure 1.7 Cyclization efficiency of ethyny(1.31) vs. octadiynyl uracil$1.32
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Seela and colleagues have also reported the functionalization of U, C, G, and A
nucleobases with octadiynyl side aie from the corresponding ioduicleosides by
Sonogashira crossoupling (Figure 1.8).2**° These nucleosi&s were converted to the
phosphoramidite building blocks, and a series of oligonucleotides were prepared by solid
phase synthesis. It was determined that the octadiynytedso a 12 °C T, increase per
modification when incorporated in thepBsition d  -dedxyuriding(1.36b) and a 23 °C
Tm increase when incorporated in thgp® s i t i-adeaxycwtifline(2.870) or in the 7
position of 7-deaza2 -@leoxyguanosinel(39h)

NH,

R NH, R
) B ) B /7 SN / NH
N)%O N/&O N | N/) N | N/*NH
HO HO HO HO 2
0 0 0 0
OH OH OH OH

1.36 1.39

1.37 1.38
Z
=
aR= \/// bR = \/V\/

Figure 1.8 Alkyne functionalized U, C, G, and A nucleobases

In 2006, Morvan reported the utilization of microwave promoted click chemistry
to attach carbohydrates to sefidpported oligonucleotidés. Three Hphosphonate
diester linkages were introduced into a cyanoethgtected dodecathymidine ()
followed by oxidation with CGlpropargyl amine to yield the alkyrdanctionalized
oligonucleotide(Scheme1l.7). Quantitative conversiomf the tri-alkyne ODNto the
carbohydratdabeled ODNwas accomplishedith microwave irradiation at 8C within
20 minutesThis study demonstrated that rapid and khygHding multiple cycloadditions

could be promoted by microwave irradiation without hydrolysis of phosphoramidate

13



bonds.This methodhas since been extended to orthogonal installatfomannose as

well as galactose residues onto@DN structure®?

.
" EtNH O o

o
DMTOﬂ " 0 = N
HO—T;;—0~Q \/OAO—FI’ 0-T,—0Q
PivCl n1° H i

2) ClLCHCO,H 3 CCly.
Pyridine

Repeated 3 times

CuSO,

0
I Ascorbate
ﬁo W © H,0 / MeOH
H1O NH AcO o Ny I ——

Schemel.7 Microwave promoted click chemistry ligation of sugars

Due to biesincompatibility of Cu(l), methods to perm the azide/alkyne click
reaction in efficientand quantitative fashion are highly desirable. Interestingly, it has
been demonstrated that the click reaction is exquisitely suited for the purposes of
microcontact printing fCP)3* This printing technique facilitates chemical synthesis
between surface immobilized substrasesl activated reagents in solutidn.this study,
Reinhoudt and colleagues demonstrated that the Huisgetipbfar cycloaddition could
be completed in only 15 mimithout any catalysand only 35g-cm™ of pressure applied
to the stamping apparatus. $htoncept was then in turn successfully applied@®

immobilization of ONd snto a azide functionalizedolid surface(Figure 1.9).3* It was

14



then demonstrated that these immobilized ON probes were abféciently hybridize

with the fluorescently tagged complementsinand

N3 N3 N3 N3 Nj H o

o
f

Cu free click l l

Figure 1.9 Immobilization and effective DNA hybridization

1.3.4 Artificial nucleobases and phosphate backbones

Attempts to modify the nucl eobadgoes of
increase basdiscrimination and to enhance the stability of duplex or triplex nucleic
acids. Obika and colleagues reported the modification -ethynyt2-deoxyB-D-
ribofuranosg1.40 followed by conversion into various 1,2/3azoles to produce novel
nucleobase anagis® Unfortunately, of the 8 O8lsynthesizethat incorporatec novel
nucleobaseall were found to display lower duplex stability than the native duplex

However, thaartificial triazolel.41performed as a universal nucleobdsigiirel.10).
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Figure 1.10 Synthesis of artificial triazole nucleobdse
Unfortunately, natural oligonucleotides are poor candidates for biological
applications such as antisense gene therapy due to low stability towards cellular nucleases

and poor celbenetrationlt was hypothesized tha

TBDMSO i
nucleotides containing the triazole moiety wou 1] \(LLNH

| N” 0
possess high stability toward cheal and / o
O
enzymatic degradation and would therefore
NH
interesting antisense candidatds. an effort to N’ ) N0
N
develop a new route to novelaleotide analogues © o
Dondoni et al demonstrated the approach \[LL/IE
N
N
replacing natural phosphate backbones with triaz ;\‘J/ N0
0]
internucleoside linkage$. They were able to
ODMT

demonstrate the viability of this condefby Figure 1.11 Trinucleoside with
synthesizing an artificial tiucleoside viaolution triazole backbors8
phaseCUAAC ligation of thymidine residuesigure1.11).%

In 2008, Isobe and cahgues reported the efficient solid phase synthesis of a 10

mertriazole linked DNA ["DNA) utilizing a thymine base decorated with an azide at the

16



30 position apdotaedtradnea gt ¢ lipésiyidn (Schemeet v at
1.8).*" Initial couplings indicated the construction of then2r in quantitative yield.
However,a modified coppemediated desilylation prototwasrequired becauséBAF

resulted in cleavage of tHEDNA from the resinThe 3mer DNA was obtained in 84%

yield after reaction in THF under microwave irradiation in only 1.5 hours. Finally, the
10-mer ""-DNA was obtained in an isolated yield of 0.61% after 19 reaction steps and
HPLC purification.Impressively the""DNA effectively formeda duplex with the natural
d(T)2(A)1o(T)2 with a much higher melting temperature,JTof 61.1°C than that of the

contrd natural DNA d(T), (20.0°C). This was the first report of a highly efficient and
selective route to solid phase synthesis
backbonesThe same authors hagencedeveloped a onpot procedurdor desilylation

of a masked acetylene and CUAAC reaction to yieliNA.*
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Schemel.8 Solid phase synthesis of -hder ""-DNA3’
1.3.5 DNA Cyclization and catenane formation
One of the latest example§click chemistry on DNAs theformation of triazole
linked dumbbell ODNy Ichikawa et al. apotential decoy molecde® These decoys

contaired a binding sequence for N6kB transcri ption fedator s,
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percentage of protein from intetang with the true transcription factor contained within

a genetic sequence. These compounds have shown thermal stability with retention of the

global structure associated with rorsslinked ODNs. In addition, these dumbbells

have shown excellentstad | t y against snake wwomoeasephospho
ODN dumbbells hold the potential as powerful decoy molecules in their abilikywn

regulate the inflammatory and immunological responses associated with the
overexpression of the N& B tcripBon fctor inin vitro andex vivoexperiments.

Click chemistry has also been applied ttee assembly of single strandNO
constructs sdlakyn e gaidedUsiag this nsbablation method, cyclic
ONs were formed using CUAAC conditions with Cu(l) stabiliziiggnd (Schemel.9).*

The formation of cyclic products was confirmed by reduced electrophoretic mobility
when run through a denaturing 8% polyacrylamide Hethe alkyne and azide are
located on the same ODN straraicularization can occur even in the absence of a
template ODNThis is a veryinterestingresult as well as a testament to the power of the
CuAAC reactionpecause netemplatemediated circularizatioof long oligonucleotides

has prova difficult. *°

N3 N3
)
Cu (1) Cu () /7 \.\
—_— + —_— \[
ligand ligand J
H H ~
O = Triazole

Schemel.9 Formation of Catenane via triazole formation
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Alternative solid phasecyclization protocols havealso been successful at
constructing cyclic, branched, and bicyclic oligonucleotidBse microwaveassisted
CUuAAC reaction was more efficient in terms ofctigation efficiency, both on solid
phase as well as in solutih.

1.4 Conclusions

This chapter examined methodologies for the synthesis of artificial ON constructs
with a focus on the utilization of 4dhosphonate for ON synthesis and subsequent
modification Also, a detailed account on the application of click chemistry to the
modification and synthesis of ONs was examined. This background material was
presentedbecauseit was relevant to and extremely valuable in efforts towards the
completion of the work peented inChapter2 of this dissertation.
1.5References

1. Brown, D. M. A brief history of oligonucleotide syntheMgthods Mol. Biol1993 20, 1-17.

2. Beaucage, S. L., lyer, R. P. Advances in the synthesis of oligonucleotides by the
phosphoramidite approadtetrahedron1992 48, 22232311.

3. Stawinski, J.; Kraszewski, A. How to get the most out of two phosphorus chemistries. Studies
on HphosphonateAcc. Chem. Re&002 35, 952960.

4. Jankowska, J., Sobkowski, M., Stawinski, J., Kraszewski, A. Studies on-plyb$phonates:
I, efficient method for the preparation of deoxyrilbed ribonucleoside -31-phosphonate
monoesters by transesterificatiohndiphenyl Hphosphonatel etrahedron Lett1994 35, 3355
3358.

5. Stawinski, J.; Stromberg, R. Dand oligonucleotide synthesis usingpHosphonate chemistry
Methods Mol. Biol2005 288 81-100.

6. Guthrie, J. P. Tautomerization equilibria for phaspis acid and its ethyl esters, free energies
of formation of phosphorus and phosphonic acids and their ethyl esters, and pKa values for
ionization of the FH bond in phosphonic acid and phosphonic es@as. J. Cheml979 57,
236-239.

19



7. Stawinski, J.Thelin, M. Nucleoside Hbhosphonates: XI a convenient method for the
preparation of nucleoside-phosphonateNucleosides Nucleotides99Q 9, 129135.

8. Froehler, B. C.;Ng, P. G.; Matteucci, M. D. Synthesis of DNA via deoxynucleoside H
phosphonate termediatefNucleic Acids Red.986 14, 53995407.

9. Letsinger, R. L., Singman, C. N., Histand, G., Salunkhe, M. Cationic Oligonucledtides.
Chem. Socl988 110, 44704471.

10. Jin, Y.;Chen, X.;Cote, M.;Roland, A.;Korba, B.;Mounir, S.; lyer, R. P. Parallel-pblicse
synthesis of nucleoside phosphoramidate librdBiesy. Med. Chem. LetR001, 11, 20572060.

11. lyer, R. P., Egan, W., Regan, J.B., Beaucage, S.t1,3#Benzodthiole-3-one 1,1Dioxide
as an Improved Sulfurizing Reagent in the S#lithse Synthesis of Oligodeoxyribonucleoside
Phosphorothioates Amer. Chem. Sot989 112 12531254.

12. Stawinski, J.; Thelin, M. Nucleoside-Phosphonates .13. Studies or13%Benzodithiot3-
One Derivatives as Sulfurizing Reagents fePhbsphonate and-Phosphonothioate Diestets
Org. Chem1991, 56, 51695175.

13. Kurreck, J. Antisense technologies. Improvement through novel chemical modifidations
J. Biochem2003 270, 16281644.

14. Eckstein, F. Phosphorothioate oligodeoxynucleotides: what is their origin and what is unique
about themAntisense Nucleic Acid Drug De200Q 10, 117121.

15. Johansson, T., Kers, A., Stawinski, Pyridylphosphonates: a new typenaodification for
nucleotide analogueketrahedron Lett2001, 42, 2217.

16. Tornoe, C. W.;Christensen, C.; Meldal, M. Peptidotriazoles on solid phase: {ti2z8]es
by regiospecific copper@@atalyzed 1,2lipolar cycloadditions of terminal alkynes to azides
Org. Chem?2002 67, 30573064.

17. Kolb, H. C.;Finn, M. G.; Shatess, K. B. Click Chemistry: Diverse Chemical Function from
a Few Good Reactiomsngew. Chem. Int. Ed. En@001 40, 20042021.

18. Rostovtsev, V. V.;Green, L. G.;Fokin, V. V.; Sharpless, K. B. A stepwise huisgen
cycloaddition process: copperfatalyzed regioselective "ligation" of azides and terminal
alkynesAngew. Chem. Int. Ed. En@002 41, 25962599.

19. Lewis, W. G.;Green, L. G.;Grynszpan, F.;Radic, Z.;Carlier, P. R.;Taylor, P.;Finn, M. G.;
Sharpless, K. B. Click chemistry in situ: acetylchesterase as a reaction vessel for the selective
assembly of a femtomolar inhibitor from an array of building blgdkgew. Chem. Int. Ed. Engl.
2002 41, 10531057.

20



20. Sletten, E. M.; Bertozzi, C. R. A hydrophilic azacyclooctyne foifi@e click chenstry
Org. Lett.2008 10, 30973099.

21. El-Sagheer, A. H.; Brown, T. Click chemistry with DNGhem. Soc. Re201Q 39, 1388
1405.

22. Seo, T. S.;Li, Z.;Ruparel, H.; Ju, J. Click chemistry to construct fluorescent oligonucleotides
for DNA sequencing. Org. Chem2003 68, 609612.

23. Staudinger, H., Meyer, Helv. Chim. Actal919 2, 635646.

24. Burrows, C. J.; Muller, J. G. Oxidative Nucleobase Modifications Leading to Strand Scission
Chem. Rev1998 98, 11091152.

25. Kanan, M. W.;Rozenman, M. M.;Sakurai, K.;Snyder, T. M.; Liu, D. R. Reaction discovery
enabled by DNAtemplated synthesis and in vitro selectideiture.2004 431, 545549.

26. Chan, T. R.;Hilgraf, R.;Sharpless, K. B.; Fokin, V. V. Polytriazoles as cdjpjstapilizing
ligands in catalysi©rg. Lett.2004 6, 28532855.

27. Jager, S.; Famulok, M. Generation and enzymatic amplification ofd@ghity
functionalized DNA double strandsgew. Chen004 43, 33373340.

28. Gierlich, J.;Burley, G. A.;Granth, P. M.;Hammond, D. M.; Carell, T. Click chemistry as a
reliable method for the higtiensity postsynthetic functionalization of alkymedified DNA
Org. Lett.2006 8, 36393642.

29. Seela, F.; Sirivolu, V. R. DNA containing side chains with termingleibonds: Baseair
stability and functionalization of alkynylated pyrimidines anrdeazapurine€hem. Biodivers.
2006 3, 509514.

30. Seela, F.; Sirivolu, V. R. Nucleosides and oligonucleotides with diynyl side chains: Base
pairing and functionalization of 2deoxyuridine derivatives by the copper¢btalyzed alkyne
azide 'click’ cycloadditiotdelv. Chim. Acta2007, 90, 535552.

31. Bouillon, C.;Meyer, A.;Vidal, S.;Jochum, A.;Chevolot, Y.;Cloarec, J. P.;Praly, J. P.;Vasseur,
J. J.; Morvan, F. Microwave assisted "click" chemistry for the synthesis of multiple labeled
carbohydrate oligonucleotides on solid supgo®rg. Chem2006 71, 47004702.

32. Pourceau, G.;Meyer, A.;Vasseur, J. J.; Morvan, F. Synthesis of mannose and galactose
oligonucleotide conjugates by-tlick chemistryJ. Org. Chem2009 74, 12181222.

33. Rozkiewicz, D. I.;Janczewski, D.;Verboom, W.;Ravoo, B. J.; Raidh D. N. "Click"
chemistry by microcontact printifgngew. Chen006 45, 52925296.

21



34. Rozkiewicz, D. |.;Gierlich, J.;Burley, G. A.;Gutsmiedl, K.;Carell, T.;Ravoo, B. J.;
Reinhoudt, D. N. Transfer printing of DNA by "click" chemis@hemBioChen007, 8, 1997
2002.

35. Nakahara, M.;Kuboyama, T.;lzawa, A.;Hari, Y.;Imanishi, T.; Obika, S. Synthesis and base
pairing properties of @ucleotides having-$ubstituted 1HL,2,3triazolesBiorg. Med. Chem.
Lett.2009 19, 33163319.

36. Nuzzi, A.;Massi, A, Dondoni, A. Model studies toward the synthesis of thymidine
Oligonucleotides with triazole internucleosidic linkages via iterative €Rr@moted azide
alkyne ligation chemistrSAR Comb. Sc2007, 26, 11911199.

37. Isobe, H.;Fujino, T.;Yamazaki, NGuillot-Nieckowski, M.; Nakamura, E. Triazolmked
analogue of deoxyribonucleic acid ((TL)DNA): design, synthesis, and dstraled formation
with natural DNAOrg. Lett.2008 10, 37293732.

38. Fujino, T.;Yamazaki, N.; Isobe, H. Convergent synthesis of oligomers of tribzkésl
DNA analogue ((TL)DNA) in solution phaSestrahedron Lett2009 50, 410:4103.

39. Kumar, R.;E¥Sagheer, A.;Tumpane, J.;Lincoln, P.;Wilhelmsson, L. M.; Brown, T.
Temgate-directed oligonucleotide strand ligation, covalent intramolecular DNA circularization
and catenation using click chemisttyAm. Chem. So2007, 129, 68596864.

40. Kool, E. T. Recognition of DNA, RNA, and Proteins by Circular Oligonucleotiimzs
Chem. Res1998§ 31, 502510.

41. Lietard, J.;Meyer, A.;Vasseur, J. J.; Morvan, F. New strategies for cyclization and
bicyclization of oligonucleotides by click chemistry assisted by microwaveésg. Chem2008
73, 191:-200.

