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"You cannot hope to build a better world without improving the
individuals. To that end each of us must work for his own
improvement, and at the same time share a general responsibility
for all humanity, our particular duty being to aid those to whom
we think we can be most useful."

- A quote by Marie Curie whose life as a scientist
was one which flourished because of her ability to
observe, deduce and predict.

i



Table of Contents

List Of Tables....uuuuiiiiiiiiieccc e v
LiSt Of FIBUI@S...ccivuueiiiiieniiiiiiiiiiiiiiiiiieeniininenesisniesssssinssssssnnesnssssssensssssnsssssssssnnssssnns vi
List Of SChEMES ......ciiiiiiiiiicccrrrr e ix
Y <3 1 ot Xi
List of Abbreviations Used..........ccovveeeuuiiiiiiiiiiiiiiiiiinnnrrrrensss e Xii
AckNOWIEdgemeNnts .......ccuciiiiieuiiiiiiiniiiiieiiiirrs s sas s s e as s s s s enasssnanns Xiv
Chapter 1. INtroducCtion......cccciiiieiiiiiieiiiiiieniiiiirinirrsnresessresssssnresssssssessssssssennes 1
1.1 General Boronic ACid ChemiStry ......ccivciiiiiiiiiiie et e e s eaeee e 1
1.2 BOronic ACid APPlICAtIONS .....uviiiiiiie ettt s e e e e eara e e e 3
1.3 How Boronic Acid-Containing Drugs Interact With Their Targets? ......cccccoccvevvcieeenns 5
1.4 Boronic Acid Chemistry With DiolS.......ccuueiieiiiiiiiiiiiie e 9
1.5 Mechanistic Pathway for Boronic Acid-Diol Binding ........ccccecvuveeiiiiieeeeniiiieeceieee s 11
1.6 RESEAICH AIMS ...ttt ettt st e et e s bt e s bt e e s nbeesanreenanee 13
Chapter 2. Experimental ProCeAUIES ......ccieeeeiieeeieenieieeneerenereeseerennerenseerensessensessnsenes 15
2.1 General MethodOlOgY ....ccoo o e e e e 15
2.2 Procedure of pK,; Determination of Boronic Acids Using UV-Vis Spectroscopy......... 15
2.3 Procedure of pK,; Determination of Boronic Acids Using NMR Spectroscopy............ 17
2.4 Procedure for Iminoboronate Formation of Boronic Acids and Boc-Lys-OH Using
LUV T o 1=t o o 1Yol 1 19
2.5 Procedure for Iminoboronate Formation of Boronic Acids and Boc-Lys-OH Using

TH NIMR SPECIIOSCOPY wvvveveeriereeteeeteeteeteeeteeeeeseeeteeteeseesaeesessseeseeseessesseensesssenseensesssenses 19
2.6 Procedure for Diazaborine Formation of Boronic Acids and Boc-Lys-OH Using

LUV TIY o 1=t o o 1Yol 1 20
2.7 Procedure for Diazaborine Formation of Boronic Acids and Boc-Lys-OH Using

N LY 2N o T=Tor d g 1ol o] o1 2SO PO PP PP PP PPN 20
2.8 Procedure for Diol Binding of Boronic Acids with ARS .........coooeciiiiieeeeereeeee, 20
2.9 Procedure for Diol Displacement Assay to Measure Sugar K, Values...........coueeeee... 22

Chapter 3. Results and Discussion of pK. Determination Using UV-Vis and NMR

1Y 0 T=Tot € o LYol o 1Y 2SR 23
G 700 1o o o Yo [W ot [ o ISR 23
3.2 pKa determination of novel boronic acid derivatives using UV-Vis spectroscopy...... 24

ii



3.3 pKa determination of novel boronic acid derivatives using *H, !B and *°F NMR
L oJ=Totd o K] wlo] o)V AT PP 30

3. SUMIMIATY ceieieiiieieieieieiesesssesesese s s s e s e s s s e s e sesesesesesssssssesssssesssssesssssesssssssssssssssssssnsssssssssesnnnses 42

Chapter 4. Results and Discussion of Iminoboronate and Diazaborine Formation of
Boronic Acid Derivatives with Boc-Lysine-OH Using UV-Vis and *H NMR

Y e T=To1 o T ol ] « 3V PN 43
4.1 Introduction-Iminoboronate FOrmation..........ccceecueeiiiiiiiiiciiicecee e, 43
4.2 Iminoboronate formation using UV-Vis SPectroSCOPY .......cccceeerrvireeeeiciveeeeeiireee e 44
4.3 Iminoboronate formation using 1H NMR SpectroSCopy .....cccceeeecvvreeiriuveeeeniveeeeennnns 49
4.4 Introduction-Diazaborine FOrmation...........ccoeceeiiiieiiiiieinieeeee e 52
4.5 Diazaborine Formation using UV-Vis SPeCtroSCOPY ..cuuveeerrrrereiriireeeeiiieeeesiieee e e 55
4.6 Investigating Diazaborine Formation using NMR ..........coiiiiiiiiiiniiiee e 56
4.7 SUIMIMATY eettttttttttttttettteteeeeaaeeeeaeeee—e————— et aeetatsesessesssssssssasssssssssssnsssssnsssssnsssnsnsnsnnns 59
Chapter 5. Results and Discussion of Boronic Acid-Diol Binding ......cc..cccceeueiiiiiennneinnnes 60
ST B [ g1 1 o To [FTot i o] o IR OO PPOTP T SUPRRTPR 60
5.2 Boronic acid-diol binding between boronic acid derivatives and ARS ...................... 61

5.3 Boronic acid-diol binding between boronic acid derivatives and various

SACCNANIAES ...ttt ettt e s e e st e ettt e et e s hn e e nreesneeena 72
o YU Vo g | Y 2SR 81
Chapter 6. CONCIUSION ...c..civeeeieenerienerrenerreenereesnereaseereaseeressessssessassessnsssssnsesssnsessnsessen 82
REfEreNCEeS....ccciiiiiiiiiiiiiiiiiiiii e 84
Appendix A. pKa Using UV-Vis Spectroscopy Absorbance Plots and Calculations ........ 91
Appendix B. PK, Using 'H, 1B and °F NMR Spectroscopy Plots And Calculations .....108
Appendix C. Derivation of Equation 2.4.2 ..........oieeiiimiiiiiiiiiiireeirreeereneeseasessnnnenes 135
Appendix D. Iminoboronate and Diazaborine Using UV-Vis Spectroscopy................ 140
Appendix E. Iminoboronate and Diazaborine using NMR Spectroscopy.......cccccceuuen.. 146
Appendix F. Diol Binding to Boronic Acids UV-Vis Spectroscopy Data.........ccccceveunenne 150
Appendix G. Diol Binding to Boronic Acid Fluorescence Data .......ccccccovveueniinrennnnnnns 157



List of Tables

Table 3.2.1: Compounds that fit the one pKj fitting model versus compounds that

require a multiple pKa fitting model ...........uvieieeiiie e

Table 3.2.2: Calculated pKa Values for Boronic Acids derivatives using UV-Vis

Y o1=Totd g1 elo] o )V AUU OO P P P P PP PPPTPPPPPTPTPN

Table 3.3.1: Reversible compounds versus irreversible compounds based on

reversibility experiment using TH NIMR ......cooiiiiiiiiiiecieeece ettt

Table 3.3.2: pK; measurements of novel synthesized boronic acid derivatives using

UV-Vis Spectroscopy and 1B NIMR .......coiciiieuiiieieieeeeeteete ettt ettt et veeteeaeeneenean

Table 4.2.1: Association constants (Ka) between carbonyl boronic acid derivatives

gL I 2T Yor RV L PSR
Table 5.2.1: Calculated K; of binding of our synthesized compounds with ARS............

Table 5.3.1: Saccharide association constants (Ka) with boronic acid derivatives

USINE 3-COMPONENT ARS @SSAY «uuiiiiiiiiiiiiie ettt e e e et s e e e e e e et e e e e e e e e e eaaaeeeeas

Table 5.3.2: Continued table of saccharide association constants (Ka) with boronic

acid derivatives using 3-component ARS @SSaY .....uuueieeeerieiiiuiiiireeeee e scinierreee e e e e eseennenens



List of Figures

Figure 1.1.1: Structure of Bortezomib, a boronic acid containing pharmaceutical ........... 1

Figure 1.2.1: Boronic acids used in drug discovery to treat cancer and bacterial

IR CEIONS ..ttt et e st e e st e et s bt e s e sneeas 4
Figure 1.3.1: Interactions of Bortezomib with Active Site Residue Thrl ..........cccccccvveeennns 6
Figure 1.3.2: Chemical structure of the benzoxaborole containing drug Tavaborole......... 7
Figure 1.6.1: Novel Boronic acid derivatives synthesized in the Jakeman lab.................. 13
Figure 2.3.2: Examination of three pKj calculation methods of compound DE348......... 17

Figure 3.2.1: Absorbance changes with increases in pH and pK, determination of
(olo T 0] o o 0T T I 1 I SR 25

Figure 3.2.2: Absorbance changes with pH increases and pK, determination of
COMPOUNT DEBAA...... ettt e e st e e et e e e e e e e e s bt e e e sssaneeeensseeeeennsens 26

Figure 3.2.3: X-ray crystallography of a boronic acid derivative giving an insight to
the structure of comMpPOUNd COL......ooiiiiiiiiieiciiie e e e e e e 30

Figure 3.3.1: a) !B NMR data versus pH of DT14; b) Boronic acid ionization showing

trigonal to tetrahedral gradually change of boron.........ccccooeiiiiiie e 31
Figure 3.3.2: The curve to determine pK, of DT14, forming a tetrahedral center........... 32
Figure 3.3.3: IH NMR spectra of DT14 with increasing PH......cccovvvveeveeeeieceeeeeeeeeene 33

Figure 3.3.4: a) !B NMR data versus pH of DE344; b) Boronic acid ionization showing
trigonal to tetrahedral and then to the hemiacetal cyclized form gradually change of

Figure 3.3.5: The curve to determine pK, of DE344, forming a tetrahedral center and

then an hemiacetal cyclized form at higher pH solutions .........ccccceeeeeieiciieeeen e, 36
Figure 3.3.6: °F NMR spectra of DE344 with increasing pH .........ccceevevvevveveeeeeeceereeneee. 37
Figure 3.3.7: Changes to the 'H NMR spectra of DE344 with increasing pH .......c.......... 38

Figure 4.1.1: Aldehyde or ketone-containing molecules that were previously
synthesized in the Jakeman [@boratory ..., 44

Figure 4.2.1: UV-Vis Spectroscopy changes of compound DT14 with increasing
concentration of Boc-Lys-OH in HEPES DUFfEr.......euviiiiiiiiiiiieeiee e 45

vi



Figure 4.2.2: Plot of absorbance (320 nm) changes of DT14 with increasing of
Boc-Lys-OH concentration in HEPES bUffer .........ooveeiiie i 46

Figure 4.2.3: Plot of absorbance changes of carbonyl boronic acid derivatives 2FPBA
as a control, DT9 and DT14 with increasing concentration of Boc-Lys-OH in HEPES

Figure 4.3.1: Iminoboronate formation between N¢-Boc-Lys-OH and DT14. 'H NMR
(500 MHz): [ligand] in phosphate buffer ..o, 49

Figure 4.3.2: Mixing between N,-Boc-Lys-OH and DE318. *H NMR (500 MHz):
[ligand] in phosphate DUFfEr .......coiiiiiii e e 51

Figure 4.3.3: Imine formation between N,-Boc-Lys-OH and Benzaldehyde. *H NMR
(500 MHz): [ligand] in phosphate buffer ..o, 52

Figure 4.4.1: Aldehyde-containing molecules that contain an amine functionality
that were synthesized in the Jakeman laboratory ......ccccccceevivciiiiiccee e 53

Figure 4.5.1: UV Spectroscopy changes of compound DE321 with increasing
concentration of Boc-Lys-OH in HEPES BUFfer.......ceviiiiiicciiiiieeee e, 55

Figure 4.5.2: Plot of absorbance (at maximum intensity of 240 nm) changes of
DE321 with increasing of Boc-Lys-OH concentration in HEPES buffer..........ccccccoeveea. 56

Figure 4.6.1: Diazaboronate formation between Ne-BocLysOH and DE321. *H NMR
(500 MHz): [ligand] in phosphate BUffer ........ccuveeeeiiiiiecceee e 56

Figure 4.6.2: Imine formation between Na-ethylamine and DE321. *H NMR
(500 MHz): [ligand] in phosphate buffer ..o, 57

Figure 4.6.3: 'H NMR spectrum (500 MHz, D,0, pH 4) of DE321. This spectrum was
recorded at the time of synthesis (April 2022), 4 months before the diazaborine
experiment Was CONAUCEEM ........coocuiiiiieiee e e e e e e e e e e e e s eanrrereeeeens 58

Figure 5.2.1: Example of color changes from red to yellow as the concentration of
DT LA INCIASES .. etttteee e et ettt e e e e e ettt et e e e s e s e bbbttt e eaeaeseaanbbbaeaeeeeeesaannnbaaaeaaeessananns 62

Figure 5.2.2: Absorption spectral changes of ARS with increasing concentration of
D I TN oy o Y oYU =T 63

Figure 5.2.3: Comparison between UV-Vis and Fluorescence measurements of
changes of ARS with increasing of boronic acid (DT14) concentration in HEPES buffer.. 64

Figure 5.2.4: Plot of fluorescence changes of ARS with increasing concentration of
synthesized boronic acid derivative of each category in HEPES buffer...........ccccccveeeee. 66

vii



Figure 5.2.5: Relationship between pKs values of our synthesized boronic acid
(olo] g =TT a YT oY = elo T 4T e Yo 0T o o F-3 U 68

Figure 5.3.1: Saccharides used in the three-component competitive reaction
between ARS and boronic acid derivatives ..........ooocciiieeee e 73

Figure 5.3.2: Plot of fluorescence changes of ARS-boronic acid complex with
increasing fructose in HEPES buffer.........coooiiii i 74

viii



List of Schemes

Scheme 1.1.1: Formation of a dative covalent bond between the nucleophile and a
oToT o] ool [ o S URUR 2
Scheme 1.1.2: lonization equilibrium of boronic acid in aqueous solutions ..................... 2

Scheme 1.3.1: Covalent bond formation between the boron of Vaborbactam and
catalytic serine residues in the active Site .......cccvvveiei i, 6

Scheme 1.3.2: Iminoboronate formation between 2FPBA and an amine nucleophile ..... 8

Scheme 1.4.1: Cis-diol complex formation using a competitive boronic acid
(=111 o] o] NPT 10

Scheme 1.5.1: Two proposed mechanistic pathways of boronic acid and 1,2-diol

(o110 To 110 ¥ - SRR 12
Scheme 3.1.1: pK; dissociation of i. A boronic acid ii. A carboxylic acid and iii. An

AN ittt et et et e e e e et et e e et et e e e e e e e e e aaeeees 23
Scheme 3.1.2: The relationships between phenylboronic acid and its diol ester ........... 24
Scheme 3.2.1: Cyclisation between the aldehyde and the boronic acid ......................... 27

Scheme 3.3.1: Compound DE344 exists in equilibrium between the hydrate and the
aldehyde forms as the pH of the solution iNCreases .........ccoccveeeee e, 39

Scheme 4.1.1: Mechanistic illustration of the boronic acid conjugation of 2FPBA

with a nucleophiles via the N-terminus in aqueous solution........ccccceecciviieeeeee e, 43
Scheme 4.2.1: Iminoboronate formation reaction between Boc-Lys-OH and DT14 ....... 45
Scheme 4.2.2: Structure of Boc-lysine-OH at different pH values ........ccccceeeeeeecviinnnnn.n. 48

Scheme 4.4.1: Covalent lysine-conjugation reaction to form iminoboronate versus
the diazaborine formation between aldehyde/ nitrogen containing compounds and

AMINO ACHIH .ttt ettt e s e e et e e e s st e e s ebb e sn b e s nr e e sraee e 53
Scheme 4.4.2: Mechanism of the reversible reaction to form a diazaborine.................. 54
Scheme 4.6.1: Equilibrium between aldehyde and hydrate.......ccccoeoveeiiniiieeiiniiiennenee, 59
Scheme 5.1.1: Reversible boronate ester formation using PBA and the diol ARS........... 60

Scheme 5.2.1: Formation of boronate ester complex between the carbonyl boronic
ACIA DTL4 and ARS ...ttt ettt e e st e e e st e e e s s aba e e e e nbaaee e enanees 62



Scheme 5.2.2: Competitive binding of a boronic acid with ARS and a 1,2-diol

Scheme 5.3.1: Formation of a potential 1,2 cis-diol complex between the

benzoxaborole derivative DE318, ARS and fructoSe ......ccccceeeeveevieeeiciecienne



Abstract

Boronic acids have an impact on various applications in drug discovery and medicinal
chemistry. Therefore, an understanding of their structure and reactivity is essential.
Determining the pK, of novel synthesized boronic acids was conducted to investigate the
structural changes of the boron center. We estimated one pK, value for each compound
and showed reversibility to a select boronic acid derivatives. Next, we demonstrated and
guantified a series of binding experiments at physiological pH. The iminoboronate
formation between Boc-Lysine and carbonyl boronic acid derivative was successfully
guantified. We found that compound DT14 had the highest binding affinity across the
carbonyl derivatives. Diazaborine formation between Boc-Lysine and aldehyde
derivatives did not demonstrate significant binding. Finally, diol binding between
common saccharides and boronic acids was successfully quantified. We found that
glucuronic acid bound tight to carboxylic acid derivatives. UV-Visible, NMR and
Fluorescence spectroscopy were used to quantify the physicochemical properties and

binding interactions.
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Chapter 1. Introduction

1.1 General Boronic Acid Chemistry

Boronic acid compounds play an important role in medicinal chemistry and drug
discovery; however, they have not been widely studied until recently due to toxicity
concerns.! More recently, the boron toxicity belief has been disproven and the interest
for in boronic acid chemistry has been growing especially after the FDA approval of
Bortezomib (Figure 1.1.1), a boronic acid containing pharmaceutical which is used in

multiple myeloma therapy in 2003.274

0] OH
N N8
( j)LN B
— O B
N \(

Figure 1.1.1: Structure of Bortezomib, a boronic acid containing pharmaceutical.

Boronic acids were first synthetized in 1860 by Edward Frankland and were used as
building blocks and synthetic intermediates.>® Boronic acids were found to have versatile
reactivity, good stability, and have low toxicity.>’ Since their discovery and synthesis,
boronic acids have become one of the most prevalent classes of reagents in modern
synthesis, enabling the effective construction of different types of C-C and C-heteroatom
bonds. The boron centre in boronic acids contain an empty p-orbital, making them mildly
Lewis acidic, and react as good electrophiles.

At the boron centre, boronic acids are susceptible to nucleophilic attack, from Lewis bases
such as hydroxide anions and electro-donating nitrogen or oxygen functionalities>>7”2 This
Lewis acid-base reaction results in the central interconversion between uncharged
trigonal planar to anionic tetravalent borate species, with a geometry that is sp3-
hybridized.>'° Due to their Lewis acidic nature, boronic acids form a reversible dative
covalent bond with nucleophilic compounds such as ammonium ions and diol moieties in
carbohydrates as shown in Scheme 1.1.1.1 These reversible non-ionic interactions are the

basis for research on boronic acids compounds as therapeutics and sensors.
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Scheme 1.1.1: Formation of a dative covalent bond between the nucleophile and a
boronic acid.