22



Chapter 2 Site-specific incorporation of diamondoids on DNA using

click chemistry

Contributions

This chapter represents a modified version of a published article focusing on the
incorporation of azide modifiediamondoid substrates onto DNA via click chemistry.
Contributions from the authors ames follows: Jason B. Crumpton, author of this
dissertation,performed the synthesis and modification of all alkyne modified DNAs
studied and made significant contribusoto the writing and editing of the manuscript.
Dr. Webster Santos made significant contributions to the writing and editing of the
manuscript as wellignificant intellectual contributions for this work. The alkyne
modfied diamondoids were a gift frorRrof. Peter Schreiner and Natalia Fokiffdis
chapter waseproduced by permission of TR®yal Society of ChemistryThe original
document can be located by following the link below,

http://pubs.rsc.org/en/content/articlelanding/2012/cc/c2cc16860j

Crumpton, J. B.; Santos, W. L. S#eecific incorporation of diamondoids on DNA using

click chemistryChem. CommurR012 48, 20182020.
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2.1 Introduction
2.1.1 Click reactions on DNA

Exotic functionalization of DNA with various groups has widespread application
in biotechnology, material science, diagnostics, and mediéinghus far, one of the
most convenient, chemoselective, and compatible methods of conjugating additional
functional groups to DNA is the coppé)-catalyzed [3+2] azidalkyne cycloaddition
(CUAAC) reactior™® This reaction has recently found widespread application to the field
of oligonucleotide ligation and modification. The CUAAC reaction has been utilized for
intramolecularcyclization® formationof nuclease resistant decdysynthesis of artificial
triazole backboné, oligonucleotide immobilizatiofi, peptide conjugatiod,and DNA
crosslinking'® Indeed, the application of the CUAAC otian to nucleic acid chemistry
has shown extraordinary promise and versatility. Because of biocompatibility issues with
copper, metafree variations of the click reaction have been reported by Bertozzi
utilizing high energy constrained cyclooctadiynenpmunds-

Ju and ceworkers reported one of the earliest studies examifiimorescent
|l abeling of azido t ag-gnddThe CuAACoreaation undet i de on
thermal conditions with alkynyb-carboxyfluorescein provided the triazole product in
near quantitative yield and was successfully used as primer in DNA sequencing.
Although the Nhydroxysuccinimide ester strategy used to arrive at the -azido
functionali zed DNA was ef f-andlimiged its, pradticalin ct i on a
utility. Carell and ceworkers have since reported the high density functionalization of
oligonucleotides with alkyne reporter groups, which were then reacted with azide

functionalized coumarin, FAM, and sugar grotpJhis type of high density labeling
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was found to be an efficient source of alkynedified DNA. However, synthesis of
requisite phosphoramidite monomers can present a significant limitation because four
DNA building blocks modified with diynyl side chains at thgdsition of pyrimidine
bases and thefosition of Zdeazapurine or-8za7-deazapurine residues are requitgd.
Recenty, attachment of carbohydrates #tigonucleotides using a microwaassisted
CuAAC on solid suport was reported, wherein the alkyne moiety was installed using H
phosphonate chemistty. | n t hi s particul ar case, three
pl aced -endand rbgeairedbtide synthesis ephbsphonate monomers.
2.1.2 HPhosphonate oxidations

An approach that disposes the synthesisaléyne-containing monomers and
provides access to conjugated oligonucleotides with the requisite a@pygdnner is
highly desirable. We hypothesized that commercially available-pkbsphonate
monomers coupled using -phosphonate chemistiy could be oxidized with
CClyalkynylamine and generate oligonucleotides with a phosphoramidate alkyne tether
that can be placed in any position aldhg phosphatbackbone (Scheme2. This type
of modification is powerful not only because of the potential for high density and site
specific functionalization of oligonucleotidesut also because the tether length can be
readily varied. Moreover, the phosphoramidate linkage formed is expected to be resistant
to rapid hydrolysis by nucleas¥sNucleic acid polymers decorated with the desired

organic pendant groups can result in properties daifaba specific application.
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2.1.3 Diamondoids

Of particular interest is incorporation of diamonddidsn DNA. Diamondoids
are higher order derivatives of adamantane with great utility in medicine and excellent
biocompatibility. For example, adamantane has been established as a talddkngpr
many pharmacologically active compourt@isdigher order derivatives of adamantane
have also exhibited antiviral and anticancer actiVityand have been utilized for the
inhibition of cytochrome p450%. Furthermore adamantane has been demonstrated to
form indusion complexes with cationic transfection agents decorated with
cyclodextrins®®# Cyclodextrin based transfection agents @m@ue in thathey display
lower cytotoxicities than their correspondipglyamine transfection agerffsTherefore,
adamantane conjugat€dNs may yield favourable physiochemical properties, such as
enhanced cellular uptakeyhen transfected witttyclodextrin decorated transfection
agents. To date, sitespecific and high density functionalization of DNA with
diamondoids and their prepties have not been publisheHerein, we report a
convenient, sitespecific method of installing multiple diamondoids to DNA using

CuAAC on solid support.
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2.2 Results
2.2.1 Optimization of Reaction Conditions

We initiated our studies by modifying an automated phosphoramidite DNA/RNA
synthesizer to accommodatepHosphonate chemistry and subsequent oxidation with
CCly/propargyl amine at the desired position (Schen23?2 Traditional ON synthesis
was performed using methadd which begins with the deprotection 211 to yield 2.2
T he f-hydrexyl & dhencoupled to phosphoramidit2.3 to yield 2.4, which is
followed by oxidation to yiel®.6. Any unreacte®.2 is capped with acetic anhydride to
yield 2.5, which preventsurther elongationAt this point, normal chain growth (method
A) can be repeated as desired, or the synthetie @an branch off to the phosphate
backbone modification cycle (methdd). Compound2.6 is deprotected and combined
with activated Hphosphonat&.9 to yield Hphosphonate modified OR.10. The last
step of method B is the oxidation 2fL.0to yield phosphoramida®11 MethodsA or B
may then be employed at any pbiduring subsequent ON growthpmse of the
advantages of this protocol are the specific installation of the pendant group on the
oligonucleotide backbone and the easy ace® amincalkynes. Additionally, he
resulting process relieves the necessity for the cumbersome synthesis of -alkyne
derivatized nucleic acid monomers. We also opted for a solid ghasAC ligation in
part because of the simple removal of the coppityst by filtration but mostly because
of the powerful capability of installing multiple and different azodeipling partners. In
particular, a significant advantage is gained for azide coupling partners that are
immiscible in water or mixtures @rganic and aqueous solvergsch a®zA1-AA3.

With the propargyl amidatBNA conjugate in hand, we screened a series of
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copper (I) sources for the formation of the triazole using azidiamantaneAA3 (Table

2.1). Thetraditional copper sulphate/ascorbic acid systédid not provide the dgred
product at r{entry 1). Various combinations of solvents such as water, THF, acetonitrile
and DMSO were also unproductive. However, when the temperature was raised to 40 or
60 °C, the reaction proceeatlenearly to completion after 1Bours éntries 2-3).
Substitution of the Cu(l) source with CuBr-SMe showed no reaction at room
temperature dntry 4), but tetrakis(acetonitrile)copper(l) hexafluorophosphate
([Cu(CHsCN)4]PFs) in anhydrous acetonitrilgave significant conversion to product at
room temperature after 12 houenfry5). Increasing the temperature to 40 °C resulted

in almost complete conversion after 12 howsty 6, and to our delight, a further
increase in temperature to 60 °C afforded the product in quantitative yield after 3 hours
(entry 7). In comparisorto [Cu(CHCN)4]PFs, other Cu(l) sources (CuCl, CuCN, and
CuBr) were significantly less efficient (entriesl8). The use of [Cu(C¥N)4PFs as

the copper source offers several advantages: excellent solubility in organic solvents such
as acetonitrile, reoval of possible interference of adventitious water during the
phosphoramidite coupling reactions, and a reduced necessity of expensive- copper
stabilizing ligands such as TBTAOligonucleotide strand breaks resulting from aqueous
Cu(l)-mediated chemistrywere not observedpossibly because the reaction was
performed in nonaqueous conditions and sensitive groups on the oligonucleotide were
still protected?®® Sincet he ficl i ckedod product is expected
change in charge, moleculareight, and hydrophobicity, th@rogress of all click
reactions was monitored by electrophoretiobility shift assay (EMSA) on denatng

polyacrylamide gel electrophoresis (PAGE) diie 21).
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Table 2.1 Optimization of reaction conditions

Reaction Time (hrs) 1 3 6 12
EntryTemp(°C) Copper Source Approximate Conversidh(%)

1 rt CusSQ NR NR NR NR
2 40 CuSO4 40 50 80 90
3 60 CusQ 40 60 80 90
4 rt CuBr-SMe NR NR NR NR
5 . [Cu(CHsCN)4PFs 40 50 60 60
6 40 [Cu(CHCN)PFs 50 70 80 90
7 60 [Cu(CHCN)4PFs 90 100 100 100
8 40 CuCl NR NR NR NR
9 40 CuCN NR NR NR NR
10 40 CuBr ) 40 50 50

®The DNA s eTllenlc & T B&T-306 was xu-ss std of
phosphoramidate modificatioh.Conversions are visual approximatioms.= room

temperatureAA3was utili zed for all/l Aclicko
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Figure 2.1 Time-courseEMSA assays usingCu(CH;CN),]PFs at rt (A),40 °C (B) and

60°C (C). CuSQascorbate system assayed@t’C (D) and 60 °C (E). CuBr assayed at
40°C (B

2.2.2 Thermal Stability Studies

With the optimized conditi® in hand, we synthesizefl;(GA (arbitrarily chosen
sequencel2-meroligonucleotides containing a single phosphoramidate dneendod
the DNA backbone. These strands were modified withmantaneAA1l), diamantane
(AA2), andtriamantane AA3) to determme whether such modification had effect on
duplex stability (Table 22). See sectior2.4.10 for experimentaldetails for T, data
acquisition ON 2.13 which contains the propargyl group linked to the DNA via a
phosphoramidate, had a slightly increased melting temper&urg € + 0.8) compared

to the unmodified ON2.12 Surprisingly, phosphoramidate modificationdalgation
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with azidodiamondoidhAl (ON 2.14) resulted in slightly increasen, valuescompared

with propargyl modification@N 2.13. Further, as the size of the diamondoid increased
from adamantane AA1, ON 2.14 to triamantane AA3, ON 2.16), there is a
corresponding increase in DNA duplex stabilidithough the observed increase in
duplex stabity is minor, these effects were found to be reproducible and statistically
significant.Sincehigher orders of azidodiamondoids were unavailable for study, we were

unable to determine ifl,, values would continue to increase with the size of the

diamondods.
Table 2.2 Thermal stability of diamondoidlicked DNA?

ON  Diamondoid 5 &equencs b Tm(°C)¢ DT (°C)
2.12 none AAA AAA AAA AGA 359+0.3 --
2.13 Propargyl AAA AAA AAA AG xA 36.7+0.3 +0.8
2.14 AAl AAA AAA AAA AG xA 36.3+0.3 +0.4
2.15 AA2 AAA AAA AAA AG xA 37.7+0.4 +1.8
2.16 AA3 AAA AAA AAA AG xA 38.9+0.3 +3.0

4 Each double strand complex was prepared as 10 uM solutions in 200 mM NaCl and 10
mM potassium phosphate buff&ach strand was hybridized to the unmodified
complimentary TCT, strand” x denotes the site of modificatiochEach measurement
was performed in triplicate.

2.2.3Duplex structure and HPLC analysis of Diamondoid Modified DNAs

To determinewhether the DNA duplex structure wasaffected by the size and
hydrophobicity stemming from the diamondoid pendant grotigscircular dichroism
spectraof ONs2.12- 2.16were measured€ach ON was hybridized to its complimentary

sequence before data acquisitiBeesection2.4.10for details onCD spectra acquisition
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conditions.When comparing th€D spectra of the natural duplex ON12 to AA3
modified duplex ON2.16 it was found thathte DNA secondary structure was not
perturbed Eigure 2.2).° This similar CD fingerprintwas alsodetectedwith ONs 2.13

2.15 After analysis byreverseephase HPLC, it was found th#te DNA with the
propargyl modificatior?.13 had the shortest retention time on the HPLC (4.8 min). As
the adamantane8Al - AA3 were conjugated to the DNA, the retention time of the
corresponding ONs increased. Specifically, the smallest and Iegdtophobic
adamantane un.14had a shorter retention tinj@.4 min)than the bulkier diamondoids,
diamantane2.15 (7.4 min) and tramantane2.16 (8.2 min) (Figure 2.3). The
corresponding increase in retention time is presumably a consequence of the

hydrophobicity of the diamondoigtoups See2.4.8for additional HPLC elution profiles.
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Figure 2.2 Circular Dichroism spera ofduplex2.12and?2.16 hybridized to TCTo
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Figure 2.3 RP-HPLC analysis of purified d(4GxA) ON 2.13-2.16 Mobile phase A =
0.1 MTEAA buffer (pH = 7.5); Mobile phas® = CH3CN. Ramp: [time (%A)]: 0(90),
10(60), 13(20), 20(20), 23(90), 30(9€low rate = 0.5 mL/minUV detectionwasat 260

nm. TEAA = triethylammonium acetate buffer

2.2.4 Click Protocol Compatibility Analysis

To test the generality and compatibility of the protocol, a series of
oligonucleotidediamondoid conjugates bearingc@rboxyfluorescein @ AM) on t he 30
endwere synthesizedincefluorescently labeled nucleic acid derivatives are important
for diagnostic applications(Table 2.3).3!  Azido-adamantane, diamantane and
triamantane deri vat i v eesdoftleeaDINA hsydetdintined iyk e d 0 o
MALDI-MS after PAGE purification @Ns 2.172.19. Further elaboration by
introducing up to two triamantane derivatives internally proceeded smoothly to provide

the desired producON 2.20.
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Table 2.3 Functionalization of &AM labelled DNA with diamondoids

Calcd Obsd
ON DNA Sequencé Diamondoid

MW MW
2.17 AXCCCAACACTACTCGGC AAl 5,867.9 5,868.6
2.18 AXCCCAACACTACTCGQRC AA2 5919.9 5921.5
2.19 AXCCCAACACTACTCGGC AA3 5972.0 5971.6
2.20 AXCCCAAXCACTACTCGGC AA3 6,290.3 6,289.0

2 All modified DNA sequencewere synthesized with afs A M

X = site of modification.

2.3 Conclusions

In summary, we developed a simple, robust, andsgigeific solidphase method for
the introduction of diamondoids on the phosphate backbone of DNA using CuAE.

procedure was most efficient using [Cu({tH\),]PFs as the copper source. This

| abelendn

t

he

procedure allows for high density functionalization and is compatible with attachment of

multiple and distinct pendant groups on DNA.

2.4 Experimental

2.4.1 Bases used fdDNA Synthesis

All DNA syntheseswvere performed on a Bfutomation MerMade synthesizer. Generic

protocols were modified as shown 2m.3to accommodate phosphoramidate synthesis.

All phosphoramidites were purchased from Glen Research as follows:

Base A5-Dimethoxytrity-N-benzoyt3-deoxyAdenosine,4(2-cyanoethy(N,N-

diisopropyl)}phosphoramidite
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Base T 5*- Dimethoxytrityl-3'-deoxyThymidine,2[(2-cyanoethyl)(N,N-diisopropyl)}

phosphoramidite

Base G 5-Dimethoxytrityl-N-dimethylformamidine3-dexyGuanosine,2[(2-

cyanoethy(N,N-diisopropyl)}phosphoramidite

Base C5-Dimethoxytrityl-N-acetyt2-deoxyCytidine,3[(2-cyanoethyB(N,N-

diisopropyl)}phosphoramidite

H-Phosphonate G5'-DimethoxytritylN-isobutyryl2-deoxyGuanosine 31-

phosphonateTEA salt

2.4.2 HPhosphonate reagent preparation

1. H-Phosphonate dG: 52 mg in 1.5 mL of 1:1 ACN:Pyr (0.04 M solution).

2. Pivaloyl chloride(Piv-Cl): 90 in 3.0 mL of 1:1 ACN:Pyr (0.24 M solution).

3. Propargyl amine: 48L in 3.0mL of 1:1:1 ACN : Pyr. CCl, (0.25 M solution)

2.4.3 Procedure for HPhosphonate Addition/Oxidation

1. Deblock To a dimethoxyl trityl (DMT) protected tmol CPG column, % 200ni of
3% TCA in DCM solution was injected with»3.3 sec pulsed incubations to yield a
total incubation time of 20 sec.

2. Acetonitrile wash To the deprotected column, 8 250 nL of acetonitrile was
injected with a 1x 1 sec pulsed incubation followed by a %5drain pulse to
completely remove all acetdriie from the reaction column.

3. Coupling To the deprotected column,X2100 niL of H-Phosphonate reagent (0.04
M, 4 mmol) and 2x 100 nL of Piv-Cl reagent (0.24 M, 24mol) were added as a
staggered injection with 8 12.5 sec pulsed incubations to yiedotal incubation

time of 100 sec per injection.

36



4. Acetonitrile Wash To the column, % 250nL of acetonitrile was injected with axl.

1 sec pulsed incubation followed by a 8&5drain pulse to completely remove all
acetonitrile from the reaction column

5. Propargyl addition To the column, 5< 200 Imof propargyl amine (0.25 M, 500
mmol) was injected with a 18 24 sec incubation to yield a total incubation time of
240 sec per injection.

6. Capping To the column, 1x 125 nL of cap mix A ( THF / 2,8utidine / acetic
anhydride [8:1:1] ) and & 125nL of cap mix B ( 16 % dmethyl imidazole in THF)
were added as a staggered injection witk 8.5 sec pulsed incubations to yield a
total incubation time of 50 sec per injection

7. Acetonitrile Wash To the column, % 250 L of acetonitrile was injected with axi.

1 sec pulsed incubation followed by a 85drain pulse to completely remove all
acetonitrile from the reaction column.

2.4.4 Preparation of Copper, Adamantane, and AM solution

Dilution of Adamantane Sourcedll adamantane solutions were diluted to a 0.1M

concentration using THFThe dilutions were stored in &78°C freezer between

experiments.

Dilution of Copper SourcedT etrakis(acetonitrile)copper(l)hexafluoropipbste (10 mg)

was diluted in anhydrous acetonitrile (268) to yield a 0.1 M solution immediately

before each experiment. Copper sulfagmtphydrate (10 mg) was diluted in® (400

nmL) to yield a 0.1 M solution. Copper bromide dimethyl sulfide, copper bromide, copper

cyanide, and copper chloride were all diluted to a 0.1 M solution immediately before each

experiment.
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Preparation of AMA solutianAmmonium hydroxide and 40% aqueoustiygamine

were mixed in a 1:1 ratidnttp://www.glenresearch.com/GlenReports/GE7Zhtml

2.4.5 EMSA Assays

To evenly distributed portions of CPG solid phase (~30 nmol), cofdoér €q)
arnd adamantane (10 eg)ere added and allowed to react for variable times. The beads
were washed with 2 1 mL of DMSO, 1x 1 mL H,O, and 1x 1 mL ACN. The beads
were cleaved with AMA solution (1.0 mlat 65 °C for 15 minutes. The supernatant was
collected and dried on a GeneVac. The resulting pellet was dissolved in loading buffer,
loaded onto a 20% denaturing PAGE gel, and run at\2%@r 4 hours. The resulting
spots were visualed under a handheld UV lamp.
2.4.6 Preparation of MALDI Matrix and DNA sample for MALDI analysis
Zip Tip Desalt Each DNA sample was desalted using a Harval@ Zip-Tip (Cat # 74
3403)
Preparation of 2',4',6Trihydroxyacetophenone monohydraf€HAP) Matrix In an
Eppendorf tube22 mg of ammonium citrateiblasic (AC) was dissolved in 1mL of 1:1
ACN:H,O. THAP matrix (10 mg) was stirred vigorously with 20D of the AC solution
to prepare a saturated THAP solution. The insoluble particulates were spun down and the
supernatant was tected for use as MALDI matrix.
2.4.7 Modified HPLC Conditions for Purity Determination

In order to confirm the purity of all the oligonucleotides post click reaction, an
elongated HPLC run was performed to further confirm the lack afluimon with ary
impurities.The doublets for each HPLC are indicative of the Rp and Sp diastereomers of

each phosphoramidate modified oligonucleotide. All HPLCs were performed on an
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Agilent Zorba SB-C18 column (2.1 x 150 mm). Flow rate = 0.5 ml/midetection at
260 nm.
Mobile phase A = 0.1 M TEAA buffer (pH = 7.5); Mobile phase B = Acetonitrile.

Elution ramp is as follows [time(%A)] : 0(90), 20(6@5(20), 30(20), 35(90), 40(90)

ONs2.14 2.15 and 2.16

S 100
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2 80-

®©

2

S 60 -

O

<

o] 40 -
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Figure 2.4 Elongated elution o®Ns2.14 2.15 and2.16

2.4.8 Digestion and HPLC/MS analysis of ® 4

S1 nuclease buffer 30 mM sodium acetate (pH 4.6 at 25°C), 50 mM NaCl, 1 mM
ZnCl,, 0.5mg/ml denatured calf thymus DNA and 5% glycerol.

Digestion 50 nL of oligonucleotide2.15 (121.6 M) was diluted with 9L of 10x S1
nuclease buffer followed byl of S1 nuclease (98 unitd). The mix was incubatesit

37 °C overnight. The next day, 4@ of 0.1 M TrisBase (pH = 8.5) was added to the
reaction buffer and 2 units (&) of calf intestinal alkaline phosphatase was added and
incubatechat 37 °C for 2 hours. The solution was filtered and analyzed by HPLC using the

following gradient.



HPLC Conditions All HPLCs were performed on an Agilent Zorbax-SB8 column
(2.1 x 150 mm)Flow rate = 0.2nl/min. Detection at 260 nnmMobile phase A =20 mM
KH2PO, buffer (pH = 5.5); Mobile phase B = 30% (v/v) buffer A in methatmdution

ramp is as follows [time (%A)]: 0(100), 60(0), 65(0), 70(100), 80(100)

dA peak (rt = 27.6 min) : ESMS m/z calcd for GH13NsOz [M+H]* 252.10, found
252.10

dA/dG dimer peak (rt = 31.6 min) : E®S m/z calcd for G;H47/N140gP [M+H]" 846.34,

found846.3
Oligonucleotide 2.15 Digest
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Figure 2.5 ON 2.15digest
2.4.9 Phosphoramidite and Hphosphonate coupling efficiency
To confirm the successful incorporation of each nucleotide, internal sensors were
set to detect the elutioof the intensely red colored trityl groups formed during the
deprotetion steps. As shown in Figure6? the derotection steps of basesl? wereat
least 90%complete indicating successful incorporation of the previous nudeotSee

Scheme 2, convesion of 2.1 to 2.2). Furthermore, comparison of the raw trityl data
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after conventional phosphoramidite coupling (FigRré) to the raw trityl data after -H
phosphonate coupling (Figure82, provides further evidence for highly efficient H
phosphonate colipg as well as evidence confirming the preservation of high efficiency

coupling of future coupling steps after oxidation with propargyl amine.