The acid-base equilibrium constant (pKa) of a molecule or a functional group is the
quantitative measure of the strength of an acid in solution.'* Many chemical, physical and
biological properties of natural and synthetic compounds are governed by the
interactions of acidic and basic groups.'?'3 The pKais a key physicochemical parameter
influencing many biopharmaceutical characteristics.'''*> Moreover, the pK, is an
important parameter that indicates the formal charge of molecules in solution at different

pH values.1113

Boronic acids typically have pKa values between 4 and 10.° These values vary depending
on the substituents on the boronic acid derivatives, with aryl boronic acids being more
acidic than alkyl boronic acids.” If an electron withdrawing group, such as fluorine, is
attached to an aromatic boronic acid, the pK, value decreases, while an electron donating
group, such as an alkoxy group, increases the pKa values.” For example, if a fluorine is
substituted to an aryl boronic acid, the electron-withdrawing fluorine will make the boron
more electron deficient, resulting in the boron center to become more Lewis acidic;
therefore, the pK, of the boronic acid will decrease because the pH in which the boron
readily accepts a lone-pair from a Lewis base will decrease.” The ionization equilibrium

(pKa) for a boronic acid is shown in Scheme 1.1.2.

OH

HO. 5 -OH HO~&=OH
B 42H,0 B o
3
-2H,0
PBA

Scheme 1.1.2: lonization equilibrium of boronic acid in agueous solutions. Phenylboronic
acid acting as Lewis acid. The pKa for phenyl boronic acid is 8.8.14



At physiological pH (pH 7.4), boronic acids with lower pK, values than physiological pH
remain at their neutral trigonal form, but in aqueous solutions with pH values higher than
pKs, they would be gradually converted to their anionic tetrahedral forms as a function of
pH.>”8 This provides the information of the ionization state of the boronic acid center.
lonization is the process by which ions are formed by gain or loss of an electron from an
atom or molecule. In the boronic acid case, the gain of electron causes the boronic acid
functionality to become negatively charged.!®> The equilibrium between the negatively
charged and the neutral form depends on the differences between pH levels and pK;

values of the boronic acid.>78

1.2 Boronic Acid Applications

Boronic acids have been widely used in many applications such drug design, which
explores its functional diversity beyond conventional organic framework sensor
applications, biomaterials preparation and bioconjugation'®> The appearance of many
publications related to boronic acids in the last two decades demonstrates their
relevance. Fundamental studies on boronic acid chemistry and their interactions with
physiological systems underpin the different applications. As mentioned above, a boron
atom has a vacant p orbital that makes boronic acid Lewis Acidic in nature.>® Therefore,
boronic acid interconverts sp? to sp3 rapidly and also exchange two hydroxyl groups with
water, alcohols, or amines at physiological pH.® In addition, cyclic boronate ester
formation between boronic acid and cis-(1,2)-diol is a widely known reaction that
showcases that affinity towards sugar recognition. Boronic acids are also used for

anticancer, antibacterial and antiviral activities.!

An important consideration of boronic acid is also its degradation to boric acid which is a
“clean compound” that is essential for bacterial treatment (such as bacterial vaginosis),
wound healing and it is in phase IV clinical trials for a combination with probiotics to treat
yeast infections.!” Boric acid is easily and non-toxically eliminated by the body, which is

the reason why it is acceptable to release into the body.>®



Boronic acid, as well, have been used in different already approved drugs with more drugs
in the process of clinical trials, which is why it is interesting to continue investigating
boronic acid containing compounds.® Boronic acids serve as excellent covalent ligands,
and have been used in reactive oxygen species (ROS)-triggered prodrugs.t’ Prodrugs are
medications that turn into an active form once they enter the body. They help improve a
medication’s effectiveness and may also be designed to avoid certain side effects or
toxicities.'® Figure 1.2.1 shows examples of prodrugs that were approved by the FDA and
Health Canada and are being used for cancer and bacterial treatments. Boronic acid-
based prodrugs have also been used to improve the pharmacokinetic properties of anti-

estrogens based on their glycan-binding capability.*

o H
N N
( ﬁi I
/B\
N" %o B o

FDA and

R\B/OH Health Canada Bortezomib

\ approval anti-cancer

OH

H
Boronic Acids G)/\/N 0
\ S .B.
HO (0] OH

Vaborbactam
anti-bacterial

Figure 1.2.1: Boronic acids used in drug discovery and approved by the FDA and Health
Canada to treat cancer and bacterial infections.?

Also, when a drug candidate is being carried through the body, transition between the
outside and inside a cell is a function of the drug physico-chemical parameters.*® Acid—
base (pKa.) features have a vital importance for boronic acids not only for physiologic
characteristics but also for being used as a ligand or for changing their physico-chemical
features by turning them into salts.?° pK, values play an important role in many research
fields such as the stereochemical and conformational structure determination,

orientation of nucleophilic and electrophilic attacks, the stabilities of intermediates, and



the magnitude of activation energy in organic reactions and the detection of active
centers of biochemical enzymes.?® Besides these, pK. values are important
thermodynamic parameters for biochemical interactions, industrial processes or the

environmental fate of polyprotic molecules.?®

1.3 How Boronic Acid-Containing Drugs Interact With Their Targets?

The presence of boron is central to the reactivity of many of the drugs that contain
boronic acids. They can adopt a broad spectrum of covalent binding modes in diverse
target microenvironments. These binding modes were revealed from the crystal structure
of different protein-boronic acid drug interactions.?! There are currently more than 40
covalent drugs on the market, and more are in clinical trials. Covalent drugs bind via a
covalent bond to the target protein, which results in slow rates and sustained inhibition.??
Incorporating reversibility into covalent drugs would lead to less off-target toxicity by
forming reversible adducts with off-target proteins and, thus, reduce the risk of toxicities
caused by the permanent modification of proteins, which leads to higher levels of

potential haptens.??

Boronic acids play a dual role with high-affinity target engagement. Covalent bond
formation through B-sp? and H-bonds by two hydroxyl groups. For instance, the newly
developed beta-lactamase boron-inhibitors, Vaborbactam. It is a cyclic boronic acid beta-
lactamase inhibitor drug that is added to the therapy of infection related symptoms of
urinary tract infections to reduce the resistance by inhibiting the serine beta-lactamases
expressed by the microorganism of target.* Studies have found that it elicits strong
inhibition of classes A and C enzymes. A covalent bond is formed between the boron of
Vaborbactam and catalytic serine residues in the active site as shown in Scheme 1.3.1.
This covalent bond contributes towards the binding affinity, but it is not enough for high
affinity to the beta-lactamase. The rest of the functional groups can also impact binding
affinity, making hydrogen bonding interactions within the active sites, which are observed

classes A and C enzymes in complex with boronic acids.1723-%
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Scheme 1.3.1: Covalent bond formation between the boron of Vaborbactam and
catalytic serine residues in the active site.*

As mentioned before, Bortezomib (Figure 1.3.1) was the first boronic acid-containing
drug. This drug is a proteasome inhibitor, used for treatment of multiple myeloma. The
boronic acid moiety of Bortezomib covalently forms a complex with the nucleophilic N-
terminal threonine hydroxyl group, present in the active site of the proteasome, leading
to the disruption of the protein complex, and promoting growth inhibition and apoptosis
of cancer cells.?® The proteasome inhibitor bortezomib is a dipeptide boronic acid analog
that reversibly inhibits the activity of the 20S subunit of the proteasome.?’” 3D-QSAR
studies revealed that there are three important regions for the interaction between
Bortezomib and proteasome: (i) A covalent site to allow the bonding between Bortezomib
and proteasome Thrl residue; (ii) an aromatic ring; (iii) a pyrazinyl as an acceptor and
hydrophobic group.2?® The reason why boronic acid was added in the drug design of this
compound was due to the known high selectivity and low dissociation rates of this group

towards the active site of proteasome.!
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Figure 1.3.1: Interactions of Bortezomib with Active Site Residue Thr1.?®

Another known drug that was approved by the FDA in 2014 is Tavaborole (Figure 1.3.2).
It is being used for antifungal benzoxaborole drug and due to its low molecular weight

(151.93 g/mol), it permits optimal nail plate penetration.3® Tavaborole interferes with
g Y p p Y



protein synthesis in fungal cells by acting on cytoplasmic aminoacyl-transfer RNA (tRNA)
synthetases.30 It specifically binds to the diol tRNA 3’-terminal adenosine in the editing
site, resulting tetravalent cyclic boronic ester and thus preventing fungal protein synthesis

and ultimately suppressing fungal cell activity.*

Figure 1.3.2: Chemical structure of the benzoxaborole containing drug Tavaborole.

Over the past decade the interest in the area of covalent inhibition has increased and new
therapeutics that use a covalent linkage to site specific target residues are now being
investigated and used.3! The ability to target a desired protein for covalent inhibition

under physiological conditions is often limited to reaction with cysteine residues.3!

Recently, it has been reported that carbonyl boronic acid can enable rapid and reversible
modification of the e-amino group of lysine residues.3¥32 Carbonyl boronic acids can bind
covalently to the hydroxy group of the N-terminal of the lysine residue by forming
reversible trigonal covalent bond iminoboronate.3? This unique reactivity of boronic acids
can be generalized to other nucleophiles. Thus, boronic acids are useful as high-affinity
ligands with low molecular mass.3%33 The reversibility minimizes off-target reactions and
helps avoid permanent modification of the target protein.33

Lysine is an amino acid that is involved in many post-translational modifications with
essential roles in cell physiology and pathology such as methylation, acetylation, and
glycation.3? Lysine is a known nucleophile that interacts preferentially with electrophiles
such as sulfonyl chlorides or isothiocyanates.3* Lysine is basic (pKa ~10.5), and is thus
usually protonated under physiological conditions.3* It is only nucleophilic when neutral,
as in an enzyme binding pocket where bulk water may be excluded; therefore,
electrophiles targeting lysine may be less likely to experience off-target binding events,

as covalent modification is more likely to occur within the site of interest.?! All the



covalent bonding approaches are reversible, making them more attractive in drug design
because they defeat unwanted off-target modifications.?3

The lysine residue can be selectively modified during the formation of imines. The
reaction between aldehydes and the N-terminus on the lysine residue to form an imine
has been widely employed to modify proteins, however, the use of aldehyde that forms
an imine that is stabilized through intermolecular interactions has been less employed.>?
Recently, iminoboronate chemistry has been proven extremely useful for bioconjugation
and reversibly targeting biological amines.®> Iminoboronate refers to forming a
thermodynamically stable Schiff base with 2FPBA derivatives via additional coordination
between boron and nitrogen as shown in Scheme 1.3.2 at a pH range of 6-10.1! In the
practice of covalent based drug design, the ligand (C, N, O, S framework) primarily assures
the selectivity of target binding. At the same time, boron provides better affinity by a

covalent connection along with H-bond with the target.!!

R
HO. __OH ) oH
0] B R/\NHQ W—*B—OH

2FPBA

Scheme 1.3.2: Iminoboronate formation between 2FPBA and an amine nucleophile. The
presence of the boronic acid stabilizes the imine formation by 4 -5 kcal/mol giving rise to
a species that is substantially more stable under aqueous conditions.’

Because boron is a strong electrophile, it can either direct coordinate the lone pair of the
electrons on the nitrogen atom to the boron atom (i.e, an N-B interaction) or cause a
solvent-inserted zwitterionic species observed in protic solvents. Hence, initial
nucleophilic attack by the amine is facilitated by the O-B interaction in the carbonyl
functionality of the 2FPBA derivatives. The formation of a stable imine in agueous media
would allow a direct, selective, and potentially reversible strategy to modify the lysine
residues which showcases the potential use of boronic acids for the site-selective

functionalization with lysine.?3233:35



1.4 Boronic Acid Chemistry with Diols

Cyclic boronate ester formation between boronic acids and cis-1,2 diol has been widely
explored, showing the potential affinity towards sugar recognition.3¢ The ability for the
boronic acids to selectively bind with 1,2-cis-diols was found to be a valuable interaction
for the early detection of diseases such as cancer and diabetes.3® The search for stable,
selective, sensitive and non-enzymatic sensors towards glucose has been going on in
recently.3” Boronic acid derivatives binding to glucose relying on their dynamic covalent
binding and could potentially offer continuous glucose monitoring devices. The lack of
selectivity to glucose was a big obstacle to practical application.?” Boronic acid-diol
binding motifs have been also used in hydrogels, nanomaterials and was even used as
building block for creating dynamic assemblies composed of gold nanoparticles.?38
Although boronic acid and diol binding has been used in such wide range of applications,
there is still a need for simple characterization tools to study binding, to monitor the
effects of structural changes that contribute to binding at different pH values, or the
selectivity towards different saccharides.3® The thermodynamic stability of a boronate
ester and the kinetic association to form a boronate ester relies on different factors,
including the nature of the diols, substitution of the boronic acid derivatives, solvent

systems, and other factors.?

Saccharides with a free reducing end usually exist as mixtures of anomers and in either
furanose (5-membered ring) or pyranose (6-membered ring) forms. Several esters of
saccharides are known where the boron atom is bound to three hydroxyl functions. For
example, glucose preferentially forms a boronic acid-ligand ester between the furanose
anomer with the boronate group at 1,2-position.3®3° This way of binding positions 3,5,6-
OH-functions in a geometry that is pre-organized to bind a second boronate group, in a
tridentate fashion.3®3° Since cis-diol functions in furanose anomers have the greatest
affinity for boronate ester formation, the anomeric equilibria in many sugars shift to these

anomers after the addition of a boronic acid. Consequently, the anomeric equilibria shift



causes less available pre-organized pyranose anomer diol functions for binding to

boronate, which have considerably weaker affinity toward the boronate.3¢

Formation of trigonal and tetrahedral boron-containing esters is very fast, usually almost
instantaneous. However, the measuring of sugar affinity may suffer from the slow
establishment of the mutarotation equilibrium, which may take many minutes for free
sugars. It was found that after mixing of boronic acid and an equilibrated D-glucose
sample, initially a rapid conversion of the boronate ester of the a-D-glucopyranose
anomer to the corresponding furanose takes place, in approximately 3 minutes. After
that, the reaction continues for more than an hour at about the rate of the mutarotation
of glucose until the final equilibrium of boronate esters has been attained. A mechanism
has been proposed in which the boronate remains bound to the 1,2-diol group of glucose

during the conversion of pyranose to furanose.36:4°

The association constants (Ka) between the boronic acids and diols are determined by
titrating boronic acid-Alizarin Red S. (ARS) solutions with target diols.** ARS is a
hydrophilic dye that binds to a boronic acid emitting a fluorescence signal (Scheme 1.4.1).
The titration of boronic acid to ARS perturbs the first equilibrium and therefore results in
a change of the fluorescence intensity of the solution.?! The extent to which the diol
moiety changes the fluorescence intensity depends on the binding affinity between
boronic acid and diol rather than the concentrations and the pH of the ester formation.*

This method offers high sensitivity, general applicability, reproducibility and flexibility

regarding the pH and the buffer used.*

R R’
1 2
O OH on O O-B-OH HOJ\rR RBQH
o T (I
J SO3Na d SO3Na R2 R1
(0]
ARS BA BA- diol complex diol
1! 2!

Scheme 1.4.1: Cis-diol complex formation using a competitive boronic acid (BA) receptor.
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Another known method for detecting boronate ester is the 1'B NMR method which offers
a direct and excellent approach to the determination of the binding constants.*? This
method, however, is limited by low sensitivity, difficulty with peak resolution and requires
high concentration of the sensor compound. These limitations make this method less
useful in the development of boronic acid sensors.*? *H NMR and 3C NMR methods were
also used under neutral nonaqueous and alkaline aqueous conditions between aromatic
boronic acids and glucose complex.® The titration of boronic acid and ARS and using
fluorescence is advantageous over NMR methods due to the small quantities of material

needed for study.*!

1.5 Mechanistic Pathway for Boronic Acid-Diol Binding

The mechanistic pathway for boronic acid-diol binding exemplify the importance of an
understanding of boronic acid acidity and electronic effects from both the diol and the
boronic acid. A sp2-hybridized boronic acid possessing an empty p-orbital, which
undergoes hydroxylation with water and generating hydronium (1, boronic acid, Scheme
1.5.1).219 This generates a sp3 borate anion (2). In the presence of 1,2-diols, the borate
anion is in equilibrium with boronate ester (2’).% In the second pathway, the 1,2-diol
binds with the boronic acid which creates a boronic ester (1’). Once that boronic ester (1’)
is formed, it can act as an acid (hydroxylation) and releasing hydronium.! These reactions
combined with the accompanying change in electronic properties have been important
in the development of boronic acid-based fluorescent and other sensors for these

anions.238
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Scheme 1.5.1: Two proposed mechanistic pathways of boronic acid and 1,2-diol binding.

Both pathways create a diol binding, however, pathway 1 leading directly to boronic ester
1’ is more thermodynamically stable than the other. Arguably, it is dependent on the pH
of the solution and the pKa, of the boronic acid. According to literature, a five-membered
boron-containing ring is less strained with an sp3 boron (2’) than an sp? boron (1').24
Thus, forming the more stable five-membered ring of the boronate ester (2’) should be
used with a pH that is exceeding the pK; of the boronic ester.**! From that, the binding

affinity is dependent on the boronic acid and the diol.>”4?

The use of boronic acid and its derivatives in chemical biology and medicinal chemistry
has increased dramatically in the recent years. These moieties have many advantages
such as formation of strong, reversible covalent bonds to target amino acids and diols.
These processes are being extensively studied and characterised, however, there is still a
need to search and understand their behavior more extensively to increase their usage in

therapeutic applications. Their chemistry is extremely versatile, and their small size

12



means it can be incorporated into small molecules, inhibitors and receptors while also
permitting selectivity for those inhibitors and receptors. Those functionalities also

depend on the additional functional groups of the designed compounds.

1.6 Research Aims

Novel compounds were synthesized in the Jakeman lab and were categorized into five
groups based on the chemical functionality proximal to the boronic acid: carbonyl boronic
acid derivatives, phenylboronic acid derivatives, carboxylic acid derivatives, aldehyde
derivatives, and benzoxaborole derivatives, as shown in Figure 1.6.1. The synthesis of
DT9, DT14 and DT22 has been reported in the literature.®®. The synthesis of remaining
compounds that were prepared by Dr. E. Soleimani and Cyril O’Brian will be reported

together with the results presented herein.

Carbonyl boronic acid derivatives

HO.5-OH

o oH €
HO.__OH P B
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Carboxylic acid derivatives

Ho. O~0 HO, OH HO on
B\ B— ﬂ B-
co1
o- o-
HQ OH HQ OH
B: ¢} B.
N \N
Cco4 cos5

Figure 1.6.1: Novel Boronic acid derivatives synthesized in the Jakeman lab.
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In this thesis, we aim to:

1. Determine the pK, values of the novel synthesised compounds using UV-Vis and
11B, 1%F and *H NMR spectroscopy. These values are measured to see the structural
changes that could contribute to binding.3®

2. Evaluate and quantify iminoboronate formation of carbonyl boronic acid
compounds with Boc-Lysine-OH using UV-Vis and H NMR spectroscopy.

3. Evaluate and quantify diazaborine formation of aldehyde derivatives with Boc-
Lysine-OH using UV-Vis and *H NMR spectroscopy.

4. Evaluate and quantify the diol binding affinity of our novel boronic acids to ARS
and demonstrate the changes in affinity depending on the presence of boron and
the additional functionalities.