Trityl Graph | RawData | Live Monitor Data
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Figure 2.6 Trityl graphs for the synthesis GiN 2.13
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Figure 2.7 Raw trityl data for base 1 dDN 2.13 Data is representative of conventional

phosphoramidite coupling efficiencies for bases 1 ath@ 3
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Figure 2.8 Raw trityl data for bse 2 ofON 2.13 Data is representative of H

phosphonate coupling efficiencies
2.4.10CD and T, analysis

The unmodified ON2.12as well as the modified ON5137 2.16wereprepared
as 10uM solutions in 200 mM NaCl and 10 mpbtassium phosphate buffégach ON
was annealetb the complimentary unmodified strand (T{g)Tby incubating a®0 °C for
5 minutes followed by slow cooling to room temperature. All CD apddata are
representative of thdybridized duplexes andvere acgired on a Jasco-815 CD
spectrometerThe CD spectra were acquired with standard sensitivity settings with a
scanning range of 320 190 nm, a data pitch of 0.5 nm, and a scanning speed of 100
nm/min. Spectra for each duplex are reported as the average of 3 accumuléigofs.
data were acquiredith a heatingrofile of 5°C T 80°C at 260 nm with a ramp rate of 2
°C/min with datasampling every 2C. Final T, values were calculated from the data that

were acquired in quadruplicate using Spectra Manager Version 2 software.
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Chapter 3 HIV structure, function, and design oftherapeutic targets

3.1 HIV
3.1.1 Statistics and structure

As of 2010, the World Health Organization (WHQO) estimated tlia¢ total
number of people living with HIWorldwide wasaround34 million people.In 2010, 2.7
million people were infected by thelV virus, which was down from 3.1 millionewly
infectedin 2001.Although the annual number of people dying from Ali2ted causes
worldwide has decreased from 2.2 million in 2005, ammeded 1.8 million peoplédied
from the disease in 20f0As a perspectivecomparison approximately 1.2 million
people were estimated to have died in road traffic accidents in 20@8WHO has
categorized the HIV/AIDS epidemic as one of the top 10 leading causes tbf dea
worldwide.Thus it is no surprise that herculean efforts have been put forth to restrict the
proliferation of the virus as well as to develop novel therapeutics to treat individuals
already infected.

The human immunodeficiency virus type 1 is a retrovitbat has been
extersively scrutinized and studied by scientists for over 25 years.understanding of
HI Vés structur al components as wel |l as how
have paved the way for the construction of many effective antiviral agents. Although
none of thesagents haw offered a cureHIV haseffectively become much more of a
manageable disease in recent yeaéhen broken down to its most fundamental
componentsthe virus itself can be considered asassemblyof 15 proteins and one

RNA. The actual structer of the HI\\1 genomes encoded by an ~ b RNA, which

46



encompasses 9pen readingframes each of which encodefor various structural,

enzymatic, and regulatory functioiigure3.1).2
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Figure 3.1 Organization of the HIVL genome and viriorReproduced with permission

of Annual Reviews in the format Journal via Copyright Clearance Center (Ref@ence
3.1.2 Virus life cycle

A mature virion begins its replication cycleith infection of healthy celldy

targeting the surface gp 120 (SU) proteins and CD4 and CC chemokneeegiors
(Figure 3.2). After this bindingevent occurs, the transmembrane gp41l (TM) protein
undergoes a conformational chartgatallows viruscell membrane fusion, which results
in the entry of the virus envale® The coreof the virusis uncoated to expose a viral
nucleoprotein complexhat is transported to the nucleushere the genomic RNA is
reverse transcribed by reverse transcriptase (RT) into duplex DNA. The enzyme integrase
(1 N) catalyzes the integration of the viral

this step, the viralgemoe i s transcribed beginning at the
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Initially, this transcription is quite slow, but the rate of transcription is enhanced after the

binding of the Tat protein tthe TAR region of the viral transcript.
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Figure 3.2 Basic life cycle of HI\V1. Reprinted by permission from Macmillan
Publishers LtdNat. Rev. GenefReference?), copyright 2004

The next step is regulated by the Rev protein, which promotes the effective
transport of longer RNA strands along with spliced HRMA to the cytoplasm. After
these RNAs are transported to the cytoplasm, they are translated or packaged for the final
virion particle.The Gag and GaBol polyproteinglater cleaved byIV-1 protease (PR)
enzymeto yield MA, CA, NC, p6, PR, RT, and INgre translated andhsttledto the cell
membrane while the Env mRNAvhich codes for the surface (SU) and transmembrane
protens (TM),is translated at the endoplasmic reticulum (ER). The core virion particle is

assembled from the Gag and &g proteinsVif, Vpr, Nef, and genomic RNA
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At this point, avirion begins to bud from the cell surface, but before the virion
can detah itself from the host cell, it must firéte coated with the SU and TM proteins
for future binding to host receptor proteif@rthe Env to be incorporated onto the outer
shell of the virion, it mustéreleased from complexes tlaae formed with CB, which
is expressed in the ERpu promotes CD4 degradation, whiakieases Env for transport
to the cell surface. The Nef protein promotes endocytosis and degradation of surface CD4
receptors.

Finally, the virion particle can bud and be released froena#ll surface with a
coat of SU and TM proteingfter processing othe Gag and Gagol polyproteins by
thePR,the virion is then ready to infect the next @aild the cycle continues
3.2 Current anti-retroviral therapy (ART) drugs

Therapeuticghat aimto combat the proliferation of HIV are limited to seven
broad classe Each of these classeasbeen designed to inhibit the successful infection
of the host cell, replication within the host, moliferation of the complete virion from
the cell* These will be discussed in the following sections.
3.2.1Nucleoside/NucleotideReverse Transcriptase inhibitors (NRTIS)

NRTIs produceantitHIV effects by inhibiting the activity of the HIV reverse
transcriptas.These compounds are generallycleoside analogues that aesigned by
modification ofa sugar, nucleic base, or a simultaneous modification of both moieties.
Interestingly the first antiHIV drug approved for AIDs patients wése NRTI3 -@zido
2 6 ;didedxythymidine AZT) (Figure 3.3).° Once inside the cell, the NRTI is
effectively converted to the triphosphaterivativethat isincorporated into the growing

viral DNA by DNA polymerases. Since all NRTIs lack ah§droxyl group, the growing
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DNA sequence is terminatecho other nucleotides can be incorporatead viral
replication is inhibitedUnfortunately, the virus has developadepair mechanism that
involvestheremoval of the chakterminating reidues.
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Enfuvirtide

Figure 3.3 Selected examples of ART drugs
3.2.2Non-nucleoside Reverse Transcriptase inhibitors (NNRTIS)

NNRTIs werefirst reported in theearly 1990 and like NRTIs, are designed to
inhibit the process of HIV-reverse transcription. However, unlike NRTIsthese
therapeutics attempt to interrupt the action oftthascriptasgrotein itselfby binding to
an allostericsite located very close tthe catalytic sité. Unfortunately, of the four
NNRTIs which have beeapproved for clinical use, three have been plagued by a rapid

development of resistanc&travine (Figure 3.3) is a second generation NNRTHat
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binds to conserved resids of the reverse transcriptase suchV@29 andwasapproved
for clinical usein 2008 Unlike other approved NNRTIsEtravine has displayed
improvedpotency against several NNRTI resistant muténts.

3.2.3Protease Inhibitors (PIs)

The HIV protease is responsible for the cleavage of precursor polyproteins to
structural proteins, functional proteins, revergeanscriptase, and integrase.
Consequentlyits function is essential for the successful maturation of the virus as well as
its ablity to proliferate and spread to other host céMlme out of theen currentlyFDA-
approved protease inhibitoese peptidomimetic transition state analogulkat interfere
with the cleavage of these precursor polyproteiesy,( Ritonavir'® (Figure 3.3)).
Unfortunately,viral resistance, poor bioavailability, and toxicity are problems associated
with this class of inhibitc:
3.2.4Fusion Inhibitors (FIs)

In order to successfully enter leost cell, theviral glycoprotein gp120 must
interact with a CD4 receptor on thestcell surface. A cascade of interactions between
viral proteins and coeceptors on the cell surface results in the activation of the viral
transmembrane fusion proteigp41. This conformational activatiaesults inthe viral
and cellular membranes to be drawn thge for fusion' Sincegp41's interaction with
the cellular membrane is essential for effective fusion, it is not surprising that the only
approved fusion inhibitor, enfuvirtide, is a syntheBiG-amino acidpeptide aimed at

mimicing gructural components of gp41.
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3.2.5Co-Receptor Inhibitors (CRISs)

Before viruscell fusion takes place, secondary interaction between the viral
gp120 and cellular chemokine-ceceptors must take placBvo major cereceptors that
have been identifiecis essential for viral fusioare CCR5 and CXCRZ. Although
numerous small molecule CCR5 and CXCR4 antagonists have been identified, the
compoundM araviroc (Figure3.3) is the only CCR5 antagonist that has been apadt
for the treatment of HIV
3.2.6Integrase Inhibitors (IRS)

Forviral proliferation to take place, the proviral DNA must first be integrated into
the host DNA. The integrase enzymeeissential for the successful catalysis of this
process and is considered an extremely promising target feHRhtiherapeutics. One
of the reasons for this is that the catalytic core domain (CCD) is composed of a highly
conserved DDE motif for amino asidD64, D116, and E152.These residues are
essential for the activity of the enzyme, and as such are exquisite targets for inbbition.
the moment,he only FDAapproved HIVintegrase inhibitois Raltegravir (Figure3.3)
and is available only for use in combiioat with other antHIV drugs®
3.2.7 Anti -HIV Drug Combinations

Although each class of inhibitor has demonstrated utility in combating the HIV
virus, the introduction of combination approach termed highly active antiretroviral
therapy (HAART) in the mieB0's has significantly decreased morbidity and mortality
rates ofHIV patients. Most therapeutic approaches now include two or more drugs that

eachtargetsa different stage of the virus' life cydie.
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The structural and functional diversity of Hitierapeutics is a testament to the
difficulty associated with attempting to interrupt the successful replication of the virus.
Unfortunately, even wh the most effectivéherapies, the emergence of drug resistance is
always a threaandtheinterruption of drug administration results in reemergence of viral
activity.*®'® Therefore the development of novel therapeutic targets and methods are of
the utmost importance.

Recently HIV-RNA structues essential for successful replication and
proliferation of the virus have becomextremely attractiveargets Interestingly, RNA
can adopt folded structures withhegh degree of complexity thatan approach the
complexity of folded protein structuréS.Therefore, theseertiary structures caie
addressed as sites for drug recognition and bindimiged, the thredimensioml folding
of RNA is already utilized in the cell as protein and small molecule binding platforms.
The construction of synthetic compourttiat canrecognize and bind to RNA structures
with high affinity and specificity wilbe extremely useful next generation therapeutics.
3.3.1 Small and large molecules for RNA binding

According to Lipinskios rule of five, s n
those with MW&When500spPpaktomg. vari ous examp|
those inFigure 3.3, it becomes apparent that, with the exception of enfuvirtide, the
majority of the drugs that target the HKY virus are small molecule protein
inhibitors/antagonists.Alternative snall molecules such as the aminoglycosides
oxazolidinons, and intercalats have allbeen demonstrated to effectively bind to RNA

structures2? Althoughthesebinders may be designed to dispnodaffinities towards
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RNA structure, this feat is generally accomplishedhat cost of promiscuous binding
(poor =lectivity) amongsta variety ofRNA structures. Large molates such as those
used iINRNAI have demonstratethe necessargelectivity and affinity, buthey suffer
from poor cellular uptake.

Compoundsthat canbridge the gap between these two extremes in terms of
bioavailability, stability, cell permeabilityaffinity, and selectivity wl be welcome
additions as a new class of RNA binddrsterestingly, there has been an increasing
interest within the last decade in peptides and peptide analogs for targeting RNA
structures. Indeed, these molecules seem to have shown potential to cm®remveen
the two current RNA targetingtrategiesand have displayed impressive selectivity as
well as affinity towards high impact RNA targets such as-HIAR and HIV-RRE.
3.4 Peptides and peptidic analogs
3.4.1BackboneCyclic Peptides

In 2007, Chaloin reported a series of Backbone Cyclic Peptides (BCipgm
that containg conformationally constrained arginine rich motif (ARM) of Ré8ixteen
RevBCPs were synthesized with rings that contained between 2 and 5 carbons for the
Amo chain and 2 and gFigae3d)bThess cohpoundstwéree A n o ¢
tested forin vitro inhibition of HIV-1 replication(Table3.1), and it was determined that
al |l BCP6s assayed were mor e -ARMtpepiided.han t he
Compound22.1 and25 displayed similar Iggd s but di spar,andeere( m + n)
chosen as representative R&EP models. Both peptidegere able to completely block

HIV-1 replication when incubated at 59M in human H9 Hymphocytes and
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demonstrates that RBCPs can be used to inhibit viruagplication in CD4 and

CXCR4 human T cells.

o)
O (CHa)— —N—(CHy), o

I—Gln Ala Arg Arg—N\_)J—Arg-Arg—Arg—Cys—NHz

Figure 3.4 Rev-BCP

Table 3.1 Representative sampling of RBCPs

Compound m n Sum(m + n) ICs0 (M)
21 2 2 4 8.5
2.2 3 2 5 12.6
2.3 4 2 6 9.7
24 3 4 7 14.6
25 2 6 8 10
26 3 6 9 6.2
2.7 4 6 10 13.9
2.8 5 6 11 16.2
29 (Lin-Rev) - - - 24.3

3.4.2Cyclic b-hairpin peptidomimetics

A secondexample of cyclic peptides used to target specific RNA structures comes
from Varani and ceworkers They targeed the Tat protein using p&gdomimetic
chemistry combined witla structurebased approacfhere is nostructural information
regarding the HIV TalTAR compl&, so they attemped to understand recognition
principles regarding the well characterizednd straturally similar Bovine

Immunodeficiency Virus (BIV) TatTAR (Figure 3.5).2°?® They hypothesizedhat

55



information gained from studying peptidomimetic interactions withBtfve could also b

applied to theHIV.

a) HIV-TAR BIV-TAR b)

UGGG AU
c. A C, A
c-G Uu-4A
G-C c-G
A-U G-C
G-C Tal-
u cg-©
c A
u U,
A-U G-C
G-C C-G
A-U U-A
c-G c-G
_G-C G-C
'G - ¢+ ‘G -
5 3 5 3

Figure 3.5a)HIV-TAR and BIV-TAR. b) BIV TatTAR complex Reprinted (adapted)
with permission from reference 28opyright (2004) American Chemical Society
Structural informatiorfrom the BIV TatTAR complexsuggestshat Tat adopts a
b-hairpin conformation upon binding IPAR. Hence they decided to introduce a cyclic
b-hairpin conformation to their peptide libyavia a p-ProL-Pro templaté’ After
evaluating thissmall library ofb-hairpin peptidomimetics, they elucidated the structure
of the cyclic peptide [cyclo-D-ProL-Pro-Arg’-Val>-Arg>-Thr'-Arg>-Gly®-Lys’-Arg®-
Arg’-lle’®Arg*-val')] (2.10 by mutatioml analysisof positions 13, 11, and 12®
Peptide2.10 was determined to displaganomolar affinity (150 nM) to BIV TAR even
with a large excess of competing tRNA (10,000x). In comparison, the BIV Tat was
determined to have a 50 nM binding constant under the same conditions.
Thereafter, ~100peptides were constructed by performing mutations on all
restues of2.10 and3 sequences stood out in regards to their pot&hAg. shown in

Table3.2, 2.11, 2.12 and2.13displayed activity in the low nM rang&hese compounds
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were able to withstand competition from a 10000 excess of tRNA® Also,
compound®.11and2.13wereable to discriminate between HYand BIV TAR.

Table 3.2 High affinity binders to HIV and BIV TR

Position
Compound 1 2 3 4 5 6 7 8 9 10 11 12| Kq(HIV),nM | Kq(BIV), nM
2.11 RV RTRIKGRRI R | 30 5
2.12 RV RTRGIK R R R R 1
2.13 R TRTRGK R R I R V 5 50

In 2011, Varaniet al repored a series of conformationalbonstrained cyclic
peptides that act as structural mimics of thidv-1 Tat protein at nanomolar
concentrationgn vitro.>! These compounds were also able to block transcription in cell
free as well ascell-based assay3hesecompounds were also cell permeable, displayed
low toxicity, and inhibited the replication of a number of HlVstrains, including
CXCR4tropic and CCR4&ropic HIV-1 isolates. The mostffective compound2.12,
exhibited an 1G, value of ~250 nM in hmnan peripheral blood mononuclear cells.
3.4.3a-helical peptides

Recently, Yu and cavorkers reported a study on the effects of MjsethytLys
containing a-helical peptides on RRE RNA bindif§.This study was inspired by
observationghat suggested that methylated Lys/Arg residues in certain proteins were
responsible dr specificity and selectivity>>* Binding affinities for a series afynthetic
peptidesvere determined by fluorescence anisotrfigble3.3).

Interestingly, even though the peptides have sinaithelical content to the Rev
peptide, most peptides displayed an order of magnitude decreasadmdp affinity.
When comparing pejotes with only twoK* modifications 2.18-2.20), it appearshatthe
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location of K* is more influential on affinity than the number of modificatiansa-
helical contentln addition to binding RRE RNA with similar affinity to the Rev peptide,
peptide2.20was able to discriminate between RRE RNA and tRNAs well as TAR
RNA with higherselectiviy than the Rev peptide itself.

Table 3.3 Helicity and bnding of N,N-dimethylLys derivatives

Compound Sequencés Helicity (%)" Kg (M)
2.14 LKKLLKLLKKLLKLKG 26/57 22
2.15 LKKLLKLLKKLL K*LKG 5/45 79
2.16 LKKLLKLL K* KLLKLKG 9/48 74
2.17 LKK* LLKLLKKLLKLKG 8/50 75
2.18 LKKLLKLL K* KLLK* LKG 7149 30
2.19 LKK* LLKLLKKLL K*LKG 6/43 69
2.20 LKK* LLKLL K* KLLKLKG 8/52 9.1
2.21 LKK* LLKLL K* KLL K* LKG 6/47 87

2.22 Rev) TRQARRNRRRRWRERQRAAAAR 33/73 8.5

aK* = N® N®-dimethyl Lys.” In 10mM HPO / 50% TFE in 10mM HPO, at pH 7.4.

In a subsequent report, Yu reported the affinity of amphiphilic helical peptides
that includedacridinyl moieties via covalent attachment to th&pNsition of Lys
residues® They hypothesized that the inclusion of the acridine intercalatmuld
increase binding affinity via-’ i nt er deadtainiogithe seledtivityimparted by
their previous desigif After scanning a series of menand diacridinylated peptides

utilizing the same parénpeptide sequence shown Table 3.3, the tightest binder
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displayed a affinity of 610 pM to RRE. Unfortunately, it was also discovered that none
of the acridine modified peptides displayed adegselectivitytowards TAR or RRE

Guy and colleagues recently described a new class of conformationally
constrained peptidomimetics that resulted in an extremely specific binder to the HIV
RRE. In contrast to reports of peptides designed Witirn conformational restraint§*
this was the fist report of peptides with macrolactanduced (i, i+4) Uhelical
conformations being used for targeting viral RRIATheir design was based on the
highly specific RRE binding peptid&RsQR; (2.26) that was identified in a gestic
selection experimerit A representative sample o§@R; peptidomimetics are shown in
Table 3.4. Of the 12 macrolactam constrained peptides, only 3 were found to have
significant U-helical content(2.23 2.24 and2.25 as determined bygircular dchroism
(CD) (dual minima at 222 and 208 nmAlso, only one peptide2(24 displayed
specificity towards the wildype RRE IIBagainstC46-G74 mutant RRE, which has been
shown to not specifically recognize the Rev @gQR; peptidesKq0 were determined by
electrophoretic mobility shift assays. Specificity wadimed asthe ratio of dissociation
constants of wildype RRE IIB and C46574 mutant RRE.