5. Evaluate and quantify a competitive diol binding affinity of our novel boronic acids

to different saccharides that are mostly found and used in mammalians.
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Chapter 2. Experimental Procedures

2.1 General Methodology

2-formylphenylboronic acid (2FPBA), phenylboronic acid (PBA), Boc-Lys-OH, Alizarin Red
S. (ARS) were purchased from Aldrich and used as received. Sugars and buffers were
bought from Aldrich or Astatech and were used as received. The remaining compounds
evaluated were synthesized in our lab. The synthesis and characteristic data will be
reported elsewhere.3® Deionized water used for preparation of the buffer and for the
binding studies. pH measurements were recorded using a Sentron Sl series pH meter
(51600 7600-010), which was attached to a Sentron Sl series pH probe (pH 0-14). All UV-
Vis spectroscopy samples were measured using a Molecular Devices SpectraMax Plus 384
Microplate Reader. Falcon® 96-well Clear Flat Bottom TC-treated Culture Microplates
were used in all studies. Absorbance and fluorescence data were collected using a Bio-
Tek Synergy™ HT multi-detection microplate reader for all the studies. The excitation filter
used was 485/20 nm and the emission filter used was 590/35 nm. 1 cm quartz cuvette
was used instead of a glass cuvette since quartz excels at transmitting UV-Vis light and
has a higher durability. The measured UV-Vis spectra were plotted using Microsoft Excel.
All NMR spectroscopy samples were measured using a Bruker AV-500 MHz spectrometer
at the NMR-3 facility at Dalhousie University. Quartz NMR tubes were used instead of
borosilicate tubes to produce a smooth baseline on the 1B NMR spectrum. The measured

NMR spectra were analysed using Bruker’s Topspin 4.0.8 software.

2.2 Procedure of pK, Determination of Boronic Acids Using UV-Vis Spectroscopy

2.2.1 Preparation of solutions for UV-Vis pH titrations

For each compound a working stock solution (10 mM) was prepared by dissolving each
boronic acid derivative in 10 mL aqueous phosphate buffer (100 mM, pH 7.4). In case of
solubility limitations 10% acetonitrile/ 90% phosphate buffer or 10% methanol/ 90%
phosphate buffer were used. 1.0 mL of the stock solution was diluted with 9 mL of

phosphate buffer (10 fold dilution- 1.0 mM), from which 1.4 mL solution was taken and
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further dissolved in 12.6 mL of phosphate buffer (100 fold dilution-0.1 mM). From the
final solution, 3.0 mL of the aliquot were transferred to a glass vial. The pH of the solution
of these aliquots was then adjusted using 0.1 M HCI, 1.0 M HCI, 0.1 M NaOH, 1.0 M NaOH,
and 5.0 M NaOH and measured using a pH meter. The sample was first adjusted to the
most acidic desired pH value of 1 with HCl and then NaOH was used to slowly raise the
pH to each desired pH value in approximately one pH unit increments. After the pH was
adjusted, each aliquot was transferred to a cuvette and then analyzed using UV-Vis
spectroscopy in the wavelengths between 190 nm to 350 nm. 100% phosphate buffer, 1%
acetonitrile/ 99% phosphate buffer or 1% methanol/ 99% phosphate buffer solution was
used as the blank, depending on the solution used to dissolve the boronic acid derivative.
Experiments were performed in duplicate and the average pKa was reported.

2.2.2 Determination of pK, values using UV-Vis Spectroscopy

The same methodology was used for all UV-Vis spectra recorded. The absorbance was
measured between 190 nm to 350 nm. The wavelength where the maximum absorbance
change was observed was plotted as a function of the solution pH. To calculate the pK,, a
plot was constructed of pH as a function of Jog(difference) using Equation 2.2.2 to fit for

one pK, value.**

(highest A-pH A) (2.2.2)
(pH A-lowest A)

log(difference) =log

The absorbance measured using UV-Vis spectroscopy is represented by the function A.
The (highest A) is the maximum absorption observed by UV-Vis spectroscopy during the
titration, (lowest A) is the minimum absorption observed by UV-Vis spectroscopy during
the titration, and (pH A) is the observed absorbance by UV-Vis spectroscopy at a particular
pH. The pKs; was determined by the y-intercept of this plot. Calculations were performed
using the changes in absorbance at wavelengths 200 nm, 230 nm, and 260 nm since these
wavelengths showed high absorbance change as the pH increased. The pKy's determined

at each of these wavelengths receive similar results.
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2.3 Procedure of pK, Determination of Boronic Acids Using NMR Spectroscopy

2.3.1 Preparation of solutions for NMR spectroscopy pH titrations

Samples of boronic acid derivatives (15 mM) were prepared in D;0. In case of solubility
limitations 10% acetonitrile-dz/ 90% D20 or 10% methanol-dz/ 90% D,0 were used. The
samples were adjusted to an initial pH value of 1 and NMR spectra recorded. 1B NMR, 'H
NMR, and °F NMR for the boronic acid derivatives that contained fluorine, were collected
at that initial pH. Then, the pH was adjusted using NaOH to the next pH, the pH was
measured and NMR spectroscopy was measured again. This procedure was repeated until
the desired end pH value was recorded and measured by NMR spectroscopy. The sample
adjusted to exhibit the desired pH values within the NMR tube using 0.1 M HCI, 1.0 M HClI,
0.1 M NaOH, 1.0 M NaOH, and 5.0 M NaOH. Since D,0 was used to prepare the solutions,
the conversion of pH into pD is then accomplished by adding a constant of 0.4 to the
measured pH value.*> Samples were taken back to pH 1 after the higher pH values to
demonstrate reversibility.

2.3.2 Determination of pK, Values from NMMR Spectra

The same NMR methodology was used for all types of NMR spectra recorded (*H, !B, or
19F), resulting in pKa values associated with different functional groups. The chemical shift
versus pH data were plotted. The inflection point represents the pK, value and was
determined by non-linear fit using equation for a two-state pK, system.*® Different
methods of analysis were compared as described below.3®

2.3.3 1B NMR pKa. Dependence Analysis

Three methods of calculation were tested in this experiment.>* The boronic acid
derivative’s chemical shift from the !B NMR titration data versus pH, mole fraction versus
pH, and integration of peaks at those chemical shifts versus pH. Those methods
determined equivalent pK; values and using chemical shift as a method of determination
of pKs was decided to be used based on simplicity of the method and less error of
determination of the chemical shift versus the possibility of error when calculating mole
fraction or determination of integration. Figure 2.3.3 examines all three methods.

Inflection points (pKa) were determined using the midpoint calculation of the pH versus
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chemical shift plot using its average between the two points (the half equivalence point)

to fit the estimate of the pKs value. Each pKa, was estimated to two significant figures.

a) b) ¢

Inflection
point

Inflection
point

Inflection
point

Integration
a

001 23 45 6 7 8 95 W01 012 3 456 7 89 101 001 2 3 4 5 6 7 8 9 101
pH H

o Bshift —Fit ° ".-"\C|-Eff§t’.\3"| —Fit ° ‘tsgreuol" —Fit
Figure 2.3.3: Examination of three pK, calculation methods of compound DE348. a)
Method using chemical shift of boron peaks. b) Method using mole fraction of boron
peaks. c) Method using integration of boron peaks.

The chemical shift was used also due to the fact that the signal to noise was poor due to
the need to increase the number of scans. The baseline is not quite determined which is
why the best method to estimate the pKa, values of the compound is by using the chemical

shifts.

The pKa was determined from a non-linear fit of Equation 2.3.3 of the chemical shift (§)
data versus pH, where pKa represents the ionization constant of the free respective
boronic acid, 8y, is the chemical shift for the sp?-hybridized form of the respective
boronic acid, and 8- is the chemical shift for the sp3-hybridized form of the respective

boronic acid.*’

R
0= (10::—p1<2+1) + 04- (2.3.3)
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2.4 Procedure for Iminoboronate Formation of Boronic Acids and Boc-Lys-OH Using

UV-Vis Spectroscopy

2.4.1 Preparation of solutions for iminoboronate formation using UV-Vis spectroscopy
A UV-Vis spectrum was recorded in a 1 cm quartz cuvette of a solution of each boronic
acid (1.0 mM, HEPES buffer (1.0 M, pH 7.4)). To this solution, aliquots of BocLys-OH (1.0
M, HEPES buffer (1.0 M, pH 7.4) were added and mixed to give final Boclys-OH
concentrations of 5 —80 mM. The pH value of HEPES buffer solution was adjusted to 7.4
(if required) using 0.1 M HCI, 1.0 M HCI, 0.1 M NaOH, 1.0 M NaOH, and 5.0 M NaOH.
Samples were incubated for 2.5 minutes prior to recording each spectrum and the pH
monitored to ensure no change occurred. UV-Vis spectrum were recorded in the
wavelengths between 190 nm to 350 nm and the pH value was monitored throughout the
experiment.

2.4.2 Iminoboronate formation analysis

The observed equilibrium constant for Schiff-base formation (Ki;) was determined by

fitting Equation 2.4.2.3°

_ Ao+ AcKylligand] (2.4.2)
1+ K,[ligand]
The absorbance vs. concentration of total Boc-Lys-OH was plotted. (Ao) is the initial
absorbance of boronic acid derivatives measured without Boc-Lys-OH, and (A.) is the
absorbance of the complex. Ka represents the association constant of the iminoboronate

binding formation.3®

2.5 Procedure for Iminoboronate Formation of Boronic Acids and Boc-Lys-OH Using *H

NMR Spectroscopy

2.5.1 Preparation of solutions for iminoboronate formation using NMR spectroscopy

Samples of boronic acid derivatives (5.0 mM) were prepared in 10% phosphate buffer
(D20, pH 7.4)/ 90% D20. In case of solubility limitations 10% acetonitrile-d3/10%
phosphate buffer/ 80% D,0 or 10% methanol-d3/ 10% phosphate buffer/ 80% D,0 were
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used. To the boronic acid solutions, Boc-Lys-OH (500 mM, 10% phosphate buffer/ 90%
D20, pH 7.4) was added to have equivalent concentration of the boronic acid derivative
in the solution. The samples were adjusted to pH of 7.4, if necessary, and *H NMR spectra
recorded.

2.5.2 Iminoboronate formation analysis

Conversions based on the comparison of the signal from a-protons to the Boc-Lys-OH,
which converts from ~4.0 ppm to ~3.4 ppm, respectively. In addition, the disappearance
of the aldehyde peak of the boronic acid derivative was converted to the iminoboronate

peak at 8.5 ppm.33

2.6 Procedure for Diazaborine Formation of Boronic Acids and Boc-Lys-OH Using UV-

Vis Spectroscopy

The same methodology and analysis as for the iminoboronate formation (2.4) was used

for diazaborine formation.

2.7 Procedure for Diazaborine Formation of Boronic Acids and Boc-Lys-OH Using NMR

Spectroscopy

The same methodology and analysis as for the iminoboronate formation (2.5) was used

for to potentially observe diazaborine formation.

2.8 Procedure for Diol Binding of Boronic Acids with ARS

2.8.1 Measurement of diol binding dissociation constants of boronic acid derivatives
and ARS

The association constant for the ARS-BA complex (Ki) was measured. A HEPES buffer
solution (100 mM, pH 7.4) was added to a well plate. A solution of ARS (0.1 mM in HEPES
buffer (100 mM, pH 7.4)), made within the last 7 days and stored in the refrigerator
(solution A). This concentration of ARS was chosen because it was found to give a strong
fluorescence profile. Boronic acid (BA) derivatives were added to the portion of solution

A to make 0.10 mM ARS, 2 mM BA derivative solution (Solution B). The pH values of the
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solutions were checked and corrected, if necessary. Solution B was titrated into solution
A in order to make mixtures with a constant concentration of ARS and a range of
concentrations of BA derivatives. All solutions in the well plate gave a final volume of 360
uL. Different final concentrations of boronic acid between the ranges of 0.05 and 2 mM
were prepared in order to cover as much of the binding curve as possible. The rapid
changes in absorbance and fluorescence showed that equilibrium was reached within
seconds. Experiments were carried out in duplicate.

2.8.2 Data collection

The data was collected at room temperature and without delay. Absorbance data in the
range of 300-600 nm was also collected using the same instrument and the same set- up
for comparison between the data collection methods and absorbing the change of
wavelength. The absorbance of the compounds did not show a shift in wavelength other
than 520 nm to 480 nm which allows the detection only at the 485 nm and 520 nm by
fluorescence which is within the limits of the measured absorbance.

2.8.3 Theory of diol binding of boronic acid derivatives and ARS

The spectroscopic change in the ARS following diol binding allows the binding coefficient
between the ARS and the boronic acid to be measured directly using UV-Vis spectroscopy
and fluorescence spectroscopy. This relationship was fitted using non-linear fit of
Equation 2.4.2 where the recorded intensity was plotted against the boronic acid
concentration.*!

It was determined that this equation can also fit diol binding with boronic acid derivatives
(See Appendix C). The same form of equation was used for fluorescence spectroscopy

system with (Fo), Fc and (Ka) for association and dissociation constants (Equation 2.8.3).

_ Fy + F.Ky[Ligand]

(2.8.3)
1+ K,[Ligand]

The Fluorescence of the system (F) to the initial fluorescence (Fo) the fluorescence of the
free ARS (F¢), the association constant of the boronic acid to the monosaccharide (Ka), and

the concentration of the saccharide [ligand]s.

21



2.9 Procedure for Diol Displacement Assay to Measure Sugar Ka Values

2.9.1 Measurement of diol binding dissociation constants of boronic acid derivatives
and saccharides

The method of Wang and Springsteen was used.*! The displacement assay dissociation
constant of sugar-boronic acid complex (Ka) was measured. A HEPES buffer solution (100
mM, pH 7.4) was added to a well plate. A solution of ARS (0.1 mM in HEPES buffer (100
mM, pH 7.4)), made within the last 7 days and stored in the refrigerator (solution A).
Boronic acid (BA) derivatives were added to the portion of solution A to make 0.10 mM
ARS, 2 mM BA derivative solution (Solution B). A range of saccharide solutions were
prepared in varying concentrations (0.01-2 mM in HEPES buffer (100 mM, pH 7.4))
depending on the solubility of each saccharide (Solution C). The pH values of the solutions
were monitored throughout the experiment. Solutions B and C were titrated into solution
Ain order to make mixtures with constant concentrations of ARS and BA and an increasing
concentrations of saccharide. All solutions in the well plate gave a final volume of 360 uL
.The rapid changes in absorbance and fluorescence showed that equilibrium was reached
within seconds. Experiments were carried out in duplicate.

2.9.2 Data collection

The data was collected at room temperature (25°C) and without delay. Fluorescence data
at wavelength of 485 nm was collected using the same instrument and same set-up as for
the binding of ARS to the boronic acid derivatives.

2.9.3 Theory of diol binding of boronic acid derivatives and saccharides

The spectroscopic change in the ARS following the dissociation of a bond diol allows the
binding coefficient between the saccharide and the boronic acid to be measured directly
using fluorescence spectroscopy. This relationship was fitted using Equation 2.8.3 where
the recorded fluorescence intensity was plotted against the saccharide concentration.
The association constant of the boronic acid to the saccharide is (Ki) and the

concentration of the saccharide ([ligand]t).**
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Chapter 3. Results and Discussion of pK, Determination Using
UV-Vis and NMR Spectroscopy

3.1 Introduction

The pK, of a boronic acid is defined as the pH at which 50% of the boronic acid exists as
the hydroxyboronate anion species.! It is often dictated by the transition from
hydrophobic neutral boronic acid to the anionic hydroxyboronate or boronate ester.!
Various pKa, values of boronic acid containing compounds are known in literature. A few
examples of pK; values are 3-acetamidophenylboronic acid (3AcPBA) has a pK; of 8.5,
while the electron-withdrawing inductive and resonance effects for both 4-
methylcarbamoyl-phenylboronic (4AMCPBA) acid and 4-formylphenylboronic acid (4FPBA)
result in a decrease of pK, for both boronic acids with pK, values of 7.9 and 7.8,
respectively.®® Benzoxaborole is a heterocycle boronic acid, with a pK. lower than
3AcPBA, 4MCPBA, or 4FPBA. The lower pK; is driven by the release of ring strain in the
five-membered ring as the boron center transitions from a trigonal planar geometry to a

tetrahedral geometry in the boronate anion form, with the heterocycle being retained. 3®

The boronic acid derivatives that were synthesized in the Jakeman group contain different
functionalities which vary in their boronic acid pK; values and as a result change the
overall pK, of the compounds.® Scheme 3.1.1 shows pK, dissociation for three types of
chemical functionality found in our synthesized compounds. i. Boronic acid ii. Carboxylic

acid and iii. Ammonium ion.

I) | \/
+2H,0 - +
B on 20, Bioy *+HsO
-2H,0

+H,0
-H,0

i)
. +H20 +H30+
i “NH; -H,0 i “NH,

Scheme 3.1.1: pK; dissociation of i. Boronic acid ii. Carboxylic acid and iii. Ammonium ion.
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Boronic acids have been shown to be effective sensors for various saccharides (Scheme
3.1.2).23 Initially, it was shown that the binding affinity of a boronic acid to diols and
saccharides was often related to the pK; of the boronic acid, the higher the pH, the higher
binding constant between a boronic acid and a diol. However, Springsteen and peers
discovered that the binding is dependent on the pK; values of the boronic acid and the
diol.3 Moreover, the belief that boronic acids with lower pK, values have greater binding
affinities at neutral pH is not always true.? In this work, the determination of pKa values
for a series of boronic acids will be measured.

1
(I)H H,0O H* HO OH Diol 2H,0 R
N Kawacia_7 N/ N Kegter HO\(')J>~R2

~ B\
B~oH oH ————— B
» & e

Scheme 3.1.2: The relationships between phenylboronic acid and its diol ester. Keg—tet is
the equilibrium constant of the tetrahedral form of boronic acid.?

3.2 pK, determination of novel boronic acid derivatives using UV-Vis spectroscopy

UV-Vis spectroscopy was used to determine the pK; of the novel synthesized boronic acid
derivatives. pK; values were obtained by monitoring changes in absorbance as the boronic
acid derivatives were titrated with sodium hydroxide.? As the boronic acid compound
transitions from the neutral trigonal planar species to the tetrahedral boronate center,
the absorbance at wavelengths ranging from 200-260 nm changes, allowing for facile pK;
determinations.! The wavelength where there is maximal change between the two states

was chosen for a linear regression calculation.

The conjugate base of the boronic acid derivative has an additional hydroxyl group from
the base added to the solution which forms a tetravalent hydroxyboronate structure
carrying a negative charge. This Lewis acidic behavior is well established for boronic acid
derivatives and, although, they can engage in hydrogen-bonding interaction in solution,
boronic acids form a tetravalent trihydroxyborate anion as their conjugate base in water.?

To validate the pK, determination method, the pK, value of 2FPBA, which is a

commercially available compound and its pKa, value has been reported, was used has a
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control. The pK, of 2FPBA was measured in 90% phosphate buffer at room temperature
(7.6) and was in agreement with the reported value (7.5).! Also, PBA was used and its
results were in agreement with the reported values (pKs measured was 8.8 while the
reported value was approximately 8.8).1* To observe the spectral changes in the
synthesized boronic acid derivatives as a function of pH, absorbance measurements were
recorded. The measurements were taken in duplicates and the average pKi, was
calculated. It is important to mention that the pK, determination using UV-Vis
spectroscopy is of the whole environmental pK; in the solutions rather than the pK; values
of the different functional groups on the molecule. The different functionalities attached
to the boronic acid derivatives have shown different trends on the changes in absorbance.
An ideal result of the one pK, module calculation is the carbonyl boronic acid derivative,
compound DT14, is shown in Figure 3.2.1.
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Figure 3.2.1: Absorbance changes with increases in pH and pK, determination of
compound DT14. a) UV-Vis Spectrum (A= 190-350 nm) with pH values from 3.5 to 10.6. b)
Plot of absorbance (A= 230 nm) versus pH to determine pKa. c) Reversible transition from
the neutral trigonal planar form of the carbonyl boronic acid derivative DT14 to the
tetrahedral boronate center as the pH of solution increases.
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The changes observed in the UV-Vis spectrum depending on the equilibrium species
present in solution are clearly seen in Figure 3.2.1. At pH 3, the boronic acid functionality
was neutral with a maximum absorption difference shown at 230 nm, whereas at pH 10,
only the tetrahedral species is likely present. It is expected that the tetrahedral geometry
of the boronic acid will result in lower absorbance signal.? From Figures 3.2.1(b) and (c),
there is a decrease to the absorption signal observed at 230 nm as pH increases. This
decrease in absorption is likely due to a transition from the trigonal planar to tetrahedral

geometry of the boronic acid.

An isosbestic point can be observed at 210 and 240 nm. An isosbestic point is the
wavelength in which the absorbance of two species is the same which indicates that the
starting material and the product have an equal extinction coefficients at this wavelength.
This gives the information that one species is transitioning to another and in this case,
transitioning from its neutral trigonal planar geometry to the tetrahedral geometry. A lack
of such point indicates the existence of multiple species in solution. For compound DT14,
the decrease in absorbance signal near the isosbestic point at 240 nm was used to
determine the pK, of the boronic acid by using pH as a function of log(difference), which
was calculated using Equation 2.2.3 and using a linear regression as a one pK, module

(See Appendix A). From this spectral analysis, the pK, of DT14 was calculated to be 7.5.

Not all compounds fit the one pKj fitting model, presumably due to the presence of
multiple chemical functionalities such as the amine. The lack of the isosbestic point
indicated that there were multiple species present in the solution and the boronic acid
did not transform solely from a trigonal planar to the tetrahedral species. More changes
to the absorbance were shown, however, calculating additional pK, values requires a
multiple pK; fitting model. As a result, these boronic acid derivatives will not be discussed
in this thesis. An example of this were the aldehyde derivatives. Figure 3.2.2 presents the

aldehyde derivative DE344.
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Figure 3.2.2: Absorbance changes with pH increases and pK, determination of compound
DE344. a) UV-Vis Spectrum (A= 190-330 nm) with ranging pH values. b) Plot of total
absorbance at the wavelength of 220 nm versus pH to determine pKa. c) Reversible
transition from the neutral trigonal planar form of the aldehyde derivative DE344 to the
tetrahedral boronate center and to the hemiacetal cyclized form as the pH of solution
increases.

The changes observed in the UV-Vis spectrum depend on the species present in solution,
which is seen in Figure 3.2.2. The plot of absorbance (220 nm) versus pH (3.2.2b) shows
an increase in absorbance. One scheme of reactivity that may account for these changes
is shown in Figure 3.2.2c, where the secondary amine directly coordinates to the boronic
acid, and the aldehyde potentially cyclizes with the boronic acid and forms a hemiacetal
(Scheme 3.2.1). The conformation causes the aldehyde derivative to be closer to the
boronic acid and, thus, form a hemiacetal cyclized form, which prevents optimal B-O
conjugation reactions and, as a result, increases the boron atom’s electronic deficiency.?*
Amines have a pKa value of 9-10 and aldehydes have a pKa value of 17 which effects the

multiple pKa values of the aldehyde derivatives.*
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Scheme 3.2.1: Cyclisation between the aldehyde and the boronic acid to form a
hemiacetal.

However, it is difficult to prescribe the precise functionality in solution of DE344 given
these potential equilibria. This led us to record changes in the 'H, !B and °F NMR against
pH to gain insight. Table 3.2.1 shows the compounds that were able to fit the one pKa
fitting model versus the compounds that did not. This data represents a case where it is
unknown what and how the functionalities of the compound contributes to the change

in intensity.

Table 3.2.1: Compounds that fit the one pKj fitting model versus compounds that require
a multiple pK; fitting model.
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The pK, values of the synthesized compounds that fit the one pKa fitting model was
determined using UV-Vis spectroscopy are shown in Table 3.2.2. Each pK, value

represents the transition from neutral trigonal planar to anionic tetrahedral boron center.

Table 3.2.2: Calculated pKa, Values for boronic acid derivatives using UV-Vis spectroscopy.
pKa values were measured in duplicate and average reported. In brackets: wavelength
used for pKa fit.

pKa using pKa using
Compound Structure UV-Vis Compound Structure UV-Vis
OHO\E/OH PH
7.6 B 6.9
2FPBA )
”J\© (260 nm) DE310 (LO (220 nm)

CF3
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i 7.5 B
DT14 ﬁ:} ped (260 nm) co1 @NT 93

(220 nm)

HO. OH

~p~

8.8
PBA @ (260 nm)

Ho. OH
&

Eij ‘fL 7.9
D122 ?f% (230 nm)

Boronic acid derivatives are Lewis acids and therefore, they can bind OH™ ion from the
solution.” In the case of carbonyl boronic acid derivatives and phenyl boronic acid
derivatives that contain thymidine, the absorbance decreases as the pH increases.
Carbonyl boronic acids have lower pKa, values than phenylboronic acid derivatives
because the aldehyde group is an electron withdrawing group. Aldehydes tend to
withdraw electrons from electron rich systems because of the presence of the
electronegative oxygen atom in its carbonyl structure, which, in turn, leads to inductive
effects. Comparing to their control compounds, 2FPBA and PBA, the pK, values of DT9
and DT14 are not significantly lower than 2FPBA, while DT22 has a 0.9 pK, value difference

with PBA which is considered more significant.
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The carboxylic acid functionality is an electron withdrawing group with a pK; value of ~5,
which could affect the overall pKa of compounds that were shown to have multiple pKa
values. However, CO1 fits the one pKa fitting model while CO2-CO5 do not. It was
demonstrated that CO1 is in its cyclic form by comparison to a related derivative that was
characterized by x-ray analysis shown in Figure 3.2.3 while compounds CO2 to CO5 have
not been proven to be cyclized yet which could be the reason for the differences in the

fitting of one pK, model.
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Figure 3.2.3: X-ray crystallography of a boronic acid derivative giving an insight to the
structure of compound CO1.

3.3 pKa determination of novel boronic acid derivatives using 'H, !B and °F NMR

spectroscopy

Acid-base properties of the synthesized compounds are an important issue in living
systems due to many molecules having different properties at certain pH values. NMR
spectroscopy can be used to determine pK; values by comparing the signal integration
and chemical shifts.? In the determination of pKa of our novel boronic acid derivatives,
special approaches based on !B, °N, 3!P, or °F NMR spectroscopy being used alongside
'H NMR spectroscopy have been adapted to successfully determine pKa values.® The pKa
determination with 1B NMR spectroscopy is based on the effect of the ionization and
structural changes to the boron center with changing pH. The hybridization of the boron
center is monitored by observing the chemical shift changes, as the structure of the
molecule is altered due to the increasing or decreasing solution pH. NMR titration, in
contrast to UV-Vis spectroscopy, the direct structural change to the functionality of

interest is specified.®
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In this study, the chemical shifts obtained with 1B NMR spectrum were analyzed with
inflection-point graphical analysis, using a plot of chemical shift against the pH of the
solution to estimate the pKa values of the boronic acid compounds.® The signal-to-noise
of the NMR spectroscopy did not allow us to obtain a proper baseline due to the lower
number of scans that was used. Therefore, the chemical shifts were used to estimate the
pKs, instead of the integration of the peaks or the mole fraction. This was done to observe
information regarding the structural changes in the synthesized boronic acid derivatives
as shown in Figure 3.3.1. 'H and °F NMR spectra were measured to observe the
complexity of the compounds and gain more understanding on the structural changes to
the entire molecule. The carbonyl boronic acid DT14 was used as an example to
demonstrate the ability of the compound to form a tetrahedral species (sp3) from a

trigonal planar species (sp?) and determine whether it is reversible.
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Figure 3.3.1: a) !B NMR data versus pH of DT14; b) Boronic acid ionization showing
trigonal planar to tetrahedral gradually change of the boron center. *Peak at 19.5 ppm
represents boric acid (pKa of boric acid is 9.2).
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The carbonyl boronic acid derivative DT14 has shown that as the pH of the solution
increases, there is a chemical shift change from 29.9 ppm to 7.5 ppm, which provides
information that the boron environment has changed, and the boronic acid is
transforming from a trigonal planar form to a tetrahedral coordination as the chemical
shift moves upfield. When the pH was brought back from pH 9 to 1, reversibility was
observed since the peak shifts back to 29.9 ppm while the peak at 7.5 disappears and the
boric acid peak at 19.5 ppm reappears. To calculate the pKa using !B NMR data, the
chemical shift was plotted against pH as shown in Figure 3.3.2. Integration of the peaks
was used to determine which peak represents the majority coordination of the

compound.

Chemical Shift (ppm)
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Figure 3.3.2: The curve to determine pK, of DT14, forming a tetrahedral center. The
chemical shift was determined using the 1B NMR from Figure 3.3.1. Solid line represents
the fitted pK, calculation. The pKa was experimentally determined to be 7.6.

The inflection point in this case is the half equivalence point to where the compound
converts from a trigonal planar form to the tetrahedral coordination, which defines the
pKa. Using this method, the pK; can be calculated and determined. Comparing this result
with the UV-Vis spectroscopy (pKs=7.5), the differences in pKs are not significant. To
observe structural changes of DT14 at different pH values, *H NMR spectra were recorded

and reversibility was determined as shown in Figure 3.3.3.
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Figure 3.3.3: 'H NMR spectra of DT14 with increasing pH. The reversibility of the structural
changes was observed by returning the pH to 1.

The 'H NMR spectrum of DT14 shows that the aldehyde peak at 9.9 ppm decreases in
intensity and shifts to 10.3 ppm as the pH of the solution increases. This could be due
cyclization of the compound with the boronic acid at higher pH values of the solution.
Also, there are additional signals in the aromatic region that could be consistent with
cyclisation between the aldehyde and the boronic acid. In addition, a peak at 6 ppm
appears as the pH increases and a series of enantiotopic peaks also appeared at 3.6 ppm
that are clearly observable by pH 7. The shifts at 3.6 ppm potentially correspond to
methylene protons that increase in intensity as the pH of the solution increases. When
pH was reversed back to pH 1, the aldehyde peak appeared at 9.9 ppm and the additional
peaks that were observed at higher pH values disappeared, which demonstrates the
hypothesis that those compounds are reversible. Similar additional peaks in the *H NMR
and peaks shifting in the 1B NMR were found for phenylboronic acid, carboxylic acid
derivatives and benzoxaborole derivatives as only one chemical shift was observed which

indicates that one chemical species was determined.

It is important to note that the 'H NMR spectra is complex, and it is difficult to observe
the structural changes as the pH of the solution increases. In addition, DT14 showed

reversibility when the pH of the solution was brought back to pH 1. This reversibility was
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observed in multiple compounds, however, not all compounds showed this reversibility
and rather showed that the compounds decomposed. Irreversibility is observed as there
are new peaks shown after titrating back to pH 1, that were not observed previously.
Increased complexity of the spectrum informs us that irreversible structural changes
occurred as a result of changing the compounds conditions to the extreme. Table 3.3.1
shows the compounds in which reversibility was observed and the compounds that did
not show reversibility. Moreover, the same compounds that did not fit the 1 pK; fitting
model using UV-Vis did not fit this method of estimation. Therefore, their pKa values were

not reported in this thesis.

Table 3.3.1: Reversible compounds versus irreversible compounds based on reversibility
experiment using 'H NMR.
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Looking at the compounds that were found to be reversible, it is interesting to see that

the aldehyde derivatives that contains one methylene group between the amine and the

34



aldehyde, was found to be reversible while the aldehyde derivatives that were contain

two methylene groups were found irreversible when the pH of the solution was reversed

back to 1.

Another example of pKa, estimation using 1B NMR is of the aldehyde derivative DE344.
The chemical shift from 29.2 to 12.1 ppm in Figure 3.3.4 indicates the transition of the

boronic acid center from its neutral trigonal planar species to the anionic tetrahedral

species.
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Figure 3.3.4: a) !B NMR data versus pH of DE344; b) Boronic acid ionization showing
trigonal planar to tetrahedral gradually changes of the boron center. *Peak at 19.5 ppm
represents boric acid (pKa of boric acid is 9.2).

The aldehyde derivative DE344 has shown that as the pH of the solution increases, the
boron environment changes, since the boronic acid is transforming from a trigonal planar
form to tetrahedral coordination. This can be seen at the chemical shift of the peak.
Between pH 1 to 2, a peak at 28.5 ppm is observed as the major peak (when looking at

integration of those peaks), then between the pH values of 3 until 9, this peak shifts to
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11.9 ppm. When the pH was brought to pH 1, reversibility was observed since the peak
shifts from 11.9 ppm back to 28.5 ppm. To calculate the pKa using *B NMR, the chemical

shift was plotted against pH as shown in Figure 3.3.5.

pH
O Bshift e=——Fit

Figure 3.3.5: The curve to determine pK, of DE344, forming a tetrahedral boron center.
The chemical shift was determined using the 1B NMR from Figure 3.3.4. The pKa value
was fitted and determined to be 3.5.

Integration of the peaks was performed to determine the shifting of the peaks. This
method of calculation incorporates the Henderson-Hasselbach equation and the
assumption that the observed chemical shift is a result of the proportions of sp? and sp3
hybridized boronic acid in solution. Fitting the final equation (Equation 2.3.2) to the data
also provides estimates of the true (pH-independent) chemical shifts of the sp? and sp3
hybridized forms, in addition to the pKs value. The inflection point shown in Figure 3.3.5

represent the pK; value surrounding the boron of the boronic acid compound.

However, it is important to mention that some compounds have multiple pK; values due
to the different organic functionalities bound to the compounds, but 1B NMR represents
the boronic acid pKa rather than the different pK, values of each compound. Our main
focus was to determine the pK, value of the boronic acid when it transitions from trigonal
planar to the tetrahedral species which is why one pK, value was estimated. The two

species are in equilibrium throughout all the pH values of the solution until the
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tetrahedral species is favored at pH 4. Reversibility of the compound is also presented by

decreasing the pH back to value of 1.

Since compound DE344 contains a fluorine substitute on the ring, *°F NMR was also

measured in order to investigate the structural changes around the fluorine as shown in

Figure 3.3.6.
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Figure 3.3.6: 1°F NMR spectra of DE344 with increasing pH. Reversibility of the compound
is also presented by decreasing the pH back to value of 1.

As the pH of the solution of DE344 increases a distinct chemical shift change from -113.1
ppm to three species was observed. These three peaks corresponded to a minor peak at
-116.6 and two larger intensity signals of equal intensity at -117.2 and -117.4 ppm.
Reversibility of the compound was also observed in the °F data after decreasing the pH
to 1. To determine the structural changes of DE344 at the different pH values, *H NMR

was measured, and its reversibility was determined shown in Figure 3.3.7.
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Figure 3.3.7: Changes to the *H NMR spectra of DE344 with increasing pH. Reversibility of
the compound is also presented by returning the pH to 1.

Looking at the 'H NMR, different structures are being observed as the pH of the solution
increases. The aldehyde peak at 8.5 ppm is shifted even further and split. Also the
chemical shift of the protons on the aromatic ring and the methylene groups shift upfield.
The new peak at the aldehyde region that appears as a result of a split increases while the
original peak decreases. Peaks at 1.5 ppm, 3 ppm and 4 ppm appear as well. When pH of
the solution was brought back to pH 1, the spectrum returned to its original spectra and

all peaks that appear at higher pH values disappear.

There are various structural changes between the pH of the solution between 1 and 2 in
the 1°F NMR, and then the peak at -117.2 disappears at pH 6. However, in the 'H NMR,
there are different changes in the spectrum between pH 2 to 3, where the enantiotopic
peaks appear, a peak at 5.5 ppm appears and additional unknown peaks. Also between
pH 5 and 6, peaks at 1.5 and 1.8 ppm appear while the aldehyde peak splits as well at 8.5
ppm. All these peaks in both °F and 'H NMR represents the different structural changes

that occur as the pH of the solution increases.
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There are similarities and differences between carbonyl boronic acid derivative DT14 and
the aldehyde derivative DE344. Both compounds were observed to have a distinct
chemical shift change in !B NMR spectra. The *H NMR of DE344 showed a enantiotopic
proton peak at 2.6 ppm is observed, similar to DT14, indicating hemiacetal formation
(Scheme 3.2.1). In addition, the appearance of an aldehyde peak in DE344 at higher pH
values than as in DT14 and it shifts downfield as the solution pH increases. The observed
aldehyde peak at higher pH suggests that at low pH DE344 exists as a hydrate (Scheme
3.3.1). Furthermore, the aromatic ring signals of both DT14 and DE344 shift upfield as the
pH of the solution increases. These subtle similarities and differences in the *H NMR
between DT14 and DE344 show that there are different structural changes to the
compounds that are not to the boron center. Different structural changes to the entire
molecule illustrates the importance of !B NMR in accurately estimating pKa values for
only the boron center. The site-specific pKa determined by NMR cannot be achieved by
UV-Vis spectroscopy. Table 3.3.2 shows the pK; values estimated both by UV-Vis
spectroscopy and 1B NMR.

CI)HHO

OH
F B )—OH F B —0
T "

Scheme 3.3.1: Compound DE344 exists in equilibrium between the hydrate and the
aldehyde forms as the pH of the solution increases.
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Table 3.3.2: Comparison of pKs; measurements of synthesized boronic acid derivatives
using UV-Vis spectroscopy shown in Table 3.2.2 and !B NMR.
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In this study, 'H, 1B and °F NMR of the compounds as a function of increasing pH were
monitored. The pKa values were determined primarily from the !B NMR data, where the
boronic acid transitions between a neutral trigonal planar species to a tetrahedral
boronate entity. The determined pK, values are shown in Table 3.3.2 and compared to
the pKs values determined from the UV-vis spectroscopy data in Table 3.2.2. Carbonyl
boronic acid, phenylboronic acid, benzoxaborole and the carboxylic acid derivative CO1
have shown to have similar pK, values to determined using UV-Vis and B NMR
spectroscopy. Moreover, some of these compounds are comparable to their control
compounds 2FPBA (pK, = 7.5), and PBA (pKa = 8.8), for the carbonyl and phenylboronic
acid derivatives, respectively. Furthermore, both the carbonyl boronic acid and the
phenylboronic acid derivatives have shown that thymidine or the surrounding

substituents do not affect the pK, values of boronic acid.

The benzoxaborole derivatives have shown similar or lower pK; values than the literature

value of benzoxaborole with pK, of 7.3. DE318 has a pK; value of 6.9, which is comparable
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to its literature value.* However, DE310 has a pKa value of 5.2 which is significantly lower
than benzoxaborole. These pKa, values are consistent with the idea that the ring strain in
the 5-membered oxaborole ring distorts the geometry about the boron atom leading to
a more favorable ionization and a lowered pK..* A lower pK, value of the benzoxaborole
group may be explained by the reduced flexibility of the intramolecular monoboronic
ester, which prevents optimal B-O (lone pair) conjugation in DE318 and consequently
increases the boron atom’s electronic deficiency. Comparing between the two
benzoxaborole derivatives, DE310 had a low pK, as a consequence of the inductively

electron withdrawing trifluoromethyl substituent.