Table 3.4 Amino acids in red were utilizeidr the macrolactam constraint. RRE binding

Compound Sequence Ksp (NM) | Knonsp(NM) | specificity
2.23 Ac-RRRERRQKRRRRRROH 700 1200 1.7
2.24 Ac-RRRRERQRKRRRRROH 45 1200 26
2.25 Ac-RRRRREQRRKRRRROH 700 1200 1.7
2.26 ReQR 150 1200 8
2.27 Rev17 100 1600 16
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3.4.4Multivalent binding oligomers (MBOs)

R = amino acid residue

Figure 3.6 Generalized structure of MBO polyamine:

In 2009 Appellaet al described the synthesis of multivalent binding oligomers
(MBOs), which are composed of mupliie amino acid side chains thextend from a
polyamine backbone Figure 3.6).® While derived from amino acidsMBOs are
composed of an amine linkage instead of an amide linkage. The hypothesis is that non
ionic sidechainsnfluence thespecificity of binding while the amines in the backbone
contribute ionic interactionthat contribute to binding affinity toward the anionic RNA
backbone.

A series of MBO derivatives were investigated for their ability to inhibit T/ER
interactions. Ashownin Table 3.5, asthe length of the MBO was increaskdm 2.28
2.33 a significant increase in inhibitory activity was observAd. increase in chain
length from the trimef2.28 to the octame(2.33 resulted in two orders of magnitude
increase INECsp values.To determine the importance of side chain residues, single and
multiple point alanine mutations wenetroducedon the MBO sequend@ntries2.31a-
2.31). Although single point mutations did nsignificantly affect the binding of the
MBO to the TAR RNA, a five point mutation caused almost an order of magnitude

increase in E§ value (2.31f). Similarly, sidechain mutations to lysine and tryptophan
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residues2.231g-2.3%)) did not impart anysignificant decrease in inhibition in the Tat

TAR interactionwhen compared t8.32a and2.33a

Table 3.5 Variation on MBO sequence and length

Length variation

Alanine scan

Sidechain variation

Compound ECso (MM) Compound ECso (MM) Compound ECso (UM)
in vitro in vitro in vitro
YAYYYY YYYKYY
YYY (2.28 83.8+3.7 9+0.3 5+0.1
(2.313) (2.31g)
YYAYYY YYYKWY
YYYY (2.29 89+1.0 3.2+04 0.3x0.1
(2.31b) (2.31h)
YYYYY YYYAYY YKYKYY
3.0+0.7 1.6+£0.3 _ 0.4+0.1
(2.30 (2.31) (2.31)
YYYYYY YYYYAY YKYKWY
1.7£04 3.9+05 _ 0.2+0..1
(2.31) (2.31d) (2.31)
YYYYYYY YYYYYA YYYAYYY
0.5+0.2 3.3+x05 5+0.1
(2.32) (2.3%) (2.3%)
YYYYYYY YAAAAA YYYAYYYY
+0.1 4+£2 0.20 £ 0.02
Y (2.33 (2.31) (2.333

After comparing activities and selectivities of MBOs against Tat and Rev function
in HelLa cell systems, the polyaming2s31, 2.31c, and 2.32a were selected for tests
against antiviral activity due to their high activity and selectidigmpared to other
MBOs. All three compounds demonstrated activity in the low micromolar range with
toxicity profiles significantly higher than the concentration required to show activity
against HIVV1. The MBOs inTable3.5 werealso found to retain their inhibitory activity

over a variety of different HIV clades.
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3.4.5Peptoids

In 1997, Hamyand coworkers reported the synthesis of a hybrid peptoid/peptide
oligomer of 9 residues (CGP64222) that was able to block the formation of the Tat/TAR
RNA complex in vitro at nanomolaoncentrationgFigure 3.7).*° Peptoids are isomers
of peptideswhereinside chainsare attached to amid@trogens Theseare inteesting
substrates for bindindue totheir unique gcondary structuseand resistance towards
enzymatic dgradation. CGP64222 was discoveredrom a combinatorial chemistry
approach where eadf the 5peptad residues were optimized in a sequential maniver.
thislibrary, the four Gterminal resilues were held constant with a composition-tfys-
D-Lys-D-Arg-D-Pro-amide (k-k-r-p*) in order to limit complexity of the library
deconvolution Antiviral activity of CGP64222was tested in a cellular assay system
referred to as the fusieinduced gene stimulation (FIGS) assay to determine its ability to
inhibit HIV-LTR function?® Along with a control peptideArg5 (RRRRRk-k-r-p*),
CGP6422was found to inhibit HIV replication with no cytotoxic changes up to iI0
In human lymphocytes, incubation with 3 of CGP64222was able to completely
suppress the production oéversetranscriptase RT) without inhibiting cell viability

while theArg5 control was ble to achieve only ~50% inhibition.
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Figure 3.7 CGP64222eptoid/Peptide hybrid

3.4.6 b-peptides oligocarbamates, and oligoureas

In 2003, Rana and coworkers reported the construction of a serepapgtide
homologues of the Argich region of Tat 457 (Figure 3.8).** Dissociation constants
for these homologues were measured by fluorescence anisotrgyadaes for similar

peptides can be significantly affectedybvarying salt concentrationsnd experimental

conditions*>43

O R 0O
H
HzN\)J\ ,HTN\/U\ HoN
: N : OH :
: H : \W
R O R
a-Peptide p3-Peptide
Figure 3.8 a-peptide vsb*-peptide structure

An 11-residueb-peptide(2.34 boundto TAR with nanomolar affinity, although

its affinity for wild type TARwas surprisingly2-fold weaker than itdys-counterpart
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(2.35 (Table3.6). Interestingly this decrease in binding affinity was also observed when
compared to the-amino acid analogue d.36. Although the affinityfor TAR was
decreased fob-peptide2.34 specificity for the wt TAR was betweenZd fold greater
than any of the othea- or b-peptides. This feature is worth noting since the bulgeless
hairpin is a common secondary structural imatRNA. Thus specificity for the bulged
stemloop will be essential for any effective therapeutic directed at TAR.

Table 3.6 Peptide affinity andecificity

Ka (NM)
Ka ("M) bulgel Specificity for
i ulgeless
Compound Peptide Sequence Wt TAR g bulge
TAR
2.34 b3-(YGRKKRRQRRR) | 29 + 4 291 + 68 10
b°-
2.35 (YGKKK KK QKKK ) 16+ 2 332 2
2.36 YGRKKRRQRRR 21+0.8| 1.1+0.2 0.5
2.37 YGKKKKK QKKK 3214 72+8 2

K = Arginine to Lysine mutatiorf All amino acids are composed lofH-amino acids.

In addition to b-peptides, Rana has also reportedligomers formed with
oligocarbamate and oligourea linkagessigoned throughout thdéackbone (Figure
3.9).%2% The sequences for these oligocarbamate and oligourea homologues were derived
from the Argrich region of Tat 457 in a similar fashion to theb-peptide work* To
account for the variation in measunéglvalues, dissociation constant ratiose(Kwhich
represent the binding of the analogue relative to the natural p@m@@@arger constants
correspond to higher affinity bindingjvere reported. Interestingly, the  of the b-

peptide2.34 (Table 3.6) is only 0.072, whereas the alteration of the backbeeping
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the amino acid sequence constdatjhe oligocarbamate gives.K= 0.69 and alteration

to the oligourea gives = 7.1.

o H_ X lon [
~ ~
N o NN
O - n O - n
Oligocarbamate Backbone Oligourea Backbone

Figure 3.9 Oligocarbamate and Oligourea peptide analogues

3.5 Conclusions

This chapter presented a cursory examination of the structure and replicative
cycle of the HIVvirus. In addition a synopsis of theucrent antretroviral therapy
(ART) drug categories was presented along with representative examples of each major
class. Due to issues associated with viral drug resistance towards ARTS, there is an urgent
need for the expansion and examination of new methods tigat tzovel facets of HIV
proliferation. Currently, there is significant interest in tdevelopment of compounds
that interrupt esserdl RNA/protein interactions byinding directly to RNA tertiary
structuresExamples of small and large molecule bindingtifs were presented as well
as a detailed account of binding motifs presented by peptide and peptidomimetic
compoundsThis background material was presented as it was relevant to and extremely
valuable in efforts towards the completion of the work pressbin Chapters 4and 5of

this dissertation.
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Chapter 4 Facile analysis and sequencingf linear and branched

peptide boronic acids by MALDI mass spectrometry

Contributions

This chapter represents a modified version of a published article focusing on the
development of a methodology for the analysis and sequencipgptitie boronic acids

by MALDI mass spectrometryContributions from the authomre as follows: Jason
Crumpto (author of this dissertation) performed thethesis of the modified Fmae
boronephenylalanine amino acigFgpa) used for peptide synthesis as well as significant
intellectual contributions to experimental design, acquisition of MALDI spectra, &d th
writing and editing of the manuscript. Synthesis of the majority of the peptides used for
this study was performed by Wenyu Zhardgr. Webster Santos made significant
contributions to the writip and editing of the manuscript as well as aidingtha
experimental designThis chapter is reprinted (adapted) with permission from the

reference below. Copyright (2011) American Chemical Society

Crumpton, J. B.;Zhang, W. Y.; Santos, W. L. Facile Analysis and Sequencing of Linear
and Branched PeptideoBonic Acids by MALDI Mass Spectromet@nal. Chem2011,

83, 35483554.
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4.1 Introduction
4.1.1 Peptides incorporating boron as therapeutics

An increasing number of boron containing peptides are being investigated for
their potential use in the treatmemtf various diseases. For example, peptides
incorporating boronic acids have been utilized to target the protedSomB/-1
proteasé;* thrombin>® and human ClpXP Additionally, a wide variety of artificial
boron containing lectins (boronolectins) are being developethgtaddvantage of the
strong complexation of boronic acids with 1aghd 1,3 diols® These boronolectins may
prove capable of mediating biological processes such as immune reSfonse,
fertilization,"* embryonic development, and apoptosi§® Peptides, proteins, and small
molecules that feature boronic acid functionality have been utilized as fluorescent
reporter groups? sensors for glucose responsive insulin reléasad for detection of
cancer related glycoprotein’.
4.1.2Mass spectrometry techniques for boronic acid detection

As theusesof organoboron compounds continue to expandcope, analytical
techniques such as mass spectrometry are increasingly essential for compound
characterization and structure elucidation. Boronic acid derivatives have been
traditionally analyzed using a wide variety of gdsm® ionization and
desorption/ionizationtechnigues including direct insertion probe electron ionization
(DIP/EI),*" electron capture chemal ionization (ECCI2 liquid secondary ionization
(LSI),*819 fast atom bombardment (FABJand electrospray ionization (ESI). However,
there are limited examples in the literature concerning the analysis of boronic acids via

MALDI -MS 162122
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Free boronic acids undergo thermally induced dehydrdtfdfisor cyclizations to

boroxineg®?+?°

via dehydration/trimerizationeactions, whash can hinder detectioby
massspectrometry (Figure.4). When dehydration/boroxine formation interferes with
MS data analysis, additional steps such as laborious analysis of cyclization products
and/or derivatization to the boronic ester may be required.former has been identified

as undesirable for the characterization of peptides incorporating multiple boronic acid

functionalities?® Conversely, the derivatization of boronic @iwith diols and simple

sugars to the cyclic boronic esters has proven to reliably eliminate borfoxmation

(Figure4.2).17'19'27'28
R
OH B
A - ~
3R-B —— g g +3H,0
OH R0 R

Figure 4.1 Thermally induced boroxine formation

N
o OHpyo oow 0 9O
Peptide—B ———> Peptide—B_
OH O

Figure 4.2 Boronic acid peptide functionalization with a d@l.

The first to reportof the successful characterization of small molecular weight
boronic estemeptides(Figure 4.3) Haaset al. used positiveion ammonia chemical
ionization (ClI) as well as positivien LSI-MS.*® Detection of various boronic esters o
peptides4.5 and 4.6 demonstratedhat boronic acid peptides were compatible with diol

functionalization protocol¥®
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Figure 4.3 Small molecular weight boronic ester peptides

In regards tesequencing peptide boronic acid libraries, Hall $taswn that under
appropriate conditions, boroxine formation is not necessarily detrimental to library
deconvolutiorf> Specificaly, when three internal boronic acids are distributed at known
positions within the peptide sequence, intramolecular dehydration occurs preferentially
over intermolecular processes. This predictable dehydration pattern greatly simplifies
library deconvolubn.

More recently, Leiter and colleagues reported techniquefor the specific
labeling of arginine residues 4(7) of peptides using 2,3butanedione(4.8) and
phenylboronic acid4.9) under alkaline conditions to form bicycl#10 (Scheme 4.1
andsubsequent analysis using MALIMS 2! Ther work demonstrated that boronic acid

peptide conjugates can be utilized for the identification of peptides based om#ssir

fingerprint.
NH © OH pH~9.5 %/N 0
R/\/\N)'LNHZ )kﬂ/ ©/ OH _/_/ N g
H 0 R H
4.7 4.8 4.9 4.10

Scheme4.1 Arginine labelingwith phenylboronic acid
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Finally, Lavigne and Thompson have reported the design and synthesis of a
peptide boronolectin (PBL) libraryhat showed promise for the detection of cancer
related target® The boronic acid moietemployed in the librarywas formedby
reductive amination betwee#.12 and (2-formylphenyl) boronic acidto yield 4.13
(Scheme 4Jx and MALDI-MS was successfully employed for PBL sequence
deermination'® However,compound4.13 features an orthamino methyl goupthat can
complex to boron, protecting it from trimerizatidehydration processednfortunately
the scope ofhe detection method presented by Lavigne and Thompson is severely

limited to this structural feature for detectiop MALDI-MS.

CHO
HO),B HO, OH
Dde (HO) .
| NH2
NH ., . ( 1) H /
( N 2% Hydrazine n _ N
f\ - F"(N - ( n
N H ;‘!\
H o) 2) NaBH, N
0 Ho I
4.11 412 413

Scheme4.2 Formation of MS compatible ortramino methyl residue 4.13

As part of our longange goal of identifying novel cell permeable molecules that
can selectively bind to RNA tertiary structure, branched peptide libraries were initially
investigated as RNA ligandS.As an extension of this approach, branched peptides
containing boronic acid functionalities are particularly interesting, in part because of the
possibility of forming Levis acidbase complexes. Thus, the necessity for a
combinatorial library of branched peptide boronic acids (i.e., one-tme@dstructure)
required a rapid, efficient and ceaffective method for deconvolution of hit compounds.
Herein, we report a conveent strategy to identify and sequence branched peptides
containing boronic acid moieties using MALIMS. Derivatization of peptide boronic
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acids with 1,2diols followed by MALDIMS allowed the successful detection by MS.
Fortunately,we also discoveredhat usingDHB as a matrix efficiently converts the
peptide boronic acid to a DHB adduct, which provides high quahégtsa without the

need for priorderivatization. Ultimately, iwvas determined that the use of DHB for
analysis is superior than pretoeeent with 1,2diols. Using this protocolye successfully
identified and sequenced a branched peptide containing five boronic acid moieties
released by photocleavage from a single Tentagel bd&thure 4.4).

HO\B,OH

HO'B‘OH

HO DHB
\[f‘?
o8 Y

0
1
0 N“'Kfo Op\w
Hodo HNIW 0
oB NH, , O N, O ONH , O A , O L
N\;)LN/k[rN\i)J\N/\/\/\rN\I)LN)\WN," N/HTNHE
o =_H o w H o n " o H_ o
E?,o I$,o
o o

QL
. 0,

@)
Figure 4.4 Derivatization of peptide boronic acid with DHB.
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4.2 Results
4.2.1 Screening of MALDI matrices for peptide boronic acid detection

The suitability of MALDI as alesorption/ionization technique to detbcanched
peptides containing multiple boronic acids was initially explored by examining a
fluorescein isothiocyanate (FITC) labeled peptide containing a single boronic acid,
FLBP1 (Table4.1). The structure of all matrices utilized for this study can be found in
Figure 4.5. The molecular ion peak corresponding to the free boronic acid was not
observed usin@HCA ( {dyane4-hydroxycinnamic acidjnatrix as expecteceftry 1).
Since nodification of boronic acidswith 1,2-diols such as pinacdias been reported to
reliably improvemolecular ion detection, we next combirfeéldBP1 with 0.1 M pinacol
using a 5 minncubation time€ntry 2). Unfortunately, neither the desired molecular ion
peak nor any identifiable fragment ions were observed. This result was surprising
becauserevious studies indicate that abbreviated incubation times (10 min) with excess
diol were sufficient for boronic ester formation and detection using LSIMS and ammonia
CL' It was hypothesized that these results could be attributed to incomplete
esterification, ionization interference by excess pinacol or matrix incompatibility. To
determine if the absence of the egped molecular ion was due to incomplete
esterification, incubation time was increased to 30 ramtry 3), which again failed to
detect the expected pinacol protected peptide boroni¢®&cid.

Since effective MALDI ionization is highly depedent on effective energy transfer of
matrix to analyte, high quantities of competing molecules such as pinacol can interfere with
ionization. Therefore, oplate water washes were performed in an effort to remove excess
pinacol and reduce any possibleimation interference; again no (M+Hpnswere detected. &/

suspected that matrix inggatibility was responsible faneffectiveionization of the molecular
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ion. Therefore, alternative matrices were surveyed to cHeckcompatibility with the
esterification protocolSince HPA (3-hydroxypicolinic acid)is traditionally utilized for DNA
detection, it was nosurprisingthat this matrix did not provide the desired molecular ion peak
(entry4). Although thgM+H)" ion was not observed for DABE,4-diaminobenzophenonand
CMBT (5-chloro-2-mercaptobenzothiazoleYM+H)* minus FITC fragments had excellent
relative abundancesfitries5-6). Decreasing the laser intensity to minimize fragmentation of the
sensitive FITC moiety did not produce the intact molecular @mmversely CHIQ (1-chloro-4-
hydroxyisoquinolineland DHAP(2',6-dihydroxyacetophenonayere found to be more efficient

at ionization and detection of the (M+Hjon without cleaving the FITC label, although 100%
relative abundance was not always obserneuries 7-8). An unusual peak ain/z 2163.0
appeared with high intensity and percent abundance when DHBIi[&&oxybenpic acid) was
utilized as matrix (entr®). This peak was 36.8 Da heavier than the expected molecular ion of
the pinacol derivatized peptide and upon closer inspection was determined to correspond to the
DHB-boronic acid adduct shown iRigure 4.4. Boronic acids have been shown to interact

strongly withUthydroxycarboxylates, and therefore this result is not entirely surpfisiiee

O
OH N NH,
e OC
= OH NH»
HO
CHCA HPA DABP
OH o
Cl N SN HO Q
N\ H H
\©:s% sH _N © © @OH
Cl OH
CMBT CHIQ DHAP DHB

Figure 4.5 Maldi matricesused for study
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Table 4.1 Optimization and screening of matfix.