The aldehyde derivatives, however, have shown a pKa value using the 11B NMR and was
able to fit the one pKa model using Equation 2.3.2. Those compounds have shown
multiple pKa, values using UV-Vis spectroscopy. All the aldehyde compounds have a
chemical shift that goes upfield as the pH of the solution increases. The fluorinated
compounds that contain one methylene group such as compounds DE344 and DE347 on
the meta position relative to the boronic acid and ortho position relative to the amine
group, have pKs values of 3.3 and 3.5, respectively. They have shown to have a lower pK;
value than the non-fluorinated compound DE343 (pK.=4.1), which is in agreement with
the fluorine being an electron withdrawing group. However, the fluorinated compounds
DE342 and DE348 have shown slightly higher pKa, values that the non-fluorinated
compounds DE321 with a pK; value of 3.4 compared to 4.4 and 3.9 of compounds DE342
and DE348, respectively.

CO1 and DE343 have structural similarities with the difference that CO1 was determined
to be cyclized and contains a carboxylic acid rather than an aldehyde functionality. DE343
have different pK, values compared to CO1l. The only reason that could cause this
significant difference in pKa is that CO1 is cyclized making a 5 membered ring of oxygen-
boron-nitrogen while DE343 only has a nitrogen-boron bond and an open chain and an

aldehyde functionality. CO2 is also structurally similar to DE321, with the only difference
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of an aldehyde functionality rather than a carboxylic acid. There are pK, differences in
these two compounds as well with CO2 having a higher pKavalue. This pKa value is slightly
higher than those of DE321 which could possibly be due to the carbonyl functionality.
They are both electron withdrawing groups which bring the pK, lower. However,
carboxylic acid is much stronger electron withdrawing and the expectation was for CO2

to have a lower pKa.

3.4 Summary

We have measured UV-Vis spectroscopy data together with B, 'H and °F (where
appropriate) 1D NMR data for a series of novel boronic acid-containing compounds as a
function of pH. The changes observed were likely more complex than the observations of
ionizable groups (pKa), particularly given the multiple additional signals observed in the
'H and '°F NMR spectra. The compounds prepared were grouped based on the type of
boronic acid chemical functionality present in the molecule including boronic acids,
formylphenylboronic acids, benzoxaboroles, and some additional aldehyde- and
carboxylic acid-containing derivatives. Most of the compounds had additional ionizable
chemical functionalities (e.g. secondary aliphatic amine, carboxylic acid, and aldehyde) in
addition to a boronic acid. These additional chemical functionality contributed towards
the overall pK; determined for the compounds as measured by UV-Vis spectroscopy. UV-
Vis spectroscopy represents the overall pK; of the compound rather than for a specific
functional group. Meanwhile, NMR observes the structural changes of the specific
element of interest. For example, 1B NMR demonstrate the structural changes of the
boron when its hybridization changes. Some NMR spectra showed that structure changes
are reversible for certain compounds, however not all compounds have shown this
reversibility. The reversibility for certain compounds is useful to consider for the design

of sensors.
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Chapter 4. Results and Discussion of Iminoboronate and
Diazaborine Formation of Boronic Acid Derivatives with Boc-
Lysine-OH Using UV-Vis and *H NMR Spectroscopy

4.1 Introduction-Iminoboronate Formation

The reaction between an aldehyde and an amino group of the lysine residue or the amino
terminus of a protein to form an imine has been widely employed to modify proteins.*®
However, the use of an aldehyde that forms an imine that is stabilized through
intermolecular interactions has been less widely employed. More recently, carbonyl
arylboronic acids such as 2FPBA have been used in biocompatible conjugation reactions
which results in iminoboronate adduct stabilized by an intermediate nitrogen-boron
interaction3> They were used to modify the N-terminus of the protein (especially of
cysteine), or e-NH; group of Lysine residues in proteins, serving as the basis for several
biocompatible conjugation reactions used in chemical biology.323>4%° Since boron has a
vacant p orbital it is a Lewis acid and a strong electrophile. Hence, direct coordination of
the lone pair of electrons on the imine nitrogen atom to the boron atom (dative covalent
bond) stabilizes the enzyme-iminoboronate adduct.3? In Scheme 4.1.1, the mechanism of
iminobornate formation in aqueous solution is shown. The initial nucleophilic attack by
an amine is facilitated by an oxygen-boron interaction in the carbonyl arylboronic acid
reagent.3>>! Iminoboronate formation has been unambiguously demonstrated with
formyl- and acetylphenylboronic acids, where a stable, yet reversible iminoboronate is
formed due to the N-B dative covalent interaction.3?3> We hypothesized that the novel
carbonyl boronic acids prepared in the Jakeman laboratory (Figure 4.1.1) would form

iminoboronates.
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O\OH N 0 OH 7\ OH
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_NH, “OH  pHT74 OH OH

X
|
R

potential activation of the imine to

| activati ist h .
carbonyl activation assisted dehydration afford reversibility

Scheme 4.1.1: Mechanistic illustration of the conjugation of 2FPBA with a nucleophile
via the N-terminus in aqueous solution.*®
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Herein the focus was to examine the properties of a series of aldehyde or ketone-

containing molecules previously synthesized in the Jakeman laboratory.

(0] o
0 (0]
OH OH
2-Formylphenylboronic DT-9 DT-14 DE-318

acid (2FPBA)
Figure 4.1.1: Aldehyde or ketone-containing molecules that were previously synthesized
in the Jakeman laboratory and were used in the iminoboronate studies.

The experimental methods of Gois3? and Douglas® were used to quantify iminoboronate
formation. UV-Vis and NMR spectroscopy have been found to be informative methods to
study iminoborante formation by tracking observed binding between aldehyde and
amino functionalities. The spectrometric data was then used to determine affinity
constants between lysine and our carbonyl boronic acid derivatives. The data of
iminoboronate binding between 2FPBA and ethylamine was collected and compared to
previously reported results for experimental validation purposes (85 + 6 M~ compared to
79 + 2 M7 from Douglas) using UV-Vis spectroscopy.® Additionally, affinity constants
between 2FPBA and Lysine using 'H NMR spectroscopy were determined and similar
results to previously reported values were obtained (65% conversion compared to 61%
from Gois).3? Based on the results of these control experiments, the iminoboronate
formation with a series of carbonyl boronic acid derivatives using UV-Vis and 'H NMR

spectroscopy was demonstrated and quantified.

4.2 Iminoboronate formation using UV-Vis Spectroscopy

The reaction between the synthesized carbonyl boronic acid derivatives and Boc-Lys-OH
was taken under physiological environment in order to mimic its reaction in physiological
conditions that include a pH of 7.4 and incubation under 37 °C. Scheme 4.2.1 shows the

iminoborante formation between DT14 and Boc-Lys-OH.
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Scheme 4.2.1: Iminoboronate formation reaction between Boc-Lys-OH and DT14.

Using UV-Vis spectroscopy, the iminoboronate formation between our synthesized

carbonyl boronic acid derivatives and Boc-Lys-OH was observed by increasing the

concentration of Boc-Lys-OH titrated into our compounds. The results of our UV-Vis

binding experiments using DT14 are shown in Figure 4.2.1.
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Figure 4.2.1: UV-Vis Spectroscopy changes of compound DT14 (1.0 mM) with increasing
concentration of Boc-Lys-OH (0-80 mM) in HEPES buffer (1.0 M, pH 7.4).

The affinity of our synthesized compounds when binding to Boc-Lys-OH was measured by

following the changes in absorbance at the maximum absorbance at 320 nm. From Figure

4.2.1, as the concentration of the Boc-Lys-OH increases, the absorbance increases above

320 nm illustrating that a reaction is occurring.
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To obtain an indication of how favorable imine formation with DT14 was under our
conditions, K, value was determined following the approach described by Yatsimirsky and
coworkers and Equation 2.2.3 and a non-linear fit (See Chapter 2) and shown in Figure

4.2.2.52

o)
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Boc-Lys-OH (mM)
¢ AveData Fit + 3% o - 3%

Figure 4.2.2: Plot of absorbance (320 nm) changes of DT14 (1 mM) with increasing of Boc-
Lys-OH concentration (0-80 mM) in HEPES buffer (1.0 M, pH 7.4). (K, was calculated to be
66.9 £ 0.7 M1). Value is the average of duplicate runs. Dotted lines represent 3% error
calculated of the absorbance measured. Error bars represent the standard deviation of
averaged absorbance measured that were used in Equation 2.2.3.

From Figure 4.2.2, we determined that as the concentration of Boc-Lys-OH increases, the
absorbance at 320 nm increases until it reaches a plateau. This hyperbolic plot shows that
between 5.0 mM and 30 mM of Boc-Lys-OH, the equilibrium is observed; however, from
40 mM until 80 mM the equilibrium favors iminoboronate formation. The error bars

represent 3% error of the average of the duplicate runs.

These experiments and calculations were performed on the carbonyl boronic acid type of
derivatives which includes DT9, DT14, and the benzoxaborole derivative DE318. 2FPBA
was used as a control compound to monitor iminoboronate formation using Boc-Lys-OH.

The iminoboronate formation results are presented in Figure 4.2.3 and Table 4.2.1.

46



s 2FPBA H*@

RSy
«DT-24 L 77

H

o
N
©

G

O~ OH

e DT-9 *ﬁj\ﬁ
k_J

+ DE-318
0.09...........W

0 50 100
Boc-Lys-OH (mM)

Absorbance, a.u.
o
w
(\o}

o
)
©

| T N T T T T T T T T T I A |

Figure 4.2.3: Plot of absorbance changes of carbonyl boronic acid derivatives 2FPBA as a
control, DT9 and DT14 (1.0 mM) with increasing concentration of Boc-Lys-OH (0-80 mM)
in HEPES buffer (1.0 M, pH 7.4). Values are the average of duplicate runs. Dotted lines
represent 3% error calculated of absorbance measured.

2FPBA was observed to have the tightest binding out of the carbonyl boronic acids with
hyperbolic plot that reaches plateau at 40 mM of Boc-Lys-OH. It means there is little to
no change in the absorbance as the concentration of Boc-Lys-OH increases. However,
DE318 showed the weakest N-B binding with a linear pot. DT9 and DT14 are analogous

and no significant difference between the binding affinities was observed.

Table 4.2.1: Association constants (Ka) between carbonyl boronic acid derivatives and
Boc-Lys-OH. Values are the average of duplicate runs.

Compounds Structure Ka (M)
2FPBA RS 88.7+0.4
DT9 k@ :ﬁ*f’ 64.4+0.3

DT14 g; ﬁ*o 66.9+0.7

DE318 CSHL 0.0+0.2
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From Figure 4.2.3 and Table 4.2.1, it was observed that carbonyl boronic acid derivatives
were found to rapidly conjugate with Boc-Lys-OH under physiological conditions with
thymidine containing carbonyl boronic acid derivative bind well, while the benzoxaborole
showed no reaction between the ketone on the benzoxaborole and the amino group on
the Boc-Lys-OH. Comparing to the control compound 2FPBA, K, of DT9 and DT14 are of
comparable magnitude. DE318 did not show a change in absorbance when interacting

with Boc-Lys-OH, which suggests that DE318 did not interact with Boc-Lys-OH.

This experiment was performed under the physiological pH of 7.4, while various sources
performed similar iminoboronate formation experiments between pH values of 7.0-
7.5.3235 The side chain of Lysin has a pK, of 10.52 while the ethylamine that was used as
a comparison has a pK, of 10.6. At physiological pH, lysine is positively charged as shown
in structure 1 of Scheme 4.2.2.>3 The pKa of Boc-Lys-OH e-NH; is likely similar to lysine

(10.5), thus it is protonated at physiological pH.

(0] (0]
N_ o N o N_ o
HO \”/ \’< -0 \n/ \’< 0 \n/ \’<
—~——— —~———
(0] (6] (0]
pK,=2.2 pK,=10.53
NH* NH,
3

NH*
1 2
Scheme 4.2.2: Structure of Boc-lysine-OH at different pH values.

Due to Lysine’s side chain being protonated, it affects the formation of iminoboronate
since the protonated form would not have a lone pair to bind to the carbonyl substituent
of the aryl boronic acid. However, since this reaction is in equilibrium, the reaction

proceeds and iminoboronate formation in neutral environment gives low K values.

The thermodynamic stabilization of the iminoboronate can be potentially rationalized by
the formation of an N-B dative bond. An iminoboronate complex associates rapidly,

indicating that iminoboronate formation is under thermodynamic control at physiological
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conditions. The rapid reversibility can be rationalized by the N-B coordination or imine
protonation resulting from solvent insertion as shown in Scheme 4.1.1. Nevertheless, the
ortho-boronyl substituent, while providing thermodynamic stabilization of the product,

also accelerates the forward and the backward reaction of iminoboronates.®

The boronic acid derivatives used in the previous experiments were synthesized for the
purpose of developing iminoboronate reversible covalent protein probes or inhibitors,
with varying substituents around the aryl ring to potentially tune reactivity. From the
results above, the reversible covalent binding between the aldehyde and the €- amino

functionality of the Lysine forms an iminoboronate.

4.3 Iminoboronate formation using *H NMR Spectroscopy
Iminoboronate formation between Boc-Lys-OH and our novel carbonyl boronic acid
derivatives was also monitored using 'H NMR to confirm whether the UV-Vis

spectroscopy method showed that an N-B bond formed, rather than another reaction.
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Figure 4.3.1: Iminoboronate formation between Ne-Boc-Lys-OH and DT14. *H NMR (500
MHz): [ligand] 5.0 mM (1:1) in phosphate buffer (500 mM) pH 7.4, 90% D;0. The peak at
9.8 ppm aldehyde, 9.75 ppm of NH (thymidine) and 8.5 ppm iminoboronate. The peak of
the a-protons of Boc-Lys-OH from the imine which shifts from 4.2 to 3.8 also represents
the change in the a-proton of the amine.
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Figure 4.3.1 shows a new peak at 8.5 ppm which is consistent with iminoboronate
formation, indicating that the NMR data supports the UV-Vis results.3? Moreover, the
NMR showed that the presence of thymidine did not affect iminoboronate formation with
the carbonyl boronic acid derivatives. Compound DT14 (5.0 mM) was treated with
increased concentrations of Boc-Lys-OH (0-80 mM) in phosphate buffer. In the NMR
spectra in Figure 4.3.1 the analysis of the region between 8 to 10 ppm in the *H NMR
indicated that the aldehyde peak decreases as the concentration of Boc-Lys-OH increases.
With the decrease of the aldehyde peak, a new peak at 8.5 ppm appeared, and is
consistent with the chemical shift observed for the formation of an iminoboronate.3?
Moreover, analysis of the region between 3 and 4.6 ppm indicated conversion of the
signal from the a-protons of Boc-Lys-OH. When the iminoboronate formation is observed,

the peak at 4.3 ppm shifts to 3.7 ppm.

To quantify the iminoboronate formation by *H NMR spectroscopy from Figure 4.3.1, the
conversion percentage was calculated of DT14 and Boc-Lys-OH at the 1:1 molar ratio and
was found to be 26% conversion by integrating the aldehyde peak and the imine peak at
8.5 ppm. These results are comparable with other reported iminoboronates, indicating
that neither the thymidine ring nor the deoxyribose functionalities disrupt iminoboronate

formation.3?

The presence of thymidine offers the opportunity to target those enzymes that bind
thymidine (or uridine) where the hydrogen-bonding acceptor/donor/acceptor properties
of the thymidine base enhance selectivity toward active sites that complement these
interactions. Several existing therapeutic targets take advantage of this interaction, such
as the cancer-implicated enzymes thymidine kinase 1 or bacterial thymidylyl transferases

involved in bacterial cell wall formation.38

Similar to the UV-Vis results, DE318 did not show any reaction occurring by NMR. The

NMR method would provide more insight of whether any sort of reaction occurring
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between DE318 and Boc-Lys-OH because NMR more accurately tracks structural changes

during iminoboronate formation (Figure 4.3.2).
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Figure 4.3.2: Mixing between Na-Boc-Lys-OH and DE318. *H NMR (500 MHz): [ligand] 5.0
mM (1:3) in phosphate buffer (500 mM) pH 7.4, 80% D,0. No iminoboronate formed.

The NMR in Figure 4.3.2 has confirmed that no reaction between DE318 and Boc-Lys-OH
occurred and it supports the UV-Vis spectroscopy results. A ratio of 1:3 between DE318
and Boc-Lys-OH is shown in the NMR and shows that at higher concentrations of Lysine,
the formation of iminoboronate or any other reaction does not occur either. The NMR
shows a mix of the two reactants, rather than a reaction because there are no new peaks.
DE318 contains a boronic acid on a 5-membered ring. Comparing the geometries of
DE318, when binding to Boc-Lys-OH, to a 6-membered ring benzoxaborole, we expect the
formation of iminoboronate to occur on the 6-membered ring because amine attack,
from Boc-Lys-OH, to the boron center is geometrically easier. In our 5-membered ring
benzoxaborole, however, the amine would not approach the boron and no

iminoboronate formation was be detected.

Finally, to confirm the importance of boronic acid in this reaction, a mixture of
benzaldehyde (5.0 mM) and Boc-Lys-OH (15 mM) in phosphate buffer (500 mM, pH 7.4)
was analyzed. Less than 10% conversion to the imine (Schiff base) was detected using *H

NMR and conversion was calculated using integration of the aldehyde peak at 9.8 ppm
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and the appearing peak at 8.5 ppm which is the imine proton (Figure 4.3.3). Such up-field

shift is typically observed on transformation of the aldehyde group into an imine.>?
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Figure 4.3.3: Imine formation between N,-Boc-Lys-OH and Benzaldehyde. *H NMR (500
MHz): [ligand] 5.0 mM (1:3) in phosphate buffer (500 mM) pH 7.4, 90% D0. Less than
10% formation was detected based on the aldehyde peak at 9.8 ppm and the new peak
at 8.5 ppm which is the proton of the imine (these peaks are marked with a star).

Literature also shows that formaldehyde, a simple aldehyde, does not react with lysine
under these conditions, illustrating that a boronic acid is necessary for iminoboronate

formation to occur.>*

4.4 Introduction-Diazaborine Formation

Diazaborines and related B—-N heterocycles have also been explored as enzyme inhibitors
and as reversible linkers for drug delivery to cancer cells.3® Diazaborine formation is
interesting to explore since this reaction was reported to be more stable and showed a
slowed dissociation kinetics in comparison to the iminoboronate chemistry.33

While some diazaborines exhibit a flat aromatic structure, others display a hydrated
boron with a nonplanar tetrahedral form.3® The first report of a reversible lysine-
conjugation chemistry using diazaborines was reported by Gao, as shown in Scheme

4.4.1.3% The properties of the formed diazaborine were significantly different from an
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iminoboronate. The stability of the diazaborine adduct was much greater than an
iminoboronate, as demonstrated by dilution experiments where the diazaborine
remained formed for significantly longer periods of time whereas iminoboronates are
hydrolysed within seconds. The diazaborine complexes comprise two nitrogen atoms, one
internal, and one external, the amine, with only one hydroxyl substituent at boron. A
series of aliphatic amine-containing arylboronic acids were synthesized in the Jakeman
group previously (Figure 4.4.1). Herein are the reported investigations as to whether they
were able to repeat the diazaborine formation as reported by Gao for the benzaldehyde
derivative.3® The only structural difference between RMR1 (Gao compound) and one of
our analogues (DE321) was a benzaldehyde versus a propanal aldehyde. This proposed

reaction should yield a hydrated diazaborine formation.

a) Iminoboronate Chemistry

H/H;C.__O H/H;C__N
3 /\NH 3o

B(OH), B(OH),

2FPBA or 2APBA

b) Diazaborine Chemistry

RMR1
Scheme 4.4.1: Covalent lysine-conjugation reaction to form iminoboronate versus the

diazaborine formation between aldehyde/ nitrogen containing compounds and amino
acid.»