Incubation Signalm/z(%
Entry Additive , . Predictedn/z Matrix relative
Time (min)
abundance)
1,304.9 (100),
1 none - 1,653.9/2,043.0 CHCA  1,342.8 (74.4),

2,200.1 (28.9)

1,025.9 (21.4),

0.1M 1,028.9 (24.0),

2 5 1,736.0 2,125.1 CHCA  1,174.0 (27.4),

pinacol 1,304.8(77.7),
1,342.8 (100)
0.1M 1,304.9 (97.6),
3 sinacol 30 1736021251 CHCA 70508 o)
4 0.1M 30 1,736.02,1251  HPA No Signal
pinacol
01 M 1,304.8 (100),

5 30 1,736.0 2,125.1 DABP  1,736.2(86.3)°

pinacol 2,093.3 (48.8)
0.1M 1,304.7 (100),
6 sinacol 30 1,736.02,125.1 CMBT 1’736.0(84_1)2
0.1M
7 sinacol 30 1736.02,1251 CHIQ  2,126.2(100f
0.1M 1,304.8 (27.0),
8 sinacol 30 1736021251 DHAP 35505 toos
. 0.1M 1,304.7 (100),
9 sinacol 30 1736021251 DHB  7ea) 7o o

& Sample utilized wasLBP1 [FITC-(FgpaRW)(FRW)*VRD]; Fgpa = 4-boronoL-
phenylalanine; * = branching lysine. All samples were subjected to a 10 second on plate
water wash before analysis. Signals < 20% abundance not repdti¢dH) * - FITC] .

¢ (M+H)". (M+DHB+H)"
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Table 4.2 Transesterification of 1;8iols with DHB?

Entry

Diol

MALDI Matrix

Predictedm/z

([((M+diol+H) *-FITC]

/ (M+diol+H) %)

Signalm/z
(%orelative
abundance)

10

Ethylene
glycol

CHIQ

1,680.0/ 2,069.0

1,304.4 (100),
1,680.0(28.0),
2,068.7(42.5)

11°

Ethylene
glycol

DHB

1,771.9/2,161.0

1,304.6 (100),
1,771.8(48.0),
1,813.7 (20.4),
2,161.8(99.2)

12

Glycerol

CHIQ

1,710.0/ 2,099.0

1,304.7 (100),
1,710.0(42.3),
2,099.0(58.0)

13

Glycerol

DHB

1,771.9/2,161.0

1,304.7 (100),
1,772.0(88.8),
2,162.0(89.7)

14

Pinacol

CHIQ

1,736.0/ 2,125.1

1,304.8 (85.9),
1,736.0(100),
2,093.1 (33.0),
2,125.1(45.6)

15°

Pinacol

DHB

1,771.9/ 2,161.0

1,304.1 (68.7),
1,771.8(45.2),
2,161.9(100)

16°

DHB

1,771.9/2,161.0

1,304.4 (49.9),
1,771.6(34.8),
2,162.5(100)

& Sample utilized waELBP1. All diols were prepared as 0.1 M solutions, mixed with

FLBP1 in a 1:1 (v:v) ratio, and allowed to incubate for 30 min. gdimples were

subjeced to a 10 second eulate water wash before analysis. Signals < 20% abundance

not reported” Predictedn/zis for the DHB ester.
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detection of DHB/boronic acid adducts was found to be reproducible over many
experiments and suggestidt the pinacol moiety was being exchanged with the matrix.
Although DHB and HPA both contair-hydroxycarboxylate moities, no HPA
modification was olberved for any peptide sample.
4.2.2 Transesterification of three diol protecting groups by DHB

To investigate whether transesterification with DHB was indeed occurring under
these conditions, w@erformed an analysis of thELBP1 derivatized peptide with
pinacol, ethylene glycol, and glycerol (Table 4.2). First, we confirmed the formation of
all 3 esters with the corresponding diols with CHIQ as matrix (entries 10, 12, and 14). As
expected, the (M+H)ion along with (M+HJ minus FITC fragments were observed. To
test whether the three boronic ester adducts could be exchanged with DHB during the
spoting and crystallization process, aliquots of these esters were then spotted using DHB
as matrix followed by MALDIMS analysis. In every case, the boronic ester samples
were detected as the DHB ester regardless of the starting diol (etttridS, and 16
These data provided evidence to support our hypothesis tiatséno transesterification
reaction was occurring. Moreover, when DHB was incorporated as the matrix, the
transesterification products were consistently detected %% excess to the gihal
pinacol esters Higure 4.6). This result implies that the DHB detection protocol is
compatible with a wide variety of boronic acid protecting groups.

The success of this procedure provided the impetus to test a possible direct
esterification with DHB from a borom acid sample. \Wen FLBP1 was spotted,
crystallized and shot on the MALDI instrument, tHeLBP1-DHB + H]" ion was

detected in excellent relative abundaneatfy 16). Thus, this method allowed the
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detection of peptidetbeabmeéent @ c-did espalwit hbut

further MALDI experiments were performed using the direct method.
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Figure 4.6 Displacement of pinacol protected peptileBP1 by matrix to yield the
DHB protected peptide

4.2.3 Scope oftletection method

With the optimal protocol in hand, we investigated the robustness of the method
with linear as well as branched peptides containing single and multiple boronic acid
residuegTable4.3). Becauseahe boronic acid moiety was introduced opeptides as an
arylboronic acid (i.eFgpa) in prior samples, it was unclear whether this protocol was
sensitive to other boronic acid type3.herefore, several linegreptides conjugated to
alkylboronic acids were synthesized and analyzed using OtdBlé 4.3.entries17-19).
To our delight, all three peptides were readily ionized and detected as the DHB adduct
with 100% relative abundance, suggesting that the method is compatible with both alkyl

and arylboronic acids. We then increased the numbbpmnic acid moieties to two
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with a more complicated HPL-@Burified peptide BP1. We also successfully detected this
sample in 100% abundance as the DHB eStable 4.3,entry 20). To further test the
robustness of the procedure, peptides released dreingle Tentagel macrobead (140
170nm) by photocleavage at 360 nm were analydeble 4.3entries21-22).*° Indeed,

these would be the type of samples that will be obtained from screening libraries of
branched peptide boronic acids. Unknowns derived from our biochemical assay may
contain nultiple boronic acid residues different positions. Aplicability of this protocol

to libraries containing multiple boronic acid residues requires the effective identification
and sequencing of peptides with a high density of boronic acid groups. Thus, a peptide
with five BPA units was synthesized, photocledy and successfully detected from a
single beadTable 4.3 .entry 23). This data suggesthatin situ DHB transesterification

is compatible with high density boronic acid functionalized peptides, and sheuld
compatible with peptide library deconvolutioTo the best of our knowledge, this is the
first example of the utilization of MALDMS for the detection of polyboronic acid
peptides as DHB esters.

During the coupling, acidic removal of protecting groups and photocleavage of
peptides from the resin, it is important that the boronic acid functionality remain intact,
and evidence that boron is present in the peptide is critical. Naturally occurrimy bo
atoms have an isotopic distribution of 1%8:''B. This differential in atomic mass can
be a basis for determining whether a boron atom is present in our péptifiee.MS
spectrum for peptide (RRWHAL was missing the lower molecular weight isotopic
peak corresponding to tH® isotope because this peptide does not contain a boron atom

(Figure4.7). These signals were clearly presenBipl, whetherBP1 was detected as the
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pinacol or DHB adduct. The data suggests that the boronic acid moiety is stdige to

conditions of the synthessand MALDI characterization.
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Figure 4.7 Comparison of’B isotope distribution ofA) arginine analogue
[(RRW)*HAL / MW: 1462.9)], (B) pinacol ester of peptid®@P1 [(FgpaRW)*HAL /

MW: 1697.8)], andC) DHB ester of peptidBP1 [(FgpaRW),*HAL / MW: 1769.8)]
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Table 4.3 Detection of DHB ester of peptide boronic acids.

Calc.Mass of
Entry Sample Sequencé DHB adduct
(g/mol)

Signalm/z(%
relative abundance

776.6 (52.4),

oH 790.6 (34.6),

17 LP1 Ho® GRQAY 812.3 811.5 (30.5),
o 812.5 (100)

826.5 (68.2)

OH
- 826.2 (100)
B GRQAY

18 LP2 HO 826.4 840.8 (29.7)

408.2 (48.7),

| 692.4 (73.5),
on 816.5 (33.2),

19 LP3 Bvd‘/GRQAY 852.4 851.5 (38.3),

o) 852.4 (100)

866.4 (45.8)

1,656.1 (12.4),
20 BP1° (FepaRW),*HAL 1,769.8 1,769.2 (53.2),
1,770.2 (100)

1,055.1(74.2),
21 BP2° (FspaRA)>*VRD 1,588.8 1,322.2 (100),
1,589.3 (55.5)

953.8 (41.4),
966.8 (55.9),
1,066.8 (100),
22 BP3® (FepaRA),*HRF 1,658.8 1,124.8 (68.2),
1,391.9 (94.5),
1,513.0 (36.3),
1,659.0 (63.3)

1,647.2 (54.3),
1,793.2 (93.4),
2,093.4(30.7),
2.305.5 (16.5),
2,467.6 (20.1),
2,613.6 (25.7)

23 BP4®  (FepaFeraNW),*HAF gpal 2,613.0

2 Fgpa = 4-boronoL-phenylalanine; * = branching lysin8.Sample was purified by
HPLC. ¢ Analysis of a small aliquot of unpurified peptide sample obtained from one

Tentagel macrobegtheoretical yield < 100 pmol).
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4.24 MS-MS sequencing of branched peptide boronic acids

To date, sequencing of peptide boronic acids using MS remains challenging. The
current method will be valuable, in particular, if sequencing of unknown peptiddeecan
achieved. To determine whether branched peptide boronic acids can be segigenced
novg BP4 containing five boronic acids was investigated. -MS fragmentation was
induced on samples prepared udwwg techniquesprior derivatization with pinacolnd
in situ adduct formation with DHB. The fragmentation patterns observed for both
protocols were similar (data not shown). Hence the major advantage of the direct method
is the ease and the elimination of a-gegivatization step with pinacol. A regentative
MS-MS spectrum observed shown inFigure 4.8. Major fragments corresponding te y

ions v ys as well as bBons ky-b; were detected in high abundaraseshownn Table 4.4

'Yx .)7 Yo ¥s
Fepa Fepa—TN—"W_" ¥a v3 0w Y

V5 bl bz b3 b;‘l >—\___: H_i___: A__j FBPA »j L

1694.1 F F N—w~ bs  bs Dby by
100 . BPA FBPA I be

2102.1 b,
2172.2

Frg
ng) Ye
2 50 1880.1
®

1965 0 1994 2

1795 8 1929.6 2063.4 2197.2 2331.0

Figure 4.8 MS/MS of DHB modified peptid&8P4.
Also, minor fragments corresponding t@, Y3, and k were detected in low
abundance. As expected, fragments encompassing the boronic acid residues were
detected as DHB adducts. No signal was observed for fragmentati@sponding to

the outermost amide bonds and k regardless of laser power. Although it is not clear
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why the y and bg ions were not observed, the suppression or laickignal is not
expected to ba result of the boronic acid functionalityecauserhgmentation resulting
in y7 ion is observed. For example, fragmentation to provide therb has been
observed in other sequencing efforts in our gréufinceour branched peptide boronic
acid libraries are synthesized by split and pool techniquéearh amino acid position is
restricted to four possible variarffsthe information from this experiment was sufficient
to unambiguously assign a sequence from a theoretical library of 65,536 members.

Table 4.4 MS/MS of DHB modified peptide BP4.

Fragment| Predicted Observed
Fragment
Position | (M+H)'m/z | (M+H) m/z
Not
Fepa——Fepa=N—W. . bs 2482.8
FBPA_FBPA_N_W>—H AT Feen Observed
Fepa—FePa~N—W. by 2173.8 2173.2
H—A

FBPA—FBPA_N_W>_
FBPA—FBPA_N_W>_H be 2102.7 2102.1
Fepa—Fepa—N—W
FBPA—FBPA_N_W> bs 1965.7 1965.0
Fepa—Fgra—N—W

— Froa—N— 1694.7 1694.1
Fepa—FePa—N W\_H_A_FBPA_L Ys
Fapa—Fapa—N—W,
BPA BPA W}H—A—FBPA—L Y6 1880.8 1880.1
Fapa—Fapa—N—W,
BPA—FBPA N_W>-H_A-FBPA7L Y7 1994.8 1994.2

Not

FBPA_FBPA_N_W>_H AF ) Vs 2303.9

Fapa—N—W oA Observed

86



4.3 Conclusions

We have developed a simple, rapid and robugtlate derivatization method for
MALDI -MS analysis of linear, branchedand FITC labeled peptide boronic acids using
DHB as both the derivatizing agent and mati¥e also demonstrated that trapping the
boronic acid moiety as pinacol, ethylene glycot glycerol adduct is effective for
MALDI -MS analysis of peptide boronicids. However, the major advantage of using
DHB is the removal of a laborious, tireensuming and uneconomical derivatization

step.

When 1,2diols are used for derivatizatiomemoval of excess reagents by a short
water wash is necessary to promotte@ive ionization and subsequent analysis of the
resulting spectrum. Under these circumstances, DABP, CMBT, CHIQ, and DHAP can
be used as matrices. Indeed, we discovered that DiBaas universally compatible
with the boronic acid moietybecausearylboronic acids (such as-BbronePhe) and
alkylboronic acids were readily detected. Furthermore, the current method allows the
identification and sequencing of peptides containing high density boronic acid groups
released from single bead®Ve expect thathe current method will be highly valuable
not only in the identification of simple boronic acids but also in the deconvolution of
peptide boronic acid libraries used in high throughput screening assays.

4.4 Experimental
4.4.1Materials

MALDI matrices 5-chloro-2-mercaptobenzothiazole (CMBT), -chloro-4-
hydroxyisoquinoline (CHIQ), and 2#&hydroxybenzoic acid (DHB) were purchased

from Sigma Aldrich. hydroxypicolinic acid (HPA) and 3;diaminobenzophenone
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( DABP) wer e pur chas e-dhydroxyacetopi#feconeo(PHAP)avasd 2 0 ,

purchased from Fluka. All matrices were greater than 98% purity.-®liMQ) grade

H,O was used for peptide dilution, and HPLC grade acetonitrile was purchased from
Fischer Scientific. Unless specified otherwise, albtrices were prepared in a

10 mg-mL™* concentration using a 1:1 (v/v) ACN »® mixture. CHIQ and DHB were
prepared as saturatedlutions using a 1:1 (v/v) ACN :2 mixture.

4.4.2Synthesis scheme foFgpa

O (0]
| | ; |
H,N, HoN,, di-tert-butyl BocHN,, BnBr
2 OH H,S04, NalOs, I, OH dicarbonate OH
A, 12 hrs K,CO3
|
4.14 4.15 4.16
95% 89%
0 , e 9
BocHN,, | Bzping BocHN,, ! OBn HaN,,, | OB
OBn CH3CO.K HCI (g) o
- Y
Pd(dppf)Cl, - CH,Cl, o 30s o
I 7mol% F_I;/ E\’,/
(@) (0]
4.17 4.18 4.19
80% 68% 99%
(0] (0]
F HN, FmocHN,,
moeh. ~~oBn e
Fmoc-OSuc 10 mol% Pd/C, H,
_—
4 hr
3hr B/O B’O
\ \
4.20 4.21
79% 91%

Scheme4.3 Synthetic Scheme forgba 33% overall yield
4.4.3 Peptide gnthesis
Peptides were synthesized using traditional solid phase peptide synthesis (SPPS)
using Na-Fmoc protected {amino acids Novabiochem),HCTU ((2-(6-chloro-1H-

benzotriazolel-yl)-1,1,3,3tetramethylaminium hexafluorophosphate) and DIBY¥N¢
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diisopropylethylamine)in DMF. Solid phase synthesis was performed on a vacuum
manifold (Qiagen) outfitted with-@/ay Luerlock stopcocksSfgma) in either PolPrep
columns or Econdac polypropylene columns (BRad). The resin was mixed in
solution by bubbling argon during all coupling and washing steps. Beads were washed
extensively with DMF between reactions, and the couplings werel tiesteompleteness

via Kaiser test? FITC labeled pejides were prepared following literature prototol.

Boron was incorporated into branched peptidegtboronoL-phenylalanine Rgpa) 2%

1** was diluted to a concentration of 370

or into linear peptides on the-fdrminus’ FLBP
nmM for initial optimization studies.
4.4.4Generalized procedure for pinacol erivatization

A 0.1 M pinacol solution was prepared with a 10 mM /@Ac solution (pH =
9.5) to ensure the formation of the boromister. The alkaline pinacol solution was
combined with an aliquot of the peptide in a 1:1 (v/v) ratio and allowed to incubate
without shaking for 30 min at room temperature. After the incubation period, the MALDI
plate was spotted with the matrix of chqgieed the sample was then spotted on top of the
matrix without mixing. The sample was allowed to dry andilof MQ water was
spotted on top of the sample and allowed to incubate undisturbed for 30 seconds followed
by vacuum aspiration.his washing procade removes unreacted, excess pinacol.
4.4.50ptimized procedure for DHB derivatization

A saturated solution of DHB was prepared in a 1:1 (v/v) ACNO Isolution,

which was then spotted on the plate. After drying, the sarfipeni, 300 nM) was

spotted on top of the matrix and allowed to dry. Anothet. bf 1:1 (v/v) ACN/HO was
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spotted on top of the sample to generate a homogenous solution of the sample and matrix.
Samples were then allowed to dry, yielding thin needlelike crystals.
4.4.6Photocleavage of peptides from the ANP resin and MALDTOF sequencing

After solid phase peptide synthesis, thg pinacol group was removed via
mixing with excess phenyl boronic acid (1.6 M) overnight. Thereafter, amino acid side
chains were deprotecteddy a 3hour treatment with 95:2.5:2.5 trifluoroacetic
acid/triisopropylsilane/water (v/v). After deprotection, the resin was washed extensively
with DMF, DCM, and MeOH before drying and storage 20 °C protected from the
light. A single bead was placadto a clear nosstick 0.5 mL microfuge tube containing
20 L of 1:1 (v/iv) MeOH:HO and photocleaved in a fdihed container by irradiation at
365 nm using a 4 W handheld UV largp 1 hour.A small aliquot of the superramt was
utilized for MALDI analysis without any further treatment.
4.4.7Mass pectrometry

All spectra were acquired with an Applied Biosystems 4800 MALDF mass
spectrometer equipped with a 355 nm Nd:YhksSer. All MALDI spectra were acquired
using anApplied Biosystems 123x81 mm OtOF 384 stainless steel plate (Part #
1016629) and acquired in positive reflector mode. A fixed laser intensity of 6500
(arbitrary units) was utilized to acquire 500 shots per spectra for MS samples and 1000
2000 shots pespectra for MGMS samples. All M&MS spectra were acquired via post
source decay using the M8S 1kV positive mode with a selected precursor ion window
set to a relative 200.000 FWHM (Full Width Half Maximal) Da resolutidxil spectra
were processed ugl Applied Biosystems 4000 series explorer software v.3.5.2., and

settings for peak detection were restricted to a S/N threshold of 200.
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4.4.8 Synthesis of Epa
(9-2-Amino-3-(4-iodophenyl)propanoic aci@.15

o To a solution of acetic acid was addedS-2-amino3-

H2N,, |

phenylpropanoiacid (4.00 g, 24.2mmol) followed by sulfuric acid
(2.29mL, 24.2mmol). To the reaction mixture, diiodine (3.8, 4.84
mmol) was addedollowed by sodium iodate (1.04, 5.09 mmol). This mixture was
refluxed for 12 hrs and the solvent was removed under reduced pressurelemsdlved
in a minimum volume of methanol. The pH of the solution was raised to ~12, which
yielded a white precipitate. The mixture was left lne fridge for 4 hours followed by
isolation of the white precipitate by vacuuiitration. The title compoundt.15 (6.7 g,
95%) was collected after several washings with methanol as a slightly yellowrsplid
247.0-2482°C."H NMR (500 MH.2,(d,IM®&.818z) 2H)j 7.00 (d] = 8.3
Hz, 2H), 3.65 (dd,) = 8.5, 4.6 Hz, 1H), 3.14 (dd,= 14.6, 4.6 Hz, 1H), 2.88 (dd,=
14.6,85Hz, 1H}*c NMR (126 MHz, MeOD) U 169.8, 137.

36.2.HRMS (APC}) m/zcalcd for CgHgINO, [MTH] 289.9678found 289.9674.

(9-2-((Tertbutoxycarbonyl)amine3-(4-iodophenyl)propanoic aci@.16
O To 4.15(1.00 g, 3.44 mmol) in 3.8&L of a 1.0 MNaOH
XOT ’ OH solution was added tebutyl alcohol (2.67 mL, 28.1 mmol).