Both reactions shown in Scheme 4.4.1 form an N-B bond through a covalent reversible
bond, however, the nitrogen bound on the synthesized compound would form a
reversible bond with the boron making it a cyclic form as shown in Scheme 4.4.2 which

then would proceed to the conjugation reaction similar to an iminoboronate formation.
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Scheme 4.4.2: Mechanism of the reversible reaction to form a diazaborine. A postulated
reaction cascade for DE321-amine conjugation (as analogous to RMR1) to give a hydrated
diazaborine.?3

The aldehyde containing boronic acid DE321 was investigated for its potential to form
diazaborine adducts under the same reaction conditions as used for iminoboronate
formation (Figure 4.4.2). RMR1 and DE321 have similar functionalities, such as the
aldehyde group and the amine functionality. However, the differences between our
compounds and RMR1 is the aromatic ring near the amine and that our compounds were
found to have a nitrogen-boron dative bond (See crystallography in Chapter 3), while
RMR1 was not reported to have this dative bond. The literature diazaborine formation
with RMR1 showed more significant changes to the UV-Vis spectrum,3? however, RMR1
also contains an additional aromatic functionality that may contribute to the UV-Vis
spectrum.33 Nevertheless, these initial results were not considered promising.

We examined the ability of diazaborine formation of a series of aldehyde-containing
molecules that contain an amine functionality that were previously synthesized in the

Jakeman laboratory (Figure 4.4.1).

0O
o o oH ¢
4 / HO.
HO, PH HO\?H \é_
B- F B- N

DE321 DE342 DE348
DE344 DE347 DE343

Figure 4.4.1: Aldehyde-containing molecules that contain an amine functionality that
were synthesized in the Jakeman laboratory.
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4.5 Diazaborine Formation using UV-Vis Spectroscopy

The synthesized compound DE321 from the category of the aldehyde derivatives contains
an amine attached between the aldehyde functional group and the phenylboronic acid.
Consulting the paper of Reja, the same reaction conditions were used, aqueous buffer at
pH of 7.4.33 UV-Vis spectroscopy measurements were recorded as a function of increasing
concentration of Boc-Lys-OH into aldehyde derivatives such as DE321. Figure 4.5.1 shows
that as the concentration of Boc-Lys-OH increases in the reaction with DE321, and the

absorbance does not change, which illustrates that a reaction likely does not occur.
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Figure 4.5.1: UV Spectroscopy changes of compound DE321 (1.0 mM) with increasing
concentration of Boc-Lys-OH (0-80 mM) in HEPES buffer (1000 mM, pH 7.4).

To investigate whether an affinity constant (Ks) could be determined. The data was
replotted using the maximum absorbance at 240 nm in a non-linear fit (Figure 4.5.2). This
figure shows the binding affinity between an aldehyde derivative and Boc-Lys-OH and it
shows that there is no significant binding event as the concentration of Boc-Lys-OH

increases.
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Figure 4.5.2: Plot of absorbance (at maximum intensity of 240 nm) changes of DE321 (1.0
mM) with increasing of Boc-Lys-OH concentration (0-80 mM) in HEPES buffer (1000 mM,
pH 7.4). (Ka was calculated to be 0.027 M™1). Value is the average of duplicate runs. Dotted
lines represent 3% error calculated absorbance. Error bars represent the standard
deviation of averaged absorbance.

4.6 Investigating Diazaborine Formation using NMR

To further investigate our results with the aldehyde derivatives. 'H NMR analysis was

performed in similar manner to iminoboronate formation.
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Figure 4.6.1: Diazaboronate formation between Ne-BocLysOH and DE321. *H NMR (500
MHz): [DE321] 5.0 mM (1:3) in phosphate buffer (500 mM) pH 7.4, D,0.
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The first difference observed upon viewing the 'H NMR spectrum of DE321 was the lack
of a significant aldehyde peak at pH 7.4, in comparison to the compounds investigated for
iminoboronate formation. From the 'H NMR spectroscopy data collected between pH 1
to 9 in Chapter 3, there is no aldehyde group above pH 3. The structure shows that Boc-
Lys-OH could not form a conjugative bond and thus form a diazaborine. The rest of the
aldehyde derivatives were not further explored for the matter of saving the quantity of
these compounds. DE321 was chosen since it is a simple non-fluorinated compound with

2 methylene groups which gives a flexibility to form a ring and a nitrogen-boron bond.

The 'H spectrum of DE321 at pH 7.4 is significantly more complicated than at low pH. The
pH reversible species formed at pH 7.4, as observed and discussed in Chapter 3, does not
react with Boc-Lys-OH under these aqueous conditions. The effect of pH on the structure
of DE321 is more fully explored in chapter 3. The *H NMR spectrum of DE321 was also
significantly more complicated than the recorded spectrum in D20 upon synthesis of the
compound, vide infra.

To eliminate the option that Boc-Lys-OH is the reason for the lack of reactivity, DE321 was

also tested with ethylamine as shown in Figure 4.6.2.

No Reaction h JL
Y /| GHN VU U P U | N S S |

~NH, A
| N AN
0
Ho PH ¢
~B
\
N
) M ) ) J'l- P W | lU‘,,A Mn» AJHL« ;l _ \.I\N’\ | R
P S

Figure 4.6.2: Imine formation between N,-ethylamine and DE321. *H NMR (500 MHz):
[ligand] 5.0 mM (1:3) in phosphate buffer (500 mM) pH 7.4, D,0. No reaction formation
detected.
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Looking at both Figures 4.6.1 and 4.6.2, it is possible to see that reactions of DE321 with
both Boc-Lys-OH and ethylamine show no formation and show a mixture of the reactants
rather than a new product. There are no undesired reactions occurring either which rises
a new question. What is the structure of DE321 at the physiological pH that could possibly
interfere from the imine formation?

The 'H NMR spectrum of DE321 that was recorded when it was prepared, was compared
to the spectrum at pH 7.4 in phosphate buffer. The original spectrum was recorded in D;0
(pH 4) and is shown in Figure 4.6.3. There is an aldehyde peak at 9.8 ppm. The aldehyde
may also exist in equilibrium as a hydrate, where the proton’s chemical shift would be
around 5 ppm (see Scheme 4.6.1). The equilibrium properties of the aldehyde were

discussed in more detail in Chapter 3.
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Figure 4.6.3: 'H NMR spectrum (500 MHz, D20, pH 4) of DE321. This spectrum was
recorded at the time of synthesis (April 2022), 4 months before the diazaborine
experiment was conducted.

Also, as shown in chapter 3, as the pH of the solution increases, the aldehyde peak
decreases which could be the reason for the reactivity with Boc-Lys-OH to be low. Based
on Scheme 4.4.2, imine formation requires an aldehyde group and favours a trigonal
planar boron atom which compound DE321 lacks at physiological pH based on the *H NMR

spectrum data.
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As mentioned above, the aldehyde functionality of the aldehyde derivative DE321 may
also exist in equilibrium as a hydrate. Also, it could be in equilibrium with the cyclized

form.

P H
QH +H20 (|)H OH -H+ H()\ /()
B\ —_— B\ H =—]m— B\
o e T L

Scheme 4.6.1: Equilibrium between aldehyde and hydrate.

The examination of the rest of the aldehyde boronic acid derivatives was not continued
in order to save the derivatives for future experiments. Compounds DE342 and DE348 are
the fluorinated analogues of DE321 and according to the NMR data in chapter 3
(Appendix B), they likely cyclize at physiological pH and form a 6-membered ring
intramolecular species. The same rational would apply for compounds DE344, DE347 and
DE343 since they are likely form a 5-membered ring intramolecular species (Appendix B)

and would not form a diazaborine.

4.7 Summary

We explored the iminoboronate formation between Boc-Lys-OH and our novel
synthesized carbonyl boronic acids and the diazaborine formation between Boc-Lys-OH
and related aldehyde derivatives. Boc-Lys-OH was used as a lysine probe component in
aqueous solution under neutral conditions. The potential reaction was quantified using
UV-Vis and *H NMR spectroscopy. The carbonyl boronic acid DT9 and DT14 showed
promising iminoboronate formation results. DE318 that contains an aliphatic ketone,
however, did not show iminoboronate formation. The formation of diazaborine using
DE321 that contains an aliphatic aldehyde with Boc-Lys-OH was unsuccessful because the
aldehyde may also exist in equilibrium as a hydrate which does not have the carbonyl
functionality to perform a conjugation reaction and then form the N-B bonding through

electrostatic interactions.
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Chapter 5. Results and Discussion of Boronic Acid-Diol Binding

5.1 Introduction

Boronic acids have been employed for many different biomedical applications, for
example, in sensors and drug delivery.3® Boronic acids are known to bind with compounds
containing diol moieties with high affinity through reversible ester formation (Scheme
5.1.1).#! Such tight binding allows boronic acids to be used as the recognition moiety in
the construction of sensors for saccharides, as nucleotide and carbohydrate transporters
and as affinity ligands for the separation of carbohydrates.'° Boronic acid compounds also
have shown potential as antibody mimics targeted to cell-surface carbohydrates.
Quantifying the interaction between boronic acid and diol by measuring association
constants under aqueous conditions at physiological pH will assist in understanding the

fundamental factors behind boronate-diol binding.

(@] OH
OH K
Ho  OH | —_—
B
©/ OH SO;Na
O
PBA ARS Boronate ester

Scheme 5.1.1: Reversible boronate ester formation using the boronic acid PBA and the
diol ARS. Both UV-Vis and Fluorescence changes occur because of this interaction.

There are numerous examples in which fluorescence or UV-Vis spectroscopy have
guantified binding constants, often these cases are limited to compounds whose
spectroscopic properties are sensitive to the binding event.*! There is an interest in
developing boronic acid-containing antibody mimics for cell surface carbohydrates.*
However, often these boronic acid containing compounds are not fluorescent. Under such
circumstances, spectroscopic determination of binding constants relying on the intrinsic
spectroscopic property changes of absorbance and fluorescence upon binding becomes
difficult.*! Therefore, a method was developed by Springsteen and Wang that allows
guantification of binding constants between sugar and boronic acids regardless of

whether the boronic acid derivative is fluorescent.*!
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The method developed by Springsteen and Wang used an assay which utilized Alizarin
Red S. (ARS) as a reporter tool for boronic acid binding. Changes observed in UV-Vis
intensity and an increase in fluorescence are due to the catechol functionality in ARS
interacting with the boronic acid (Scheme 5.1.1).*! In this study, the method of
Springsteen and Wang was used to measure and quantify the boronate ester formation
of our novel synthesized compounds using either the UV-Vis or the fluorescence
properties of ARS. The modification made from the Springsteen and Wang method were
the use of HEPES buffer instead of a phosphate buffer, and a 96 well plate was used
instead of a cuvette. Subsequently, a competitive experiment between common
saccharides that are found in mammalian cells, boronic acid derivatives and ARS were

conducted and quantified using the fluorescence or UV-Vis data.

It is known that the pH of a solution influences the BA-ARS interaction. The effect of pH
on the BA-ARS interaction could interfere with the binding or cause much tighter
binding.*1°> Literature has reported that when investigating the optimal pH for the ARS
system, pH profiling showed that maximum fluorescence intensity changes were observed
at neutral pH.*%°> This is an ideal situation since we are interested in searching for sensors
that are functional at physiological pH. The reason for the optimal sensitivity at pH 7.4
could be due to pH-dependent binding strength of the BA-diol complex and ionization
state changes.”>>° It is known that the affinity of boronic acids with diols at low pH is small
and the large increase in fluorescence while raising the pH from 4 to 7 is consistent with

an increase in the binding constants in this pH range.

5.2 Boronic acid-diol binding between boronic acid derivatives and ARS

ARS, contains a catechol functionality. This demonstrates a high affinity for boronic acids3®

and is often used as a fluorescent reporter (i.e., an indicator), as it becomes fluorescent
upon binding with a boronic acid.3® This provides a direct method to determine of binding
constants with ARS. The binding of ARS was found to follow a similar pattern for most of

the boronic acids in question, with the highest association constant found near
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physiological pH.1%*! Scheme 5.2.1 shows the binding interaction between ARS, and our

novel, synthesized boronic acid derivative, compound DT14.
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Binding of a boronic
ARS DT14 acid with ARS

Scheme 5.2.1: Formation of boronate ester complex between the carbonyl boronic acid
DT14 and Alizarin Red S. A change in UV and fluorescence was used to quantify binding.

The BA-diol complex formed between DT14 and ARS resulted in a change in the
absorbance of the solution. The BA-diol complex solution showed a Amax change and a
visible color change from red to yellow upon addition of the boronic acid derivative. As
an example, the UV-Vis Spectrum of the carbonyl boronic acid derivative DT14 was
measured and a color change was observed. As the concentration of DT14 increased the
color of the solution changes vividly from red to yellow as shown in Figure 5.2.1. This
occurs as a consequence of the shift of Amax from 520 nm (red) to 460 nm (yellow), as

shown in Figure 5.2.2.

Blank — ee— 2 MM of BA

»,
. "

0.05 mM of —
BA

Figure 5.2.1: Example of color changes from red to yellow as the concentration of DT14
increases.
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Figure 5.2.2: Absorption spectral changes of ARS (0.1 mM) with increasing concentration
of DT14 (0-2 mM) in HEPES buffer (100 mM, pH 7.4).
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Looking at the absorption spectra, an isosbestic point is observed at 480 nm, indicating
the starting material and the product have an equal extinction coefficient. This indicates
that the reaction between the reporter, ARS, and the boronic acid is proceeding.

To determine whether UV-Vis or fluorescence spectroscopy would be more sensitive in
determining association constants, the above binding experiment between DT14 and ARS
was repeated and monitored using fluorescence spectroscopy. Figure 5.2.3 shows the
comparison between the two spectroscopic methods used to determine the association

constants between DT14 and ARS.
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Figure 5.2.3: Comparison between UV-Vis and Fluorescence spectroscopy measurements
of changes of ARS (0.1 mM) with increasing of boronic acid (DT14) concentration (0-2 mM)
in HEPES buffer (100 mM, pH 7.4). a) Plot of fluorescence changes. K3 is 17,973.6 £ 1.6 M
1. b) Plot of UV-Vis spectroscopy changes. K, is 11,829.6 + 2.8 M. Value is the average of
duplicate runs. Dotted lines represent 3% error for fluorescence changes and 4% error for
absorbance/fluorescence changes. Error bars represent standard deviation of average
absorbance across the duplicates.

From the results, comparing UV-Vis and fluorescence spectroscopy in Figures 5.2.2 and
5.2.3 and from Wang’s method, it was concluded that fluorescence was more sensitive
than UV-Vis.?*! The binding affinity using fluorescence spectroscopy is significantly higher
with a lower standard deviation then using UV-Vis spectroscopy. This can be explained
with the argument that fluorescence spectroscopy is the most sensitive and selective over
background reactions while UV-Vis spectroscopy is not.!>*¢ When considering the
guantification of this interaction, Thordarson’s 2011 paper was consulted regarding the
sensitivity and selectivity issues when carrying out supramolecular titrations.>®
Thordarson mentions that the primary concern when picking an instrument for the
instrumental method, should be factors such as concentration vs. expected association
strength or the potential influences of impurities.>® Fluorescence is particularity useful in
the case of when only one of the species in solution is fluorescent active (as in our case).>®
Fluorescence is more sensitive to impurities that give rise to fluorescence intensity.>® UV-

Vis spectroscopy, however, assumes a significant change in the molar absorptivity () upon

64



complexation and is vulnerable to the presence of impurities in the boronic acid or the
diol solutions.>®

The addition of boronic acid to an ARS solution increases its fluorescence intensity,
presumably through the removal of the fluorescence quenching mechanism.*! This
suggests that, in solution, an excited-state proton transfer between the catechol hydroxyl
groups and the adjacent ketone results in quenching of the ARS fluorescence intensity
(Scheme 5.2.2).>° This boronate ester formation experiment was performed with all the
synthesized boronic acid derivatives. An example of a typical set of fluorescence intensity
seen in an ARS solution upon addition of a boronic acid, is shown in Figure 5.2.4.
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Scheme 5.2.2: Competitive binding of a boronic acid with Alizarin Red S. and a 1,2-diol.
The addition of boronic acid to ARS increases the fluorescence intensity through the
proton transfer to the quinone between the hydroxyl groups and the adjacent ketone.*

The association constant for the boronic acid-diol complex (Ka) was found by titrating
boronic acid solution with the target diol compound. The extent to which the diol moiety
changes the fluorescence intensity depends on the binding affinity between boronic acid
and diol. Using the equation for association constant (Equation 2.3.2) where the
association constant for the ARS-BA complex (Ka,) was calculated using a non-linear fit and
the boronic acid-diol interaction method (see Chapter 2),*! the fluorescence at 460 nm
was plotted against the concentration changes of the boronic acid compound. The
wavelength of 460 nm was chosen because this is the Amax at which we detect the BA-ARS
complex formation at low concentrations of boronic acids and possible to monitor the
intensity changes at that Amax. The K; of the BA-diol complex was then be calculated. Plots
of fluorescence changes of ARS with increasing concentration of a boronic acid derivative

of each category is shown in Figure 5.2.4.
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Figure 5.2.4: Plot of fluorescence changes of ARS 0.1 mM) with increasing concentration
of synthesized boronic acid derivative of each category (0-2 mM) in HEPES buffer (100
mM, pH 7.4). Fluorescence versus concentration of the carbonyl boronic acid derivative
DT14 (mM) at pH 7.4 in 0.1 mM HEPES buffer solution and ARS. (Kais 17,973.7 + 1.6 M%),
Of phenylboronic acid derivative DT22 (K is 56.3 + 0.044 M1), of aldehyde derivative
DE348 (K, is 139.7 + 3.2 M!), of benzoxaborole derivative DE318 (K, 2,053.2 + 1.2 M%),
and of carboxylic acid derivative CO4 (87.9 £ 0.23 M2). Values are the average of duplicate
runs. Dotted lines represent 3% error for fluorescence changes.

The shape of the plot represents the tightness of the binding of ARS as the concentration
of the boronic acid increases. Figure 5.2.4 shows an example of boronic acid derivative
from each category (Carbonyl boronic acids, phenylboronic acids, benzoxaborole
derivatives, aldehyde derivatives and carboxylic acid derivatives). DT14 shows a sharp
increase in intensity at lower concentrations and plateaus at 0.5 mM. The binding of DT14
is the tightest out of the compounds in Figure 5.2.4, with a K,of 17,973.7 + 1.6 ML Thus,
sharp increase in the fluorescence signal indicates tight binding. DE318 has a similar shape
to DT14; however, the shape of DE318 is not as sharp, which suggests that DE318 exhibits
weaker binding compared to DT14, with K, 2,053.2 + 1.2MX. DE348 has a slight curve at
0.1 mM of DE348, which indicates weak binding affinity to ARS with K, of 139.7 + 3.2 ML,

The plots of DT22 and CO4 are essentially linear, suggesting that binding to ARS is weak.
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In this case, the binding affinities of DT22 and CO4 are low with K, of 56.3 + 0.044 M* and
87.9 + 0.23 M1 respectively. All the boronic acid derivatives were quantified based on

their binding to ARS and their association constants are summarized in Table 5.2.1.