To this biphasic solution waslded dropwise a melted solution
of di-tert-butyl dicarbonate (0.825 g, 3.78 mmol). The reaction was stirred for 12 hours.
The aqueous layer was extracted with 3 x 10 mL of hexanes, which was then back

extracted with 3 10 mL ofK,COs. The combined aquese layers were cooled in an ice
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bath followed by drojwise addition of HCI until the pH was adjusted to ~2.0 followed
by extraction with 5 x 10 mL of diethyl ether. The organic layers were dried with sodium
sulfate and concentrated under reduced presb yield 4.16 (1.2 g, 89%) asa viscous
clearoil. The compound can also be observed as a conglomerate of white crystals if
washed with hexane4d NMR (500 MHz,CDCl;) 781 (d,J = 8.3 Hz, 2H),7.017 6.89

(m, 2H), 5.02 (d,J = 8.0 Hz 1H), 4.59 (dd,) = 12.8, 6.0 Hz, 1H, major), 4.36 (dd=

11.6, 7.3 Hz, 1H, minor), 3.283.06 (m, 1H), 3.00 (dd) = 13.8, 6.1 Hz, 1H, major),
2.85 (dd,J = 13.0, 8.9 Hz, 1H, minor), 1.41 (s, 9H, major), 1.28 (s, 9H, mINE)NMR

(126 MHz, CDC}) 1 175.9 (major),175.4 (minor), 156.4 (minor), 155.3 (major), 137.7,
136.2 (minor), 135.major), 131.6(minor), 131.4 (major), 92.7, 81.8 (minor), 80.5
(major), 55.7(minor), 54.1 (major), 38.9 (minor), 37.4 (major), 28.3 (major), 28.0

(minor). HRMS (ESk) m/zcalcd forCi4H1gINO,4 [M+Na]™ 414.0173found 414.0170.

(9-Benzyl 2((tertbutoxycarbonyl)amine$-(4-iodophenyl)propanoat@.17)

y O To a round bottonflask was added!.16 (3.38 g, 8.65

O__N,
>f 11)/ ’ O/\© mmol) dissolved in 30nL of DMF. To this solution was
%\l addedK,CO;s (1.20g, 8.65 mmol)which was marginally

soluble in the solvent. To the reaction mixture was added benzyl br¢giieg, 8.65
mmol). The reaction mixture was stirred at room temperature for 6 hours. The solution
was filtered, and poured into 30 mL of LiBrh@ organic compound was extracted with 4
x 30 mL of diethyl ether, and the organic layer was washed with 1 x 30 mL brine. The
organic layer was concentrated, and the crude product was purified on silica gel and

concentrated to yieldd.17 as a chunky whitesolid (3.3 g, 80%). TLC: 551 /
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Hexanes:EtOAc, Rf @. *H NMR (500 MHz, CDCY) i 7 . 54 8.1(Hd,,2H), 7.39

7.35 (m, 3H), 7.28 7.25 (m, 2H), 6.74 (d) = 8.0 Hz, 2H), 5.17 (d) = 12.1 Hz, 1H),

5.07 (d,J = 12.1 Hz, 1H), 4.97 (dJ = 8.0 Hz, 1H), 4.63 4.55 (m, 1H), 3.03 (dd] =

13.7, 6.0 Hz, 1H), 2.98 (dd, = 13.7, 5.7 Hz, 1H), 1.41 (s, 9HYC NMR (126 MHz,

cbck)y & 171.5, 155.1, 137.6, 135.6, 135.1, 1

28.4.ESl+m/zcalcd for GiH24INO,4 [M+Na]* 5041, found 5039

(S)-Benzyl 2((tert-butoxycarbonyl)amine-(4-(4,4,5,5tetramethyll,3,2dioxaborolan
2-yl)phenyl)propanoaté.18)

All glassware was flame dried before reaction. To a

o M.
>(\([)f" O/\© flask was added dichloro- 1,16
B/O bis(diphenylphosphino)ferrocene palladium (1) (650
|
e

mg, 0.789 mmol), potassium acetate (4.65 g, 47.4
mmol), 4.17 (7.60 g, 15.8nmol), and bis(pinacolaj diboron (4.41 g, 17.4amol). The
flask was flushed with nitrogen, 150 mL of dry DMF was added, ancedetion mixture
was heated to 8 with vigorous stirrindor 12 hours The sample was diluted with 150
mL of LiBr and extracted with 5 x 50 mL of diethyl ether. The organic layer was washed
with 1 x 50 mL of LiBr and 1 x 50 mL of brine. The crude prodwas purified on silica,
and the purified fractions were combined and concentrated under reduced pressure to
yield 4.18asa whitefoamysolid (5.2 g, 686). TLC: 5.5:1 / Hexanes:EtOAc, Rf 0.3H
NMR (500 MHz, CDC}) 7.89 (d,J = 7.6 Hz, 2H), 7.37 7.31 (m, 3H), 7.29 7.25 (m, 2H),
7.05 (d,J = 7.5 Hz, 2H), 5.15 (d] = 122 Hz, 1H), 5.08 (d,J = 12.2 Hz, 1H), 4.99 (d] = 8.1 Hz,
1H), 4.66i 4.59 (m, 1H), 3.16 3.04 (m, 2H), 1.41 (s, 9H), 1.34 (s, 12HC NMR (126 MHz,

CDdl) ua 171.7, 155. 2, 139. 2, 135. 3, 135. 1, 1
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67.2, 54.5, 38.4, 28.4, 25.0'B NMR (160 MHz, CDCJ) U HRMS QESI+)m/z

calcd forCy7Hz6BNOg [M+Na]+ 504.2528 found 504.2514

(9-Benzyl 2amino3-(4-(4,4,5,5tetramethydl,3,2dioxaborolar2-yl)

phenyl)propanoat&t.19

Compound4.18 (5.05 g, 10.5mmol) was dissolved

O@ in 50 mL of dry CH3CN, and HCI gas was passed

through the stirred solution for 60 seconds. Upon

TLC analysis, it was determined that all of the
starting material was consumed, yielding an intense UV active spot at baseline. The
solvent was removed under reduced pressure, and the product was neutralized with
K>CGO; followed by extraction with 3 x 50 mL of EtOAc. The organic layer was washed
with 1 x50 mL of brine, and the organic layer was concentrated under redussdrere

The product4.19 (4.0 g, 99%) was used with no further purificatioltd NMR (400

MHz, CDCk) 7i¥4 (d,J = 7.9 Hz, 2H), 7.36 7.30 (m, 3H), 7.30 7.24 (m, 2H), 7.16

(d,J = 7.9 Hz, 2H), 5.13 (dJ = 12.2 Hz, 1H), 5.10 (d] = 12.2Hz, 1H), 3.77 (dd,) =

7.5, 5.7Hz, 1H), 3.08 (ddJ = 13.4, 5.™Hz, 1H), 2.90 (dd) = 13.4, 7.5Hz, 1H), 1.34 (s,
12H).*C NMR (101 MHz, CDCG)) & 174.8, 140.4, 138.5, 135,
128.4, 83.7, 66.7, 55.8, 41.3, 248 NMR (160 MHz, CDCJ}) & 3 0 HRMS 22. 2.

(ESI+) m/zcalcd for G;Ho6BNO, [M+H] " 382.2184 found 382.216
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(9-Benzyl 2((((9H-fluoren-9-yl)methoxy)carbonyl)amine$-(4-(4,4,5,5tetramethw
1,3,2dioxaborolar2-yl)phenyl)propanoatét.20
Q To a rb flask containingt.19 (4.00 g, 10.5
H O mmol) was added 50 mL oDCM. To the

(Ao K
SN0
O E/ /\© solution was addedrfroc-O-succinimide (3.89

;)z< g, 11.5mmol). The reaction was allowed to stir

o-®

for 4 hours and diluted to 100 mL with DCM.
The mixture was washed with 2 x 50 mL of brine, dried with9@, and concentrated
under reduced pressure. The crude mixture was purified on silica gel taglyélds a
foamy solid (5.0g, 79%),mp 53.0- 54.2°C.*"H NMR (500 MHz, CDC}) 7118 (d,J =
7.6 Hz, 2H), 7.74 (d) = 7.7 Hz, 2H), 7.57 () = 7.6 Hz, 2H), 7.42 (t) = 7.4 Hz, 2H), 7.39
7.26 (m, 7H), 7.08 (d) = 7.6 Hz, 2H), 5.36 (d] = 8.3 Hz, 1H), 5.19 (dJ = 12.2 Hz, 1H), 5.14
(d,J=12.2 Hz, 1H), 4.81 4.72 (m, 1H), 4.43 (dd] = 10.6, 7.1 Hz, 1H), 4.36 (dd,= 10.6, 7.1
Hz, 1H), 4.22 (tJ = 7.1 Hz, 1H), 3.23 3.08 (m, 2H), 1.37 (s, 12H}*C NMR (126 MHz,
CDCl) a 17.7,.143,9, 141%15139.0, 32, 135.1, 128.9, 128.8, 128.728.7
127.8, 127.2, 125.2, 120.1, 83.9, 67.4, 67.2, 54.9, 47.2, 38.5"FRMR (160 MHz,
CDCl;) U BRMS §ESI+) m/z calcd for G/H39BNOg [M+H]" 604.2865 found

604.2901
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N-(9-Fluorenylmethoxycarbony-pinacolatoborond.-phenylalaning4.21)

Q Compound 4.20 (4.70 g, 7.78 mmol) was
. o N 0 dissolved in 10anL of methanol followed by
O \[g ™ the addition of 10% palladium on carbon

B

O/

-0 (0.300 g, 0.362 mmol). The flask was
7Z< evacuated with nitrogerand fitted with a
hydrogen balloon apparatus. The black solution was stirred for 4 hours upon which TLC
indicated complete consumption of the starting material. The solution was filtered twice
over a bed of celite and the solution was concentrated uedered pressure. The
product4.21 (3.6 g, 91%) presents as a foamy-offiite solid mp 78.5- 81.2°C. 'H

NMR (400 MHz, CDC}) 7827 7.73 (m, 4H), 7.57 7.49 (m, 2H), 7.39 (t) = 7.4 Hz,

2H), 7.33i 7.27 (m, 2H), 7.22 (d) = 7.6 Hz, 2H), 5.41 (d] = 8.1 Hz, 1H), 4.76 4.68

(m, 1H), 4.41 (ddJ = 10.4, 7.3Hz, 1H), 4.31 (ddJ = 10.4 7.3 Hz, 1H), 4.19 (t) = 7.3

Hz, 1H), 3.27 (ddJ = 13.7, 5.0 Hz, 1H), 3.13 (dd,= 13.7, 6.6 Hz, 1H), 1.35 (s, B}

¥C NMR (101 MHz, CDG)) & 175. 6, 141.% %39.9,,135.2,428.8,7127.7,
127.1, 125.1, 120.0, 83.9, 67.2, 54.7, 47.0, 37.9,.22BBNMR (160 MHz, CDC}) U

30.8.HRMS (ESI+)m/zcalcd for GoHz,BNOs [M+Na]* 536.2213found 536.2205
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Chapter 5 Deconvolution of a branched boronic acid peptide library

Contributions

This chapter represents a modified versodra manuscripto be submitted for
publication, whichdescribesboronic acid modified peptides &NA binding ligands.
Contributions from the authorsre as follows: Jason Crumptofauthor of this
dissertation) performed the synthesis of the modified Fmlbaronephenylalanine
aminoacid Fgpa) as well aghe N-e-(4-boronobenzoylb) -lysine (Kgga) used for peptide
synthesis.The authoralso acquired all MALDI spectraoordinated and collaborated
with technicians during the COPAS sorting experimeahd made intellectual
contributions tahe design of thd.4.4 peptide library as wedlssignificantcontributions
to the writing and editing of the manuscripfThe author also madéntellectual
contributions to the construction of novel software for ttee novosequencing of
unknown libraries of branched boronic acid peptidis Bernard made intellesl
contributions to and wrote the code for ttie novo software packageDavid Bryson
made intellectual contributions to the design of the 4.4.4 peptide library and performed
all Kq analysis, both by EMSA and D&ot assays. Theyathesisand purification othe
peptides used for this studwas performed by Wenyu Zhang who also made
contributions towards the design of the 4.4.4 peptide lib@aryWebster Santos made
contributions to the writing and editing of the manuscript as wellsigsificant

contributions taexperimental design.
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5.1 Introduction
5.1.1 HIV-1 andRev/RRE

The successful nuclear export of unspliced HlWas been shown to be highly
depenént on the Rev binding protetrSpecifically, HIV-1 proliferation is fundamentally
tied to te interaction of the Rev protein with RRE. Thus, interfering with this interaction
has the potential to prevent viral particle assembly. Specifically, targeting of the nuclear
export factor CRM1%* the RevRRE interaction”’ and the Rev protein itseff have
emerged as effective approaches for developingvamali therapeutics. kbeed, potent
binders such a®B340 *° have been found to bind with high affinity to the RRE.
Unfortunately, high affinity ismore often than nptcompomised by low selectivity,
which impedes further therapeutic development.
5.1.2 Novel RNA binding modes via boronate complexation

We areinterested in elucidating RNA bindettsatdisplay highselectivityas well
as affinity. To pursue this goal, we leagtecided to expand upon previous work regarding
multivalent peptide binding motifsby incorpoating boronic acid moieties into pégic
structures. Boron is wedluited for incorporation into peptidic structures as amino acid
analogues such &®ronophenyl alanine §Fa)*%** have been extensively explored in the
literature. More importantly, boron is interesting because it can potentially form
reversible Lewis acid/base interacti-ons with
orbital (Figure5.1). In fact, exploiting this RNA/boron interaction has already been
demonstrated with the development of leucyl tRNA synthetase inhibitors such as the
benzoxaboroleAN2690'4*® Unfortunately, thee is no established methddr the

development of RNA ligands that achieve high affinity while maintaining specificity
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towards the sequence of interest. In order to evaluate whether boronic acids could
potentially promotespecific RNA binding, it is necessary to explore vast combinatorial
libraries. Herein, we report the first example of the successful deconvolution of a one

bead one compound (OBOC) peptide library containing boronic acid.

N
W HO\BDK e & T

(o}
o:||=_o \\P _O O_e
| © N\ O
0\; Mj)w o HO OH
5.1 5.2 5.3

Schemeb.1 Formation of reversible covalent bond between RNATFd residue

5.2 Results
5.2.1MALDI analysis of 4.4.4 peptides

We have previously reported a facile method for efficiently detectingnimacid
peptides via matrix assisted laser desorption iomimathass spectrometry (MALDPI
MS).}" It is well-known that free boronic acids are notoriously difficult to detect due to
dehydration/cyclization reactions. Fortuitously, we found that the MALDI matrix 2,5
dihydroxy benzoic acid (DHB) was capable of simultaneously acting as both matrix and
boronic acid derivatization agent, allowing effective peptide boronic acid detection and
eliminating the necessity for pinacol functionalization. Although this protocol was
optimized for branched peptides displayingAresidues, we found that this technique
was robust and capable of handling a wide variety of boronic acids. We have since

confirmed the compatibility of this detection protocol witie novel amino acid analogue
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N-e-(4-boronobenzoyl) -lysine (Kgga) residuein addition to paresiduesThis residue

was synthesized according$chemes.2.

\Q/ ©

O (0] O (0] Cl @
Y BnBr AN HCLin di ( NH;
NH NH in dioxane
( Cs,CO4 ( > 4 OBn
4 oH 1 hr 4 oBn FmocHN
FmocHN FmocHN lhr o)
(6] (6]
5.4 5.5 5.6
94% 98%
o (@]
g-OH - I%’O 11 -
\ o) HCTU, DIEA
OH 2 hr 2 hr
5.7 5.8

NH

((ly
FmocHN ﬁﬂ/OBn

o}
5.9

Pd/C, H,

90%

OJ§< OJ§<
/ /
B\o B
(@)

NH

( 4 OH
FmocHN

o}
5.10

2 hr

81% 59%
Schemeb.2 Synthesis Scheme forgka. 40% overall yield
Not only are the boromeptide parent ions detected with high abundance and S/N
ratios, but the resulting MBIS spectra are also high quality with fragmentation
corresponding to virtually all possible amide bdragmentationsKigure 5.1). We have
also discovered thdhe detection protocol is capable of successfully functionalizing and
detecting pptides composed of mixedd#a or Kgga) boron@minoacid residuesHigure

5.2). The MS-MS spectra of these mixed residue samplesdetected reproduciblyith

excellent fragmentation.
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Figure 5.2 MS-MS of 4.4.4 peptide with mixed boronic acidskand Kgga

5.2.2 Limitations of DHB detectionprotocol

The only instancevherethe DHB methodailed to detect both parent and MS

MS peaks occurs when serine and threonine residues are located n+1 enthe kgga.
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Interestingly, the presence of alcoholic residues does not impede detection as long as this
(n+1)/(n-1) configuration is avoided. Although the full extent of this limitation has not
been fully explored, we expect that any combination of natural alcohediclues
flanking the Kgga residue would yield similar results. Fortunately, we have established
that parent ions of these troubled sequences are easily detected using the pinacol
protection protocol previously outlingd
5.2.3Design of the 4.4.4 Library

We also previously reported the synthesis of a trivalent branched peptide library
with 4 variabé amino acids at each position. Each branch contained 3 amino acids, and
was thus referred to as a 3.3.3 peplidehis 4,096 (8 membeed library was screened
for affinity towards HIV\1 TAR, and yielded multiple lowrM binders'® For the second
permutation of the branched peptide library, we made several changes to the overall
design keeping several goals in mind.

The first goal was to increase the diversity of the branched peptide library. The
easiest method faccomplishing this goal was to simply increase the size of the library
to a 4.4.4 variant, which would yield 65,536)(@nique branched peptides and increase

our previous | i br ar yomagnguderigure5.8).g si ze by
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A—Ay—As;—A,

>—A —A—A— Ag—ANp40 p

A—Ay—A—A,

4.4.4. Library (8 variable positions)
Al A Ay Ay As Ay A7 Ag

Glu Asn Asp GIn Asn Asp GIn Glu

Thr Ala Ser Leu Ile Val Pro Ser HoN
Tyr Phe His Trp Tyr Trp His Phe HO ©
Kgga >
Kgpa

Figure 5.3 Possible amino acids for 4.4.4 library

The second goal was the removal of any potential basic residues (Lys/Arg) from
the final peptide structure to minimize nepecific electrostatic interactions with RNA
substrates. This goal posed several isth@sncluded the potential for reduced aquso
solubility of the resulting peptides. However, we hypothesized that the inclusion of
boronic acid moieties within the peptide provided an elegant solution to simultaneously
address solubility as well as selectivity. Boronic acids are known to establidibrium
in aqueous media between the neutral boronic acid and the charged borbogteve
suspectedthat this charged boronate would impart increased water solubility over
traditional norbasic peptide sequenc@&ecausehe pKa of phenyl boronic atis 8.8
we utilized only the Kgga, Which theoretically possesses a depressed gnh would
therefore exist predominantly as the boronate at lower pH levels. Our motivation to
include boron was also driven by potential participation in Lewis acid/base binding
modes. This type of reversible covalémding Schemeb.1) would theoretically impart

increased selectivity of the peptide towards the RNA substrate. Indeed, there is precedent
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in the literature for boron being utilized ta tgy e t -hydhoryl oRtRNA™ As shown in
Figure 54, the Kgga residue was included at ptens A-Ag. We included various
aromatic residues at positions;-Ag which offered potential -stacking interactions.
Carboxylic acid (Asp/Glu),carboxamide (Asn/GlIn), and alcoholic (Thr/Ser) residues
were included as potential hydrogen bond donor/acceptor possibilities. Finally,
hydrophobic residues were included for potential Van der Waals interactions with RNA
grooves?®
5.2.4Sorting of one bead one compound library

The 4.4.4 library was synthesized by standard solid phase peptide synthesis
(SPPS) utilizing split ah pool techniques to generate 6 one bead one
combinatorial library. Every potential peptide was synthesized in triplicate. Therefore, to
completelyscreen the 4.4.4 library, ~200,000 beads needed to be scerehedaluated
for fluorescenceThe first generation peptide library (~12,000 beadqyired 4 weekto
screen manuallysing fluorescence microscopy. A graphic comparison of the number of
beals in the two libraries makes obvious the implication thabmpletemanualsort

would have been prohibitivelgborious(Figure5.4).

# of beads in 3.3.3 Library
12,288 beads
00000 000C0OOOONT™
# of beads in 4.4.4 Library
195,500 beads

Figure 5.4 Graphic comparison of 3.3.3. to 4.4.4 library
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Therefore, we employed the Complex Object Parametric Analyzer and Sorter
(COPAS) instrument by Union Biometrica, which is able to rapidly evaluate and collect
samples with fluorescence above designated background. With COPAS, we initially
screened ~100,000 beadghin 2 hours. The resulting scatter plot yielded ~1,500 beads
(1.5 %) with intensities above the average background fluores¢Ergare 5.5). We
reasoned that beads with higher fluorescence were indicative of higher quantities of
fluorescenRRE RNA and were thus indicative of high affinity binder§hese collected
beads were then evaluated manually using fluorescence microscopy, which yielded 6
beads that were designated significantly above backgrfuntescence(Figure 5.6).
Thesebeads were photocleaved using methods reported in the litétanceanalyzed

by MALDI -MS using DHB as matrix.

Red

Figure 5.5 Scatter plot of COPAS sort of 4.4.4 library.

B I @O O B O

Figure56Beads desi g fAuareseeticeiihi t so by
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5.2.5De NovoSequencing

When performingde novoanalysis of protein digests, online analysis protocols
such as Protein Prospectoor proprietary software packages are available to assist in
sequencing. Unfortunately, there are no available open sae&caovosequencing
protocolsfor branched peptides. Therefore, to successfully sequence the first generation
3.3.3 branched peptide library, an effective but tedious manual search of all 4,096
potential peptides and their corresponding fragments was performed using spreadsheet
searcimg. This approach was deemed impractical for the much larger second generati
4.4.4 library. Therefore, thouse software was developed specifically to analyze
branched peptides of various lengths and amino acid composition. Using input from
Figure 5.3, this software identifies all peptide sequences corresponding to the DHB
parent ion identified by MALDI as well aseh theoretical MEMS fragments?

Usingthismethod s equences of the 6 Ahito pepti d:
as 10 minutes of data analysis per peptisieown in Table 5.1 along with the
corresponding logo produced using WebLogo Versior2Qf@gure5.7).% Interestingly,
asparagine was clearly preferred for all 6 peptide sequences at position 6. Also, there was
a 1:1 distribution of either a leucine or glutamine residue at position 4. gherésidue
was evenly distributed between position8 &nd 79 with no clear preference for any
particular position. Another interesting feature of these peptides is that very few aromatic
residues were observed with no clear consensus for any particsitiopavithin the

peptide sequence.
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Table 5.1 Deconvoluted peptide sequences. BgsK

Peptid Sequence Kg (MM)
P 1 (BAHLNDPE N A
P2 (EBJQ%NV\BE N A
P 3 ( EF HNBHB N A
P4 ( TNSRBQSY > 100
P5 ((BS LNWH NA
PG ( BRQ)NDQE N A

E
=

P i (|

Figure 5.7 Frequency plot of deconvoluted sequences.

weblga bethalkey.cdu

5.2.6Determination of binding affinity

With the sequences of our hit peptides in hand, we proceeded to resynthesize
these compounds using traditional solid phase peptide synthesis (SPPS) techniques. A
fluorescein isothiocyanatd-ITC) fluorophore was covalently attached to each 4.4.4
peptide toprovide a tag for quantitation as well as a fluorescent reporter group for future
cell uptake studies. Unfortunately, we observed complete insolubility in aqueous as well
as DMSO/aqueous media combinations for all Fl@keled peptides. We next
investigaed solubility of thebranchedboron@eptidesthat lacked the FITC label.

Although we initially observed that all peptides displayed moderate to good solubility in
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agueous solvents, peptides began to crash out of solution within several hours in the form
of white films. These peptides were found to be insoluble in up to 30% DMSO solutions
as well as methanol solutions. This result was surprising as we had previously observed
no such solubility issues with the boron containing peptides prepared for prefiminar
MALDI analysis. Presently, it seems possible that the general insolubility of these
peptides is due to either the lack of basic amino acid residuextended inteor intra
molecular hydrogen bonded macrostructures between boronic acid residues.
Interestingly, the only peptidéhat was soluble in water was peptié&, which
contained only one boronic acid moieaynd multiple threonine and serine residues.
Although peptideP4 was amenable t&y determination experiments, the lack of a
chromophore preveed quantitation by UWis spectrometryAccordingly, we appended
the sequence with an additional tyrosine on the carboxyamide terminus of the peptide to
allow for quantitation. After performing{q analysis using both dot blot and eleetro
mobility shift assays (EMSA), it was determined that the tyrosine labeled p&gticizd
a binding constant of >10@M (Figureb5.8). Although a disappointing result, several key
lessons can be drawn from our experiences with these borono branched peptides. One
valuable lesson learned from this study is that thgaKoron moiety is not sufficient to
promote effcient solvation of noibasic peptides. Even with peptide®, P5, and P6
which displayed 3 and 4 boronic acid moieties respectively, the resulting peptides
displayed poor solubility in agqueous solvent. Indeed, it now seems quite probable that
high densityfunctionalization with boronic acids may promote the formation of the
observed insoluble films. Unfortunately, since we were only able to acquire one data

point correlating peptide sequence to affinity for RRE, it is impossible at this time to
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evaluate whilmer or not boronic acid peptide/RNA binding motifs is worthy of further

pursuit.

444D vs RRE RNA
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Figure 5.8 K4 plot of peptideP4

5.3 Conclusions

We have developed a simple, rapid, and highly effective protocol for the analysis
of branched peptides as well as branched boronic acid peptides. Also, our previously
developed protocols for MALDI analysis of boronic acid peptides were compatible with
the analysis of mixed boronic acid peptides. We explored possible Lewis acid/base
binding motifs between RNA and boron by assaying a peptide combinatorial library of
65,536 unique members. COPAS analysis was utilized to isolate the top 1.5% most
fluorescent bads which were then manually assayed by fluorescence microscopy to
yield 6 designated hit peptide$o deconvolute the sequences of these peptides, we
developedan in-house softwarg@ackagefor analyzing MSMS fragments of branched
peptides. This analysiprotocol is currently availabléor complementary useThe

deconvoluted peptide sequences were resynthesized and analyzed for their affinity
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towards RRE. Unfortunately, only one of the 6 hits was found to be soluble in aqueous
solvents and hence was thelyopeptide assayed for binding affinity to RRE. All other
peptides formed insoluble films that were not soluble in up to 30% DMSO. Presently, it
is not known whether these films are the result of thelbvasic nature of the peptides or
extended interor intramolecular hydrogen bonded macrostructures between boronic
acid residues. Further studies to explbiese phenomena are unday.
5.4 Experimental
5.4.1RRE incubation conditions

All beads were incubated with On3g/mL tRNA, 10nM RRE, and 1 mg/mBSA
simultaneously for 5 hours in HEPESbuffer (10mM HEPES, 1mM KCI, 1mM Mggl
and 20mM NacCl).
5.4.2Photocleavage and MALDI Analysis

The 4.4.4 peptides were removed from the resin by photocleavage of the ANP
photolinker. Beads selected foinotocleavage were taken up individually into clear-non
stick 0.5 mL microfuge t u®.eBhe wicrdfuge tth€s ¢ L
containing resin were placed into a fbiled container and were irradiated for 1 hour
with light at 365 nm in using a W handheld UV lamp. The resin was immediately
removed from the supernatant after photocleavage. MS antM$8ata was obtained
from MALDI-TOF analysis. The molecule 2¢dthydroxybenzoic acid (DHB) was
utilized as MALDI matrix for all samples to yield ti@HB boronic esters of analyzed

peptides.
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5.4.3Preparation of *P-Labeled RNA
HIV-1 RRE double stranded DNA was obtaimgd PCR using HotStar Taq
Pol ymer ase (Qi agen) wi t h synthetic
GGCTGGTATGGGCGCAGCGTCAATGACGCTGACGGTACAGGCCAGCC and two
synt het i c -GEGrCiTnBeGrCsC: T GH A -BTGIAATACGACTCACTATAGG
(Integrated DNA Technologies). H'¥ RRE RNA was prepared Iy vitro transcription
from PCR DNA product using the Ribomax T7 Express System (Promega) according to
the manufacturers protocdlhe DNA template was degraded by addition of DNase after
transcription was complete, and the transcript was purified by 10% PAGE containing 7.5
M urea. RRE RNA was eluted from the gel overnight at 4 °C in 300 mM sodium acetate,
10 mM Tr i s AHQomM BDHA. Eluedt was aesalted using a gk G18
(Waters) and lyophilized before treating with calf intestinal phosphatase (New England
BioLabs). Dephosphorylated RNA was recovered by phenol extraction followed by
ethanol precipitation.
HIV-1 RRE RM  w a-end Blieled by treating 100 pmol of dephosphorylated
RNA with 20 nmol of {-3?P] ATP (111 TBq mat) (PerkinElmer) and 20 units of T4
pol ynucl eoti de ki nase i n 70 mMandT5 ind AHCI | |
dithiothreitol (New England BioLabs). THRNA was labeled at 37 °C for 50 minutes
followed by a 10 minute incubation at 65 °C and was finally recovered by ethanol
precipitation. Sample integrity was determined by 12% PAGE containing 7.5 M urea.

Labeled RNA stocks were stored -20 °C as 500 nM etks in nuclease free water

(Qiagen).
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5.4.4 Dot Blot Assays

Assays were performed by refolding 800 pfa-labeled HIV\1 RRE RNA in 2X
phosphate buffer (20 mM potassium phosphate, pH 7, 200 mM KCI, 2 mM Maytl
40 mM NaCl) at 95 °C for 3 min and codjjrslowly to room temperature over 20 min.
Peptides were diluted to 2X concentration from 280 stocks in nucleaskee water.
Twenty-five microliter aliquots of refolded RNA were added to 26 of peptide to
achieve the desired concentration of each component. The mixtures incubated at room
temperature for four hours prior to filtering each sample througheguéibrated
Whatman 0.45nm pore size Protran nitrocellulose membranes using a Whatma
Minifold 1 96 well Dot Blot system. Each filtration was immediately followed by two
consecutive washes with 3. of 1X phosphate buffer. Peptide binding was visualized
by autoradiography using a storage phosphor screen and Typhoon Trio (GE Healthcare).
Densitometry measurements were made in ImageQuant TL software (Amersham
Biosciences).
5.4.5 Synthesis of Kga
(9-Benzyl 2((((9H-fluoren-9-yl)methoxy)carbonyl)amine®-((tert
butoxycarbonyl)amino)hexanoatg.5)

To around bottonflask was addedS)-2-((((9H-

OYO fluoren-9-yl)methoxy)carbonyl)aminep-((tert

j\ (/Q:H V@ butoxycarbonyl)amino)hexanoic acs4 (9.00 g,

O. © N S ° 19.2mmol) followed by 20 mL of dry DMF. To
O the mixture was addetksium carbonate (7.51 g,

23.1mmol), which yielded a cloudy solutioBenzyl bromide (2.2 mL, 25.0mmol) was
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addeddropwise After 4 hours 100 mL of LiBrwas addedhen extracteavith 4 x 50 mL

of diethyl ether. The combinamtganiclayerswere washed with 1 x 50 mL LiBr andxl

50 mL brine. The organic layevas dried with sodium sulfate and concentrated under
reduced pressure. The crude product was purified on silica gel and concentrated to yiel
the title compound (1@, 94%) as a viscous sesolid. TLC: 3:1/ HexaneEtOAc, Rf
0.3.'H NMR (500 MHz, CDC}) i 7.68 (d,J = 7.5 Hz, 2H), 7.52 (dJ = 7.4 Hz, 2H),

7.32 (t,J = 7.5 Hz, 2H), 7.29 7.19 (m, 7H), 5.35 (d] = 6.3 Hz, 1H), 5.13 (d] = 12.2

Hz, 1H), 5.07 (dJ = 12.2 Hz, 1H), 4.44bfoads, 1H), 4.38 4.26 (m, 3H), 4.13 (tJ) =

7.0 Hz, 1H), 2.991froads, 2H), 1.88 1.72 (m, 1H), 1.66 1.60 (m, 1H), 1.36 (s, 13H).

%C NMR (126 MHz, CDC)) & 172.5, 156.2, 156.2, 143.

128.5, 127.8, 127.2, 125.2, 120.1, 79.2, 67.3, 67.1, 53.9, 47.3, 40.1, 32.1, 29.7, 28.6, 22.5.

HRMS (ES+) m/zcalcd forCsasHsgN,Og [M+H] *559.2803, found59.2839

(9-5-((((9H-Fuoren9-yl)methoxy)carbonyl)amine$-(benzyloxy}6-oxohexanl-
aminium chloridg5.6)
Compound 5.5 (10.0 g, 19.9mmol) was
N@Hs “ suspended in 20 mL of 4 N HCI in dioxane. The

cloudy mixture quickly became completely

o)
O o/U\N O\/© translucent. After 1 hour, TLC indicated

O o completeconsumption of the starting materials

using the solvent system f&.5 The dioxane
was removed under reduced pressure, and the resulting oil was washed with ether (2 x 30

mL). After pouring off the ethereal supernatant and removal of residual ether under
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reduced pressure, the product was oiatdias a fine white powder (87 8%), mp79.2
-81.6°C.'H NMR (500 MHZ]1 (d,MeBHEe, 2H), 7.66 (1) = 6.6 Hz,
2H), 7.40 (tJ = 7.5 Hz, 2H), 7.37 7.28 (m, 7H), 5.21 (d] = 12.3 Hz, 1H), 5.15 (d] =
12.3 Hz, 1H), 4.42 (dd] = 10.6, 7.0 Hz, 1H), 4.31 (dd= 106, 7.0 Hz, 1H), 4.24 (dd),

= 9.4, 5.0 Hz, 1H), 4.19 (§ = 7.0 Hz, 1H), 2.9 2.84 (m, 2H), 1.94 1.84 (m, 1H),

C«

1.807 1.60 (m, 3H), 1.53 1.38 (m, 2H)**C NMR (126 MHz, MeOD)
143.8, 141.3, 135.9, 128.3, 128.1, 128.0, 127.5, 126491219.7, 66.8, 66.6, 54.0,
47.1, 39.2, 30.6, 26.7, 22.BRMS (ESI+)m/zcalcd forCogHsoN0,4 [M+H] * 459.22086,

found 459.2295.

4-(4,4,5,5Tetramethyl1,3,2dioxaborolar2-yl)benzoic acid5.8)

4-boronobenzoic acidb(7) (10.0 g, 60.3 mmol) was dissolved
B\JO§< in 125 mL of ether (not completely soluble), and pinacol diol
HOY@ (9.26 g, 78.0 mmol) was added to the mixture. The initially

cloudy reaction mixture became translucent after ~ 2 hours. The

reaction was allowed to proceed #ototal of 4 hours. The organic layer was washed with
3 x 75 mL of water and 1 x 75 mL of brine. After removal of the ether under reduced
pressure, the title compound wabtained as a white solid (1 90%) No further
purification was performednp 220- 223 °C.*H NMR (500 MHz, CDC}) 4 8Jd=11 ( d,
8.2 Hz, 2H), 7.91 (dJ = 8.2 Hz, 2H), 1.36 (s, 12H}3C NMR (126 MHz, CDCJ)
172.5, 134.9, 131.6, 129.3, 84.4, 25'B NMR (160 MHz, CDC)) U KBRMS6 .

(ESI+) m/zcalcd forCysH17BO4 [M+H] " 249.1236found 249.1309
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(9-Benzyl 2((((9H-fluoren-9-yl)methoxy)carbonyl)amine®-(4-(4,4,5,5tetramethw
1,3,2dioxaborolar2-yl)benzamido)hexanoa(®.9)
J% To around bottomflask was added 10.§
0
B<o of 5.6 (20.9mmol), which was thedissolved
OY©/ in 60 mL of DMF. Compound 5.8 was
NH
o (¢, dissolvedin 40 mL of DMF, and 7.41 g of
J 0
e
0

HCTU (17.9 mmol) was added.To this

O mixture, 7.27 ml (41.8nmol) of DIEA was
added, mixed for ~ 1 minute, and theunickly added to the lysine solution. After
vigorous stirring for 4 hours, the réem mixture was poured into 200 mL of LiBr and
extracted with 3 x 100 mL of diethyl ether. The organic layer was washed with 1 x 100
mL of brine and dried with N&QO,. This solution was concentrated under reduced
pressure and purified on silicayeld the title compound (8.4, 81%) as a whitebamy
solid, mp85.3- 88.2°C. TLC: 1:1 / Hexanes:EtOAc, Rf B. 'H NMR (500 MHz,
CDCl;) 783 (d,J=7.9 Hz, 2H), 7.74 (d] = 7.3 Hz, 4H), 7.57 (d] = 7.4 Hz, 2H), 7.38
(t, J=7.4 Hz, 2H), 7.36 7.25 (m, 7H), 6.42hroads, 1H), 5.58 (dJ = 7.7 Hz, 1H), 5.20
(d,J=12.2 Hz, 1H), 5.14 (d] = 12.2 Hz, 1H), 4.52 4.25 (m, 3H), 4.18 (t) = 7.0 Hz,
1H), 3.497 3.27 (m, 2H), 1.96 1.83 (m, 1H), 1.80 1.69 (m, 1H), 1.68 1.49 (m, 2H),
1.34 (s, 14H)®C NMR (126 MHz,CDClL) U 172. 4, 167.9, 156. 3,
135.4, 135.0, 128.7, 128.6, 128.4, 127.8, 127.2, 126.2, 125.2, 120.1, 84.2, 67.3, 67.1,

53.8, 47.2, 39.7, 32.3, 29.0, 25.0, 228 NMR (160 MHz, CDC})  U2. BRMS

(ESI+)m/zcalcd forCsHasBN,O7 [M+H] * 689.3362, dund 689.3435
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(9-2-((((9H-Fluoren9-yl)methoxy)carbonyl)amine$-(4-(4,4,5,5tetramethyll1,3,2
dioxaborolar2-yl)benzamido)hexanoic ac{®.10

J% 10% Pd on arbon (0.901 g, 0.846 mmahas

B<o added to a solutiob.9 (5.83 g, 8.46 mmol) in
OY©/ EtOH (35 mL). A hydrogen balloon apparatus
NH

o | 4 was attached to the reaction fladnd the
M OH
e
0

reaction was allowed to proee for 2 hours,
O after which TLC, using the solvent system for
5.9 indicatedcomplete consumption &.9. The product was purified on silica gel to
yield the title compounds afoamysolid (3.0g, 5%%), mp66.1- 70.0°C. *H NMR (500
MHz, CDCk) i 7 . 8% 8.0 Ht, 2H), 7.75 (d) = 7.9 Hz, 2H), 7.69 (d) = 7.6 Hz,
2H), 7.53(t, J = 7.0 Hz, 2H), 7.33 (tJ = 7.4 Hz, 2H), 7.23 () = 7.4 Hz, 2H), 6.80
(broad s, 1H), 5.88 (d, = 8.0 Hz, 1H), 4.46 4.34 (m, 1H), 4.34 4.26 (m, 2H), 4.14 (t,
J=7.1Hz, 1H), 3.39 (broad &8H), 1.96i 1.82 (m, 1H), 1.82 1.67 (m, 1H), 1.67 1.36
(m, 4H), 1.32 (s, 12HY*C NMR (126 MHz,CDG)) U 175.1, 168. 4, 156.
136.5, 135.0, 127.8, 127.2, 126.3, 125.3, 120.0, 84.3, 67.2, 53.7, 47.2, 39.9, 32.0, 29.0,
25.0, 22.5'B NMR (160 MHz, CDC)) U  BIRMS1(ESI+) m/z calcd for