Table 5.2.1: Calculated K, of binding of our synthesized compounds with ARS. Values are
the average of duplicate runs. Errors represent the standard deviation of averaged
absorbance measured that were used in Equation 2.2.3.

Category Compound K. BA-ARS (M)
Reported control 2FPBA 1,024.6 £0.17

PBA 1,553.1+1.1

Thymidine derivatives DT9 1,211.8+2.9
DT14 17,973.7t1.6

DT22 56.3+0.044

Benzoxaborole derivatives DE310 929.7 £0.78

DE318 2,053.2+1.2

Amino-aldehydes DE321 165.3 £0.75

DE342 166.7 £0.22

DE348 139.7+3.2

DE343 1179+15

DE344 120.7+2.9

DE347 130.7 £ 0.45

Carboxylic acid derivatives co1 387.4+£0.86

CO2 295.6 £ 0.31

COo3 113.6+1.8

CO4 87.9+0.23

COS5 38.8+2.8

It is known that pK; of boronic acids have an effect on the binding between boronic acids
and the diol.*! It was reported that: (1) higher pH favors the binding between boronic acid
and a diol; (2) the pH needs to be above the pK, of the boronic acid to see meaningful
binding; and, (3) more acidic boronic acids bind more tightly with diols.1%°> In our studies,
we initially compared the pK, values that were measured for each compound (See
Chapter 3) to the binding affinity constants calculated in Table 5.2.1 to test these three
factors. Figure 5.2.5 shows correlation scatter between the binding affinity constants and

the pK, values of our synthesized boronic acid derivatives.
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Figure 5.2.5: Relationship between pKj values of our synthesized boronic acid containing
compounds. pK, used were determined by using !B NMR Spectroscopy (Table 3.3.2) and
Ka values reported in Table 5.2.1. a) Including DT14. b) Excluding DT14.

Figure 5.2.5 shows the relationship between pK, values of the boronic acid derivatives
and their binding affinities to ASR. Figure 5.2.5(b) is shown excluding DT14 since the
binding affinity is very high and is shown as an outlier. There is a small linear correlation
between the pK, and the binding affinity for any of our compounds within each category,
however, the significance of the scatter in the data is much higher than the linear
correlation. As shown in Figure 5.2.5(b) as the pKa is higher, the binding affinity is also
higher. The structure of boronic acid derivatives, with the different functionalities, at
physiological pH does have more of an effect on the binding affinity than the pK;, alone.
From Table 5.2.1, it was observed that the carbonyl boronic acid derivatives bind more
tightly at physiological conditions. The thymidine containing carbonyl boronic acid
derivatives bind the tightest to ARS. A reason that could affect the binding and give these
significate and surprising differences between DT14 and DT9 would be the purity of these
compounds. The carbonyl boronic acid and phenylboronic acid derivatives, illustrate that
the structural functionalities in the boronic acid effects the magnitude of Ki. The
magnitude threshold for our binding of the compounds with diols is >3 to be a significant
difference between each other and between their controls. The structures of DT9, DT14
and 2FPBA each include an aldehyde functionality. The order of magnitude of binding
affinity between DT14 and DT9 is 15, which is surprising given the structural similarity

between the compounds. Thus, the proximity of the boronic acid group in DT9 to the
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oxygen on the C5 of the ribose could explain the difference in ARS binding between DT14
and DT9. Moreover, the ARS binding affinity to DT22 is significantly weaker than to DT14
or DT9, while the only structural difference is the absence of an aldehyde. Comparing the
order of magnitudes of DT22 to DT14, DT9, and the control compound PBA, DT22 was
considered as an outlier because of its weak binding affinity to ARS. Based on the analysis
of the differences in K3 values between DT14, DT9 and DT22, it is clear that the addition
of an aldehyde at the meta position of the boronic acid to the oxygen on the C5 of the

ribose increases the binding affinity to ARS.

The phenylboronic acid derivative DT22 bound weakly to ARS while PBA, which was used
as a control, bound tightly. This could be due to decomposition of DT22, or environmental
effects. DT22 was evaluated for purity by TLC analysis, however, a single spot was
observed, with Rf value consistent with that reported,3® suggesting that decomposition
was not a factor for the binding affinity difference. Another possibility could be the
absence of aldehyde and the addition of thymidine effecting the coordination of the
molecule and not allowing the ARS to bind to DT22. The aldehyde derivatives have shown
moderate binding; however, the binding affinity is not as tight as the carbonyl boronic
acids, with DE321 binding tighter than the rest of the other compounds under this
category with K, of 165.3 + 0.75 M and DE343 and DE344 with weaker association
constants of 117.9 + 1.5 and 120.7 + 2.9 M, respectively. Altogether, the results show
that the aldehyde containing compounds show good binding regardless of the presence
of a thymidine group. However, a compound that contains thymidine and no aldehyde,
such as DT22, does not bind well. Therefore, we can conclude that the aldehyde
functionality might be responsible for good binding within our compounds, and that a

thymidine group only promotes binding when an aldehyde functionality is present.
For the benzoxaborole boronic acid derivatives, no accurate control compound was
tested to compare ARS binding association constants. However, literature binding affinity

was compared to our synthesized benzoxaborole derivatives. According to Tomsho, the
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binding affinity of benzoxaborole at pH 7 is 3,190 + 110 M.’ This is within the range of
binding of our benzoxaborole derivatives with ARS. DE318 binds tighter than DE310, with
a K, of 2,053.2 + 1.2 M and 929.7 + 0.78 M7, respectively. The order of magnitude
difference between the K, values of DE318 and DE310 is 2.2, which is below the
significance threshold of 3; therefore, the difference in binding affinity between DE318
and DE310 is insignificant. As was mentioned in Chapter 3, the pK, of benzoxaborole is
similar to the carbonyl boronic acid derivatives.'* It is known that benzoxaboroles bind
well to diols and form a boronate ester.3® Although the benzoxaborole derivative, DE318,
has a pKa value similar to carbonyl boronic acid derivatives, it is less hindered by an
electron-withdrawing carbonyl, which provides a tighter binding under physiological
conditions. DE310 however, has a lower pK, value than DE318, which would prefer the
trigonal planar geometry and would bind slightly weaker with a diol than DE318.
Moreover, the benzoxaborole derivatives contain a strong electron withdrawing group
that might be much more hindered and provides a lower interaction under physiological

pH compared to the carbonyl boronic acid derivatives.

Looking at the carboxylic acid derivatives (CO1-CO5), the only difference between each
compound is the number of methylene groups between the amine and the carboxylic acid
functionalities. As the number of methylene increases, the K; decreases, and the binding
is weaker. The order of magnitude of binding affinity between the K, values CO1
(containing 1 methylene group) and CO2 (containing 2 methylene groups) is 1.3. As the
compound gets more clustered, the order of magnitude increases to 2.5 between CO2
and CO3 (containing 3 methylene groups). The same trend is observed between all the
carboxylic acid compounds. Thus, as the number of methylene groups increases, the

binding affinity of ARS to the boronic acid decreases.

The amino-aldehyde series had K, values between 166.7 + 0.22 M and 117.9 + 1.5 M},
a tight distribution of values, indicating that the structural changes of the analogues did

not significantly change diol binding. The two structural changes within the amino-
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aldehyde series were the number of methylene units (between 1-2) and the presence or
absence of fluorine on the aromatic ring. Considering the number of methylene units,
going from DE321 (1 methylene unit) to DE343 (2 methylene units) the affinity decreases.
Regarding the presence or absence of a fluorine atom on the ring, there was an
insignificant decrease in binding affinity between the fluorinated and the non-fluorinated
compounds. The carboxylic acid series had K; values between 387.4 £+ 0.86 and 38.8 + 2.8
M-, a greater range of values and a clear trend was observed where the binding affinity
decreased with increasing methylene units between the carboxylic acid and the amino

functionality.

Moreover, the aldehyde derivatives and the carboxylic acid derivatives contain a
secondary amine. Based on the X-ray crystallographic and mass spectrometry data (See
Chapter 3 for Crystallography results), CO1 was found to have a boron-nitrogen dative
bond between the boronic acid and the secondary amine. This results provides evidence
that the compounds containing a secondary amine all likely contain a boron-nitrogen
bond, forming a 5-membered ring. The pKa of a secondary amine is between 9 and 10.°8
Solutions at lower pH that the amine’s pK,, the amine would exist as a protonated
ammonium group, and the anionic sulfonate group on the ARS would interact with the
ammonium through an electrostatic attraction.>> The electrostatic interaction would
result in lower BA-ARS binding affinity. For our aldehyde and carboxylic acid derivative,
the association constants were much lower than those for the other boronic acids
suggesting that significant electrostatic interactions may influence the binding affinities

for these two groups of BA derivatives.>®

To conclude, in this study, boronate ester formation association constants were
determined for our synthesized boronic acid derivatives and ARS. K, values were
determined using the increased fluorescence intensity as ARS complexed to the boronic
acid derivatives. It was found that the carbonyl boronic acid derivatives have the greatest

binding affinity to ARS, while the carboxylic acid and aldehyde derivatives had the

71



weakest binding, relative to the two control compounds, PBA and 2FPBA. Specifically,
DT14 had an exceptionally tight association constant, relative to all the other compounds
analyzed. Benzoxaborole derivatives had tight binding to ARS and this is in agreement
with the literature.3® Phenyl boronic acid derivatives did not bind tightly to ARS, despite
the control compound PBA exhibiting strong binding to ARS. Our results indicate that
changing the structure of the boronic acid-containing compound varies the association
constant over a range of 10 — 10°. The design of a boronic acid-based sensor will require
knowledge of the intrinsic binding affinities between boronic acid and diol moieties. The
ARS system can be used to rapidly compare the affinities of many boronic acid derivatives.
Furthermore, the method employed in this work provides a way to study boronate ester

formation under physiological conditions.

5.3 Boronic acid-diol binding between boronic acid derivatives and various saccharides

Saccharides (or carbohydrates) are ubiquitous throughout the natural world. From simple
monosaccharides consisting of a single unit, to complex polysaccharides composed of
hundreds or thousands of individual monomers, these molecules form a diverse range of
structures allowing them to perform a wide range of different roles such as metabolic fuel
and cell-recognition events.>®> Compounds which complex to sugars can be useful for
saccharide sensor applications such as chemosensors for blood-glucose monitoring.
Therefore, we were interested in investigating the association constants of the boronic
acids with different saccharides. The same method developed by the Wang group was
used to quantify the association constant between our synthesized boronic acid

derivatives and various saccharides that are present on mammalian cell surfaces.04!

A three-component competitive reaction between the boronic acid, ARS and saccharide
was developed by Springsteen and Wang was found to be a useful and straightforward
method. 194! This method was used successfully (See Chapter 2), with the assumptions
that the starting concentration of the saccharides must be 100 times higher than the

concentration of the boronic acid containing compounds and of the ARS. Also, the rapid
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equilibria between the boronic acid, the ARS and the saccharide allows us to measure the
association constants. Various saccharides were used to determine the binding affinity
between our previously synthesized boronic acid compounds and those saccharides. The

saccharides used in this study are shown in Figure 5.3.1.
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Figure 5.3.1: Saccharides used in the three-component competitive reaction between
ARS and boronic acid derivatives.

Based on the work presented above and in Chapter 3, we expect that compounds with
lower ARS binding affinity will have higher binding affinity to the saccharides because
higher fraction of free boronic acids to bind with the sugars. Conversely, the compounds
that bind with greater affinity to ARS would be expected to bind with weaker affinity to
saccharides. Scheme 5.3.1 illustrates one example of the three-component competitive
reaction between ARS, one of our boronic acid derivatives, and fructose. The
monosaccharide fructose, is often used in boronic acid binding studies since it was found

to be have a high assosiation constant, as a consequance of the 1,2 cis-diol.3%°
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Scheme 5.3.1: Formation of a potential 1,2 cis-diol complex between the benzoxaborole
derivative DE318, ARS and fructose. [ARS] 0.1 mM, [DE318] 10 mM, [fructose] 0-0.1 M,
HEPES buffer (50 mM, pH 7.4).
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Figure 5.3.2: Plot of fluorescence changes of ARS- boronic acid complex with increasing
fructose. ARS (0.1 mM), boronic acid (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). For the carbonyl boronic acid derivative DT14, K, is 94.4 + 0.64 M. For
phenylboronic acid derivative DT22 (K, is 70.1 + 1.9 M%), of aldehyde derivative DE348
(Ka is 90.1 + 2.4 M?), for benzoxaborole derivative DE318 (K, 256.6 + 1.5 M), and for
carboxylic acid derivative CO4 (41.1 + 1.7 M%). Values are the average of duplicate runs.
Dotted lines represent 3% error for fluorescence changes.

In this experiment there are two competing equilibria. The first system is between the
boronic acid and the ARS, which has previously been measured, and the second system is
between the boronic acid and the diol which gives a new BA-diol complex.1%°® When

boronic acid compounds bind to ARS, the fluorescence intensity increases. However,
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when there is a competition between saccharide and ARS to bind with the boronic acid,
the fluorescence intensity decreases. This correlates with the association constants of
those compounds when binding to the saccharides. In Figure 5.3.2, a compound from
each boronic acid series shows the decrease in fluorescence intensity as the
concentration of fructose increases in the three-component assay between ARS and
fructose and the boronic acid derivative. All plots are hyperbolic and decrease sharply at
lower fructose concentrations (for example, 0.005 M), such as the plot of DE318, which
correlates to a tighter binding to fructose and a higher K, of 260 + 1.5 M. Next, DT14
shows a less hyperbolic shape which correlates to the slightly weaker binding and a K, of
94 + 0.64 M. The rest of the compounds showed a small hyperbolic shape, but no linear
shapes, which suggests that all compounds bind to fructose, with DT22 binding tighter
than DE348 and CO4 with Ka of 70 + 1.9 ML, DE348 and CO4 indicate a weak binding to
fructose at any concentration. The calculated association constants (Ka) are shown in

Table 5.3.1 and Table 5.3.2. K; was calculated in the same manner as the K; of ARS binding.

Table 5.3.1: Saccharide association constants (Ka) with boronic acid derivatives using 3-
component ARS assay. Values are the average of duplicate runs. N.b = no binding.

Compound Fructose Glucuronic Acid Glucose Xylose Sialic Acid
(M) (M) (M) (M) (M)
2FPBA 85.8+21.4 n.b 10.6+2.8 16.5+1.2 40+9.4
PBA 117.3+1.1 274149 37+1.1 48+49 53.6+27.9
DE310 24.7+1.7 56.7£0.43 6.9+4.1 22940 19.1+7.8
DE318 256.6+1.5 143.1 £ 0.27 109+21 346+1.3 42.1+14
DE321 71.3+0.83 36.1+2.2 66.6+7.9 106.9+2.5 22.9+0.38
DE342 161.5+1.6 28.1+0.45 19.1+1.3 155+1.1 19+8.1
DE343 84.7 +0.35 21.7+0.55 40.2+1.5 91.5+5.2 n.b
DE344 105.3+4.9 126+2.1 n.b n.b n.b
DE347 116.3+6.9 25.3+0.61 n.b 3.4+0.65 21.5+3.8
DE348 91.1+24 86.1+1.5 21.2+25 55.9+14 17.7+3.8
DT9 105.3 +0.66 n.b 15.3+0.49 28.8+0.30 n.b
DT14 94.4 £ 0.64 2.72+5.1 16.1+6.9 7.6+4.6 61.3+7.0
DT22 70.1+£1.9 n.b n.b n.b n.b
co1l 30.8+5.8 231.1+£0.52 24+25 8.4+4.2 8431125
C02 285+2.2 134.9+0.47 7.8+0.98 7.5+5.7 85.1+3.9
Cco3 30.2+1.6 63.6+1.1 19+1.1 10.2+1.1 7.0+£0.22
CO4 41.1+1.7 39.4+£0.45 1.1+21 42+3.1 10.2+£5.7
CO5 71.6+1.6 59.4+2.2 2.7+0.88 6.9+25 3.3+8.9



Table 5.3.2: Continued table of saccharide association constants (Ka) with boronic acid
derivatives using 3-component ARS assay. Values are the average of duplicate runs. N.b =

no binding.
Compound Mannose Galactose Rhamnose Sucrose Glucosamine
(M?) (M?) (M7) (M?) (M?)
2FPBA 8.1+1.3 4.8+0.41 119+2.1 n.b n.b
PBA 94+1.2 54+0.43 n.b n.b n.b
DE310 6.8+2.1 2726 1.5+0.64 n.b n.b
DE318 6.9+1.6 18.6 +3.6 11.7+2.4 n.b n.b
DE321 31+2.1 n.b n.b n.b 15.1£0.98
DE342 41.6+2.3 33.1+0.49 7.6+0.61 1.4+6.4 n.b
DE343 n.b n.b n.b n.b n.b
DE344 6.1+1.4 1.8+1.6 n.b n.b 1.9+0.044
DE347 199+1.3 2.2+6.2 n.b n.b n.b
DE348 20.2 £0.85 2477 n.b 18.1+9.1 n.b
DT9 8.1+1.3 17.1+4.6 399+7.0 525+2.5 1.4+4.7
DT14 9.1+4.5 57+2.0 6.0+0.77 n.b 1.0+2.9
DT22 23.2+£0.97 n.b n.b n.b n.b
co1 27.2+45 45+23 n.b n.b n.b
COo2 1.2+1.2 1.3+1.4 n.b n.b n.b
Co3 1.1+1.8 33+1.6 n.b n.b n.b
Co4 58+1.3 2.7+4.0 n.b n.b n.b
CO5 21+1.7 2.7+1.8 n.b n.b n.b

From our results, we observed that different compounds had different affinities to
saccharides, indicating that it is possible to create a more selective binder. Out of all the
sugars investigated, fructose, glucuronic acid, and glucose exhibited the highest
association constants across all boronic acid derivatives. Within this group of sugars,
fructose bound most tightly. Fructose was found to bind tightly to many of the
synthesized boronic acid derivatives and its tight binding is with agreement with control
compounds and literature values.%>> Comparing all the boronic acid derivatives and their
association constants with fructose, DE318 had the highest binding affinity at 256.6 + 1.5
M1, greater than PBA or 2FPBA. The other benzoxaborale compound DE310, had a
significantly lower association constant (order of magnitude is 3.4) with fructose
compared to DE318, most likely due to induction effects from the trifluoromethyl group.

The aldehyde derivatives showed a wide range of binding affinities from the weakest
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binder DE321, with a Ka=71.3 £ 0.83 M, to the greatest binder DE342, with a K= 161.5
+1.6 M1, The higher binding affinity of DE342 compared to the other aldehyde derivatives
could potentially be explained by the position of the fluorine and the number of
methylene groups between the amine and the aldehyde. The carbonyl boronic acids,
DT14 and DT9, showed moderate binding with fructose, slightly higher than 2FPBA. In
general, the carboxylic acid derivatives exhibited the weakest binding to fructose, with
the exception of CO5, which had an association constant of 71.6 + 1.6 M. Finally, DT22
showed slightly weaker binding than PBA, with an order of magnitude of 0.6, which is not
significantly different. There were some compounds that bound more tightly to other
sugars than fructose, notably CO1 bound to glucuronic acid, CO2 bound to glucuronic acid

and DE321 bound to xylose.