CaaH3sBN,O; [M+H] * 599.2914, 6und 599.2969
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5.5 Coding for de novo sequencing program

5.5.1 Pepseq Code

#!/usr/bin/python

#-*- coding: utf8 -*-

import os

import sys

# Add project root directory (enable symlink, and trunk execution).

PROJECT_ROOT_DIREBORY = os.path.abspath(
os.path.dirname(os.path.dirname(os.path.realpath(sys.argv[0]))))

if (0s.path.exists(os.path.join(PROJECT_ROOT_DIRECTORY, 'pepseq’))
and PROJECT_ROOT_DIRECTORY not in sys.path):
sys.path.insert(0, PROJECT_ROOT_DIRECTORY)
os.putenv(PYTHONPATH', PROJECT_ROOT_DIRECTORY)

import logging

import optparse

import pepseq

import itertools

import ConfigParser

import pepseq.amino_acid

import gettext

from gettext import gettext as _

gettext.textdomain('pepseq’)

LEVELS = (ogging.ERROR,
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logging. WARNING,
logging.INFO,
logging.DEBUG)
def parse_args():
usage = _("pepseq [options] <inputfile>")
parser = optparse.OptionParser(version="pepseq %s" % pepseq.__version__,
usage=usage)
parser.add_optiond', --debug’, dest="debug_mode’, action='store_true’,
help=_('Print the maximum debugging info (implies)’))
parser.add_option{', --verbose', dest="logging_level', action="count’,
help=_('set error_level output to warning, info, and then debug))
parser.set_defaults(logging_level=0)
(options, args) = parser.parse_args()
if options.debug_mode:
loglevel =3
else:
try:
loglevel = LEVELS[optims.logging_level]
except IndexError:
loglevel =3
logging.basicConfig(level=loglevel,
format="%(asctime)s %(levelname)s %(message)s’)

return parser.parse_args()
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def main():
(options, args) = parse_args()
config = ConfigParser.ConfigParser()
try:
config.readfp(open(args[0]))
except IndexError:
try:
config.readfp(open("sampiaput™))
except IOError:
config.readfp(open("../samplaput"))
bucketl ]
for char in config.get(DEFAULT’, ‘bucketl’).split(* *):
bucketl.append(pepseq.amino_acid.AminoAcid(char))
bucket2 =]
for char in config.get(DEFAULT’, ‘bucket2’).split(* *):

bucket2.append(pepseq.amino_acid.AminoAcid(ghar)

bucket3 =]

for char in config.get(DEFAULT", 'bucket3’).split(" ):
bucket3.append(pepseq.amino_acid.AminoAcid(char))

bucket4 =]

for char in config.get(DEFAULT", 'bucket4’).split(' *):

bucket4.appengépseq.amino_acid.AminoAcid(char))
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bucket5 =[]

for char in config.get(DEFAULT’, 'bucket5").split(* *):
bucket5.append(pepseq.amino_acid.AminoAcid(char))
bucket5.append(pepseq.amino_acid.AminoAcid('N"))

bucket6 =[]

for char in config.get(DEFAULT’, 'bucket6").split(* *):
bucket6.append(pepseq.amino_acid.AminoAcid(char))

bucket7 =]

for char in config.get(DEFAULT’, ‘bucket7").split(* *):
bucket7.append(pepseq.amino_acid.AminoAcid(char))

bucket8 =[]

for char in config.get(DEFAULT’, 'bucket8').split(* *):
bucket8.append(pepseq.amino_acid.AminoAcid(char))

bucket9 =[]

for char in config.get(DEFAULT’, 'bucket9").split(* *):
bucket9.append(pepseq.amino_acididecid(char))

possibilities = (bucketl, bucket2, bucket3,

bucket4, bucket5, bucket6,
bucket7, bucket8, bucket9)

peptides =[]

sequences = tuple(itertools.product(*possibilities))

for sequence in sgiences:

if sequence[4].letter == K"
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peptide = pepseq.amino_acid.Peptide(sequence)
peptide.branch_before(4)
peptides.append(peptide)
peptides.sort()
output =[]
for peptide in peptides:
if peptide.weight > float(config.get('DEFAULT', 'low")):
if peptide.weight < float(config.get('DEFAULT', 'high)):
output.append(peptide)
print 'Number of matches: %d' % len(output)
for peptide in output:
print ("%.2f %s " % (peptide.weight, peptide) + ' ".join(peptide.subweights))
if _name__ =="_ main__"

main()
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5.5.2 Amino Acid Definitions and Sorting Protocols

#-*- coding: utt8 -*-

class AminoAcid(object):

""" Amino acids are molecules containing an amine group, a carboxylic acid

group and a side chain that varies between different amino acids. "

aminoAcids = {'G": ('Glycine’,
‘A’ (‘Alaninég,
'S": ('Serine’,
T": (‘'Threonine',
'C". (‘'Cysteine’,
V' (‘"Valine',
'L": (‘Leucine’,
I ('Isoleucine’,
'M': (‘Methionine’,
'P": ('Proline’,
'F': ('Phenylalanine’,
Y': (‘'Tyrosine’,
‘W' (‘Tryptophan’,
'D": (‘Aspartic Acid’,
'E": (‘Glutamic Acid',
'N'": (‘Asparagine’,
'‘Q": (‘'Glutamine’,

'H'": (‘Histidine',

'Gly', 57.00),
'Ala’, 71.00),
'Ser', 87.00),
'Thr', 101.00),
'Cys', 103.00),
'Val', 99.10),
'Leu’, 113.10),
'lle’, 113.10),
'Met', 131.00),
'Pro’, 97.10),
'Phe’, 147.10),
‘Tyr', 163.10),
'Trl86.10),
'‘Asp’, 115.00),
'Glu', 129.00),
'Asn’, 114.00),
'GIn', 128.10),

'His', 137.10),
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'K": ('Lysine', 'Lys', 128.10),
'R": (‘Arginine’, '‘Arg’, 156.10),
'B": ('Borono Phenylalanine', 'Bpa’, 394.10),
}
def _init__ (self, letter):
self.letter = letter.upper()
self.name = AminoAcid.aminoAcids[self.letter][0]
self.triple = AminoAcid.aminoAds|[self.letter][1]
self.weight = AminoAcid.aminoAcids[self.letter][2]
def _str__ (self):
return "%s (%s, %s) MW: %.2f" % (
self.name, self.triple, self.letter, self.weight)
class Peptide(object):
def __init__ (self, mino_acids):
self.amino_acids = amino_acids
self.weight =0
self.subweights = []
self.string = ™"
for amino_acid in amino_acids:
self.weight += amino_acid.weight
self.string += ('%s' % (aminacid.letter))
def branch_before(self, index):

self.weight = 18.00
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for (counter, amino_acid) in enumerate(self.amino_acids):
if counter < index:
self.weight += 2 * amino_acid.weight
else:
self.weight += amino_acid.weight
self.string = ('(" + self.string[0:index] + )2 ' +
self.string[index + 1:])
self._calculate_subweights()
def _calculate_subweights(self):
self.subweights@pend(str(self.weightself.amino_acids[0].weight))
self.subweights.append(str(float(self.subweights{@plf.amino_acids[1].weight))
self.subweights.append(str(float(self.subweights{ $pIf.amino_acids[2].weight))
self.subwajhts.append(str(float(self.subweights[2felf.amino_acids[3].weight))
self.subweights.append(str(self.weighi7.1- self.amino_acids]].weight))
self.subweights.append(str(float(self.subweighi3[ self.amino_acidsp].weight))
self.subweights.append(str(float(self.subweighi3[- self.amino_acidsB].weight))
self.subweights.append(str(float(self.subweighi3[ self.amino_acidsfi].weight))
def __cmp__ (self, other):
return cmp(self.weight, other.vggit)
def _str__ (self):

return self.string
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5.5.3 Test_ Amino_Acid Code

#-*- coding: utf8 -*-
from amino_acid import AminoAcid
import unittest
class AminoAcidTestCase(unittest. TestCase):
def test_glycine(self):
amino_acid ;AminoAcid('g’)
self.assertEqual(amino_acid.name, "Glycine")
self.assertEqual(amino_acid.triple, "Gly")
self.assertEqual(amino_acid.letter, "G")
self.assertEqual(amino_acid.weight, 57.05)
def test_alanine(self):
amino_acid = AminoAcid('a’)
self.assertEqual(amino_acid.name, "Alanine")
self.assertEqual(amino_acid.triple, "Ala")
self.assertEqual(amino_acid.letter, "A")
self.assertEqual(amino_acid.weight, 71.09)
def test_serine(self)
amino_acid = AminoAcid('s")
self.assertEqual(amino_acid.name, "Serine")
self.assertEqual(amino_acid.triple, "Ser")

self.assertEqual(amino_acid.letter, "S")
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self.assertEqual(amino_acid.weight, 87.08)
deftest_threonine(self):

amino_acid = AminoAcid('t")

self.assertEqual(amino_acid.name, "Threonine")

self.assertEqual(amino_acid.triple, "Thr")

self.assertEqual(amino_acid.letter, "T")

self.assertEqual(amino_acid.weigh91.11)

def test_cysteine(self):
amino_acid = AminoAcid('c’)
self.assertEqual(amino_acid.name, "Cysteine")
self.assertEqual(amino_acid.triple, "Cys")
self.assertEqual(amino_acid.letter, "C")
self.assertEquamino_acid.weight, 103.15)
def test_valine(self):
amino_acid = AminoAcid('v')
self.assertEqual(amino_acid.name, "Valine")
self.assertEqual(amino_acid.triple, "Val")
self.assertEqual(amino_acid.letter, "V")
self.asssertEqual(amino_acid.weight, 99.14)
def test_leucine(self):
amino_acid = AminoAcid('l')

self.assertEqual(amino_acid.name, "Leucine”)
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self.assertEqual(amino_acid.triple, "Leu")
self.assertEqual(amino_acid.letter, "L")
self.assertEqual(amino_acid.weight, 113.16)
def test_isoleucine(self):
amino_acid = AminoAcid('i")
self.assertEqual(amino_acid.name, "Isoleucine”)
self.assertEqual(amino_acid.triple, "lle")
self.assertEqual(aminocid.letter, "I")
self.assertEqual(amino_acid.weight, 113.16)
def test_methionine(self):
amino_acid = AminoAcid('m’)
self.assertEqual(amino_acid.name, "Methionine")
self.assertEqual(amino_acid.triple, "Met")
selfassertEqual(amino_acid.letter, "M")

self.assertEqual(amino_acid.weight, 131.19)

def test_proline(self):
amino_acid = AminoAcid('p’)
self.assertEqual(amino_acid.name, "Proline")
self.assertEqual(amino_acid.triple, "Pro")
self.assertEqual(amino_acid.letter, "P")
self.assertEqual(amino_acid.weight, 97.12)

def test_phenylalanine(self):
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amino_acid = AminoAcid('f")

self.assertEqual(amino_acid.name, "Phenylalanine™)

self.assertEquad(mino_acid.triple, "Phe")
self.assertEqual(amino_acid.letter, "F")
self.assertEqual(amino_acid.weight, 147.18)
def test_tyrosine(self):
amino_acid = AminoAcid('y")
self.assertEqual(amino_acid.name, "Tyrosine")
sdf.assertEqual(amino_acid.triple, "Tyr")
self.assertEqual(amino_acid.letter, "Y")
self.assertEqual(amino_acid.weight, 163.18)
def test_tryptophan(self):
amino_acid = AminoAcid(‘'w’)
self.assertEqual(amino_acid.name, "Toghan")
self.assertEqual(amino_acid.triple, "Trp")
self.assertEqual(amino_acid.letter, "W")
self.assertEqual(amino_acid.weight, 186.21)
def test_aspartic_acid(self):
amino_acid = AminoAcid('d")
self.assertEquamino_acid.name, "Aspartic Acid")
self.assertEqual(amino_acid.triple, "Asp")
self.assertEqual(amino_acid.letter, "D")

self.assertEqual(amino_acid.weight, 115.09)
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def test_glutamic_acid(self):
amino_acid = AminoAcid('e")
self.assertEqual(amino_acid.name, "Glutamic Acid")
self.assertEqual(amino_acid.triple, "Glu")
self.assertEqual(amino_acid.letter, "E")
self.assertEqual(amino_acid.weight, 129.12)

def test_asparagine(self):
amino_acid = AminoAcid('n’)
self.assertEqual(amino_acid.name, "Asparagine”)
self.assertEqual(amino_acid.triple, "Asn")
self.assertEqual(amino_acid.letter, "N")
self.assertEqual(amino_acid.weight, 114.11)

def test_glutamine($:
amino_acid = AminoAcid('q’)
self.assertEqual(amino_acid.name, "Glutamine™)
self.assertEqual(amino_acid.triple, "GIn")
self.assertEqual(amino_acid.letter, "Q")
self.assertEqual(amino_acid.weight, 128.14)

deftest_histidine(self):
amino_acid = AminoAcid(‘'h")
self.assertEqual(amino_acid.name, "Histidine")

self.assertEqual(amino_acid.triple, "His")
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self.assertEqual(amino_acid.letter, "H")

self.assertEqual(amino_acid.weigh87.14)
def test_lysine(self):

amino_acid = AminoAcid('k")

self.assertEqual(amino_acid.name, "Lysine")

self.assertEqual(amino_acid.triple, "Lys")

self.assertEqual(amino_acid.letter, "K")

self.assertEquad(nino_acid.weight, 128.17)

def test_arginine(self):
amino_acid = AminoAcid('r)
self.assertEqual(amino_acid.name, "Arginine")
self.assertEqual(amino_acid.triple, "Arg")
self.assertEqual(amino_acid.letter, "R")
self.assertEqual(amino_acid.weight, 156.19)
def test_borono_phenylalanine(self):
amino_acid = AminoAcid('b")
self.assertEqual(amino_acid.name, "Borono Phenylalanine™)
self.assertEqual(amino_acid.triple, "Bpa")
self.asseiqual(amino_acid.letter, "B")
self.assertEqual(amino_acid.weight, 309.08)
def suite():

suite = unittest. TestLoader().loadTestsFromTestCase(AminoAcidTestCase)
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return suite

if _name__ =='_ main__"
unittest. TextTestRunner().run(suite())
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Chapter 6 Future Directions

6.1 Analysis of an additional 3.3.4 branched boronic acid library
6.11 Contributions

The following sectionoutlines key points from a manuscript in preparation for
publication.Contributions from the authors are as follows: Jason Crumpton, (author of
this dissertation) performed the synthesis of the modified Frvlmaronephenylalanine
amino acid (kpa) as wel asthe N-e-(4-boronobenzoylb) -lysine (Kgga) used for peptide
synthesis performed acquisitionof all MALDI spectra, made intellectual contributions
to the design of thd.3.4 peptide librarymade significant intellectual contributions to the
construction of novel software for thde now sequencingof unknown peptidesand
performed the synthesis of selected peptidBsvid Bryson made intellectual
contiibutions to the design of the 343pepide library, performed all RNA footprint assays
as well as footprint assay optimizatiaand made contributions towards experimental design.
Wenyu Zhangperformed e synthesis and purification bfanched boronic acidBB)
peptides made contributions otvards experimental design, and performed all K
experiments by DeBlot and EMSA assayslessica Wynn performed the synthesis of
selected peptides, as well as all cell permeability and MTT toxicity adday®/ebster
Santos made contributions to the wgtimnd editing of the manuscript as well as

significant contributions texperimental design.

6.1.2 Modifications of the previous4.4.4 BB library
This chapter is a summary of a manuscript currently in prepardanmng the
preparation of thisdissertation a second generation 3.3.4 BB peptide library was

synthesized with several modifications to the first generation 4.4.4 library design
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presented irChapter 5 of this dissertatiqfrigure 6.1). The library was prepared such

that there were theevariable amino acid positions at both theadd Gtermini (A;-As

and A-Ag, respectively), and each variable position was caeg®f six possible side

chains

A4 A Az

OH
>—A4—A5—A6—A7—ANP—O p: o
H
A A Ay N\/\/ﬁ)koH
0 NH;

3.3.4. Library (6 variable positions)

Aq

A;
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Ay

As

As

A7

Trp
Ser
Val
Lys

Keea Keea Kgeea Keea Kgga

Fera Fepa Fepa Fera Fapa

Tyr
Asn
Pro
Lys

Phe
Thr
Ala
Lys

His
GIn
Pro
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Tyr
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Trp
Ser
Ala
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Tyr
Tyr
Tyr
Tyr

Keea Tyr
FBPA Tyl'

65=46,656 library members

Ksea
HO. _OH
B
(@]
OH
FBF’A NH>

Figure 6.1 Combinatorial (3.3.4brancheebeptide library featuring boronic acid side

chains

Each of the six possible side chains at variable positianssAvas chosen for its

potential to interact with the RREB target RNA through a unique mode of binding

relative to the other sidéhains we made available at the same location. In position A

for example, we selected amino acids with functional groups that can interact with the

RNA through electrostatic attraction (Lys), hydrogen bonding (Sgskacking (Trp),

and reversible covate bonding between boron and a Lewis base presented by the RNA

target (P%BA/FBPA)-

137



The rational for including unnatural boronic acid side chainsagamthreefold.
First, we hypothesized that their inclusion would increase the selectivity of our
copmounds for RNA over DNA-hydroxgl that e aldsdntein pr es en
DNA, which may function as a potential electron donor to thetgmorbital of boron.
complexity of these compounds. This could improve the chances of discovering ligands
tha are selective for a single RNA target. Third, we envisioned that the presence of
boron would increase overall affinity to the RNA target due to the potential formation of
reversible covalent bonds between the RNA aBdigand. We chose to incorporéteo
different boronrcontaining side chains at each variable position in the library to examine
if RRE-IIB had a preference in the side chain length or electrophility of boron presented
by Fspa and Kgga.

In order to esure that each unique sequence mlthrary would contain at least
one chromophore, Tyr was included at thde@ninus (position A to allow facile
determination of peptide concentrations for future biophysical asséksreafter we
generated three copies of a 3.3.4 branched boronit peptide library composed of
46,656 possible amino acid sequenttext were linked to the bead by a photocleavable
linker (3-amino-3-(2-nitrophenyl)propionic acid, ANP) at the-t€rminus The library
was incubatedvith fluorescently tagged RRHEB RNA and putative hit peptides were

isolated and their sequences were deconvoluteteimovosequencing.
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Table 6.1 Selected hit peptides

Peptide Sequence Ka(uM)
6.1 (VPA)*FgpaLAY NB
6.2 (KNT) #NK K gpi Y NB
6.3 (VPA)*N FgpaAY NB
6.4 (K gp YK) #HKKY 86.5+ 10.0
6.5 (KK gpLK)2*KLKY 58.4+4.0
6.6 (WYK) APTWY 285+ 4.4
6.7 (KK gpL F)2*KKWY 27.2+6.9
6.8 (KKK pgpL)2*FgpaTSY 26.8+4.4
6.9 (K gp KFapa)s* K gp KKY 33+12
6.10 (WKK) 2* Kgp YWY 14+£04
6.11 (FepaY Fgpa)2*NKSY 8723
6.12 (FYF),*NKSY NB
NB = no binding

As shown inTable6.1, all peptides, excluding.6, were found to contain varying
degrees of Kga Or Fgpa residues. Peptide®. 11 6.3 displayed no binding to RREB
whereas peptide$.4 7 6.11 displayed kK values ranging from ~ 1i 100 pM.

Interestingly, when peptidés.11 was mutated by replacing gfa residues with
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phenylalanine (peptidé.12), binding to RREIB was completely abolishedinding
affinity studies of hit peptides to RRIEB as well as cell permedlty, MTT toxicity, and
RNA footprint assays were performed and further analgdethe results from these
studiesare currently underwayComplete details regarding experimental design, binding

studies, andesults will be explored in arthcoming manuscript.
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