The trends in binding affinity between glucuronic acid and the boronic acids were contrast
with the trends observed for fructose binding. Overall, glucuronic acid was found to bind
tightly to our synthesized derivatives. There have been few reports investigating the sugar
binding of boronic acids to glucuronic acid in the literature.®! For glucuronic acid, the
carboxylic acid derivatives bound more tightly than the other boronic acid categories,
compared to the aldehyde derivatives for fructose. CO1 and CO2 showed greater binding
to glucuronic acid with K, values of 231.1 + 0.52 M and 134.9 + 0.47 M7, respectively.
Furthermore, CO3, CO4, and CO5 bind weakly with K= 63.6 + 1.1 M for CO3, 39.4 + 0.45
M- for CO4 and 59.4 + 2.2 M* for CO5. The carbonyl derivatives DT9 and DT22 did not
bind to glucuronic acid at all, and DT14 bound weakly with a K, of 2.72 + 5.1 ML, Weak
binding to the carbonyl derivatives is unlike the binding with fructose, which bound
strongly to these compounds. The carbonyl boronic acid control, 2FPBA, also did not bind
to glucuronic acid, which suggests that there is a structural reason why these derivatives
do not bind to glucuronic acid specifically. One structural feature of glucuronic acids is the
presence of a carboxylic acid functionality at C6, which could result in glucuronic acid
selectively binding to boronic acids without an aldehyde functionality. Comparing the

binding affinities of the aldehyde derivatives between glucuronic acid and fructose, a
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significant decrease in association constants is observed. Specifically, DE342, which
bound fructose, did not bind to glucuronic acid. Alternatively, the increase in binding of
the carboxylic acid derivatives with glucuronic acids could have resulted from proximity
of the carboxylic acid in the boronic acid to the boron atom. Finally, the benzoxaborole
derivatives show similar binding affinities to glucuronic acid compared with fructose, with
DE318 more tightly binding than DE310, with association constants of 143.1 + 0.27 and
56.7 +0.43 M2, respectively.

Following fructose and glucuronic acid, glucose was the next tightest binder to the
boronic acid derivatives. Glucose is known to be a sugar of interest in biological
applications and it was reported to have moderate binding to boronic acids.'%>° Glucose
binds with a similar trend across all boronic acids but with overall lower association
constants compared to fructose. DE321 showed the highest binding affinity to glucose,
with an association constant of 66.6 + 7.9 M1, comparable to its binding with fructose.
Across the rest of the aldehyde derivatives, glucose bound tightly relative to the aldehyde
control 2FPBA, with the exception of DE344 and DE374, which did not bind to glucose.
Comparing DE344 and DE374 to DE321, the former have a fluorine substituent and a
lower number of methylene groups between the amine and the aldehyde. This suggests
that the functionalities of the aldehyde boronic acid derivatives influenced the binding
affinity to glucose. The benzoxaborole and carbonyl derivatives bind to glucose with
similar affinities. For example, DE318 and DT14 were the tightest binders in their
respective categories, with association constants of 10.9 + 21 and 16.1 + 6.9 M,
respectively. The phenylboronic and carboxylic acid derivatives bind with an equal or less
order of magnitude to their control compounds PBA and 2FPBA, which had association
constants of 3.7 + 1.1 and 10.6 *+ 2.8 M}, respectively. Based on our results, glucose is a
weak to moderate binder to our boronic acid derivatives, relative to fructose and

glucuronic acid.
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Comparing the remaining saccharides, there are some similar and some unique trends in
the association constants across all the boronic acid derivatives. Sialic acid shows similar
trends in association constants to glucuronic acid. CO1 and CO2, which bind tightly to
glucuronic acid also bind the tightest to sialic acid, with association constants of 84.3 +
12.5 and 85.1 + 3.9 M, respectively. The boronic acids which did not bind to sialic acid,
also showed low to no binding with glucuronic acid. For example, DE344 did not bind to
either saccharide, and DE343 did not bind to sialic acid but bound to glucuronic acid with
a weak binding. The trends in binding for sialic acid and glucuronic acid can both be
attributed to their similar structure. Glucuronic acid and sialic acid both contain a
carboxylic acid. As discussed previously, these sugars selectively bind to boronic acids
with carboxylic acid functionalities. Rhamnose favors a cis-diol pyranose in solution;
however, does not bind to most of the boronic acid derivatives. Rhamnose is an example
where not all cis-diols bind boronic acids. Rhamnose is the only saccharide out of the
tested saccharides to contain a methyl group on C5 and its binding affinity is mostly low.
This could be due to a steric effect between the hydroxyl and methyl groups at C3 and C5
which would block the ability of the boronic acid to bind to rhamnose. Rhamnose is also
a sugar that contains a 2,3-cis diol, which was expected to coordinate boronic acids with

higher affinity than observed.

Xylose showed a significant binding to DE321, with a K, of 106.9 + 2.5 M™%, and no binding
to DT22 and DE344. The rest of the compounds were bound moderately to xylose, where
DT9 has a K, of 28.8 + 0.30 M1, DT14 has a lower K; of 7.6 + 4.6 M! and DE318 has K, of
34.6 + 1.3 M. Aldehyde derivatives have a moderate interaction with xylose except for
DE343 binding tightly with K, of 91.5 + 5.2 M and DE348 with K, of 55.9 + 14 M. The
carboxylic acid derivatives showed weak binding between 4-10 M with CO3 having a K
of 10.2 + 1.1 M! and CO4 having K, of 4.2 + 3.1 M. This could be because of a positively
charged group that electrostatically interacts with the negatively charged group or by
hydrogen bonds since xylose has multiple hydroxyl groups and the carboxylic acid on the

C1.3® Mannose and Galactose showed a similar binding affinity patterns to xylose, with
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the tightest binder being DE342 binding with K; of 41.6 + 2.3 Mt and 33.1 + 0.49 MY,

respectively.

Sucrose and glucosamine did not bind or bound weakly to the boronic acid derivatives
with the exception of DT9 binding to sucrose and DE321 binding to glucosamine with a K;
of 52.5 + 2.5 and 15.1 + 0.98 M, respectively. Sucrose is comprised of glucose and
fructose linked through their anomeric centers. As a consequence of this structure,
neither the glucose or fructose units in sucrose are able to present a cis diol for boronic
acid binding. Boronic acids are well known to interact with the furanose form of glucose.®?
However, the formation of glucofuranose-boronic acid complexes is driven by the stability
of the boronate ester of the 1,2-diol of the glucofuranose, which is not possible for
glucosamine.®3 This is consistent with the lack of binding observed for glucosamine and

our boronic acid derivatives.

Overall, our results show that there are binding similarities based on the boronic acid
series. Boronic acids within a series bound similarly to the same saccharide. However,
some compounds show more selective interactions, for example, DE342 binds tightly to
fructose, but more weakly to all other saccharides. Selective binders will be helpful when
designing compounds for a specific saccharide. However, some compounds bound tightly
to many saccharides (Such as DE318, CO1, DE321, DE348), that could become universal
saccharide binders. Thus, the structure and binding affinities need to be carefully
considered when developing a sensor. Furthermore, future work based on this study,
could determine the structure of complexes between specific boronic acids and a
particular sugar by NMR. Such an analysis would help understand the trends in association

constants across all saccharides and boronic acids evaluated in this work.
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5.4 Summary

We explored the boronic ester formation between ARS as a reporter tool and our novel
synthesized boronic acid compounds and later the binding of various saccharides to those
boronic acid compounds. The complexation was quantified using fluorescence. We found
that different functionalities within the structure effect the binding with ARS, and the
different saccharides with each compound independently. The magnitude of the binding
affinity represents the differences in binding of each compound with different
functionalities and the different saccharides. This gives the possibility to create and
synthesize selective binders depending on the functionalities and the saccharide of

interest.
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Chapter 6. Conclusion

The work reported in this thesis evaluated a library of boronic acid derivatives, by
measuring a series of physicochemical properties to provide insight into the utility of the
boronic acid derivatives to function as potential sensors. The sixteen different boronic
acid containing compounds had additional functionalities including thymidine,
benzoxaborole, aldehyde, amine, carboxylic acid and ortho-aldehydes. These compounds
were characterized by measuring their pKa values and their structural equilibria under
aqueous conditions, their boronate ester formation when binding to diols and

saccharides, and where appropriate, their reactivity towards Lysine.

In the pKa determination study, all 16 boronic acid compounds were evaluated based on
their structural changes at different solution pH values. Using UV-VIS and NMR
spectroscopy, the pKa. values of each category of boronic acid derivatives were
determined. NMR spectroscopy was found to be the most accurate technique used for
pKa determination because NMR can isolate signals for the boron center, rather than
reporting the average pK, for the entire structure. pK, values were determined for the
carbonyl boronic acids, the phenylboronic acids and the benzoxaborole derivatives, as
they showed only one structural change across varied solution pH values using NMR
spectroscopy. However, the aldehyde and the carboxylic acid derivatives showed multiple
chemical changes that were not further explored in our one pK; fitting methods. Potential
future work would be to explore the hypothesis of having a ring cyclization by performing
a full NMR analysis, which would collect and analyse the 1D H, !B, '3C, and 2D HMBC
and HSQC NMR data. Conducting these measurements at appropriate pH values will
provide greater insight to the structural changes of the compounds and the selectivity
and binding of each derivative to diols. Moreover, developing a crystallographic method
at high pH solutions to further explore its structure would complement our NMR

characterization.
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In the iminoboronate and diazaboronate formation study, Boc-Lys-OH was used as a
potential binder. The carbonyl boronic acid derivatives DT9 and DT14 formed an
iminoboronates successfully. However, our hypothesis that the aldehyde derivatives
would form a diazaboronate was incorrect, despite their structural similarity to other
diazaboronates in the literature. This could be due to the chemical structure of the
compounds or of the amino acid at physiological pH. Future work repeating this
experiment at different pH solutions would explore the structure-binding properties of
our aldehyde derivatives further. Furthermore, testing a range of solution pH values
would explore the effect of pK, values of Boc-Lys-OH and of our compounds that were
obtained from the pK; determination study. Theoretically, we would want a high fraction
of tetrahedral boronate center, which would exist at higher pH solutions. Moreover, this
work would determine at what pH would yield the highest formation of the
iminoboronate complex. Ultimately, we would want the highest formation of the

iminoboronate complex at physiological pH to have any practical application.

In the final study, the binding of our boronic acid derivatives to different saccharides was
quantified. Out of the different saccharides that were studied, there were novel
interactions between the saccharides and the boronic acid derivatives such as the high
affinity of the compound CO1 with glucuronic acid. We found that different functionalities
within the boronic acid structure influenced the binding with each saccharide
independently. The result of this finding is a good starting point for creating and
synthesizing selective binders for saccharides of interest. It is known that diols bind to
boronic acid via 1,2-cis diol binding, however, the structure of the complexes were not
determined in our study. Future work could be to investigate the boronic acid-diol
interactions using NMR spectroscopy. By using NMR spectroscopy, the structural factors
influencing strong binding between a boronic acid derivative, and a particular saccharide

could be determined.
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Appendix B. PK; Using 'H, 1'B and °F NMR Spectroscopy Plots
And Calculations
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pKa calculations of DT9 using the non-linear equation 2.3.3. pK, is 7.8.
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pKa calculations of DT14 using the non-linear equation 2.3.3. pKj is 7.7.
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pKa calculations of DT22 using the non-linear equation 2.3.3. pKj is 8.5.
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pKa calculations of DE310 using the non-linear equation 2.3.3. pKj is 5.2.
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pKa calculations of DE318 using the non-linear equation 2.3.3. pKj is 6.9.
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pKa calculations of DE321 using the non-linear equation 2.3.3. pKs is 3.3.
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pKs calculations of DE342 using the non-linear equation 2.3.3. pK; is 4.4.
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pKa calculations of DE348 using the non-linear equation 2.3.3. pKj is 3.9.
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pKa calculations of DE343 using the non-linear equation 2.3.3. pK; value is 4.1.
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pKa calculations of DE344 using the non-linear equation 2.3.3. pK; value is 3.5.
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pKa calculations of DE347 using the non-linear equation 2.3.3. pK; value is 3.3.
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pKa calculations of CO1 using the non-linear equation 2.3.3. pK; is 7.8.
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pKa calculations of CO2 using the non-linear equation 2.3.3. pKa is 5.4.
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pKa calculations of CO3 using the non-linear equation 2.3.3. pK; is 6.7.
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pKa calculations of CO4 using the non-linear equation 2.3.3. pKa is 6.6.

BacktopH 1 M J A
Jﬂbjlf N

l)ll é; _/L/LL L [T
‘M,_—/‘/\L 5 AL
JM \ Y

_pHs A M L
0H4l_“
pH 3 I_»“
pH 2 |_nu

DH{] l_u . ‘ . ‘ ‘ [ ‘
8 6 4

IH NMR Spectrum (500 MHz, D20) of CO4 with increasing pH values.

132



/A ﬂ Back to pH

CO5
HJL, pH 11
pH 10

pH9

pH 8

pH 7

L pH 6
JLA pH 5
_____k pH 4
M,_/;L_ pH3
‘/_—JL_ pH?2
JL___ I - pH 1

30 20 1‘0 0 -10 [PLDm_
1B NMR Spectrum (500 MHz, D,0) of CO5 with increasing pH values.

pH
O Bshift —e=——Fit

pKa calculations of CO5 using the non-linear equation 2.3.3. pK; is 5.7.
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Appendix C. Derivation of Equation 2.4.2

The spectroscopic change in the ARS following diol binding allows the binding coefficient
between the ARS and the boronic acid to be measured directly using fluorescence spectroscopy.
This relationship was modeled using Equation 1 where the recorded intensity was plotted

against the boronic acid concentration.

_ Ag + AcKy[Ligand]y
1+ Ky[Ligand],

The derivation of equation 1 is as follows. The basic equilibrium for the diol binding of ARS and
boronic acid to form an ARS- BA complex is defined in equation 2. ARS= A, boronic acid=
[ligand]r,and ARSBA= A.leading to equation 3. Using the equilibrium defined with equation 3,
the thermodynamic association constant Kq is defined in equation 4. Equations 4 and 5 are
defined by the relation between the initial concentration of the ligand and the initial
concentration of A to the concentration of the free ARS [A], free boronic acid [ligand]r and the
complex forming between ARS and the boronic acid [A.]. Equation 6 is rearranged into equation
7. Substituting equation 4 into equation 7 gives equation 8. Inversing equation 8 gives a ratio
between the concentration of the free ARS [A] and the initial concentration of ARS [A]o in
equation 9. The ratio between the concentration of the ARS- BA complex and the initial
concentration of ARS is first introduced in equation 10, using equation 6 to define the
denominator. Substituting equation 4 into equation 10 yields equation 11, which is repeated to
yield equation 12. Equations 12-14 are simplified which brings to the final form of the ratio. This
experiment is performed with about a 1000 times more concentrated boronic acid than the
initial concentration of ARS, which is shown in equation 15. This allows the assumption that the
high majority of ARS in the equilibrium exists in the ARS- boronic acid comple, instead of being
free in the solution. This is shown in equation 16 and 17. The Absorbance of a compound Ax can
be defined in equation 18, and it is the product of the initial intensity /o, the absorbance
quantum yields @, the extinction coefficient €, the path length b, and the concentration of the
absorbent [X]. These intrinsic properties of the absorbent and the instrument are simplified to a

term k.
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The initial absorbance can be modeled with equation 19, as there is no ARS- boronic acid
complex formed. The only Absorbent compound is the initial ARS. The Absorbance of the system
at equilibrium A can be modeled with equation 20 with both the free ARS and the ARS- boronic
acid complex add to the overall absorbance of the system. The ratio between the absorbance of
the system at equilibrium A and the initial absorbance Ao is defined in equation 21. Rearranging
equation 21, substituting in equation 4, and simplifying is shown in equations 21-24. At this
point, a second assumption is made about the system. There is no self-quenching observed and
it is being expressed in equation 25. When equation 25 is substituted into equation 24, equation
26 is derived and rearranging it yields to equation 27. Substituting equation 19 into equation 27
yields equation 28 which is then being simplified into equation 29. Equation 17 is then
substituted into equation 29, which yields equation 30. Finally equation 18 is used to transform
equation 30 into the final relationship defined by equation 1.

(2)
ARS + BA 2 ARS BA

A+ [Ligand]; 2 A,

(4)
[A]

Ka = [AllLigandly]

(5)
[[Ligand]r], = [[Ligand]r] + [A.]

(6)

[al, . [A]

A -t
Ao _ oo (8)
o= 1+ KallLigandly)
[A] 1

[Al, 1+ K,l[[Ligand] ] (9)
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(4] _ KalAll[Ligand]]
Ao e+ KalAll Ligand]y]
(4] _ KalA]l[Ligand]]
Ao Kgalligandlol g aiiviganaly)
[4c) _ 1
Al, 1
e e

[Ac]  KgllLigand]y]
[Al, KgallLigand];] +1

[[Ligand]r], > [Al,

A, = 1,®eb[X] = ky[X]

Ay = AAO + A[Ligand]To + Aco = AAO = kAo [A],
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(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)



A=A, + A[Ligand]T + A=A+ A = ky[A] + kAC [Ac]

A kglA]+ ks [Ac]

Ao kalAl

Ak,

AO - kAo (1 + Kd[[ngand]T] kAo

kaf 4 kAc/ K,[[Ligand],]
kAO kAO
4, 1+ K4[[Ligand];]

kA = kAo

k .
4 1+ Ac/kAo K4l[Ligand]y]

A, 1+ Ky[[Ligand];]

A, + kAc/kA A Kyl[Ligand]y]

A= 1+ K [[Ligand],]

Ao+ ) ks, lAl,Kq[Ligand])
A= 0

1 ka, [ KgllLigand]r]
) 1+ K,[[Ligand] ;]

1+ Ky[[Ligand] ]

138

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)



(29)

Ay + [Aloka KallLigand]y]
1+ Ky[[Ligand] ;]

A=

Ao + [Ac]kAch[[Ligand]T] (30)
1+ Ky[[Ligand] ;]

A=

_ Ag + AcKylLigand] (1)
1+ Ky[Ligand]y

This equation relates the absorbance of the system A to the initial absorbance Ao the
absorbance of the free ARS A, the association constant of the boronic acid to the
monosaccharide Kg, and the concentration of the monosaccharide [ligand]r . Same form of

equation was used for fluorescence spectroscopy system.
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Appendix D. Iminoboronate and Diazaborine Using UV-Vis
Spectroscopy
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UV Spectroscopy of 2FPBA with increasing concentration of Boc-Lys-OH.
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Plot of absorbance (280 nm) changes of 2FPBA (1.0 mM) with increasing of Boc-Lys-OH
concentration (0-80 mM) in HEPES buffer (1000 mM, pH 7.4). (K, was calculated to be 88.7
+ 0.04 M1). Values are the average of duplicate runs. Dotted lines represent 3% error
calculated of absorbance.
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UV Spectroscopy of DT9 with increasing concentration of Boc-Lys-OH.

DT9 + Boc-Lys-OH UV-Vis

]
©
€
c
o
o0
(gl
[J]
()
c
m©
2
o
(%]
o]
<
9O+
0 20 40 60 80 100
Boc-Lys-OH (mM)

o AveData Fit  ceeeeeeeeenes + 3% eeeeeeneenns -3%

Plot of absorbance (280 nm) changes of DT9 (1.0 mM) with increasing of Boc-Lys-OH
concentration (0-80 mM) in HEPES buffer (1000 mM, pH 7.4). (K, was calculated to be 64.4
+ 0.03 M1). Values are the average of duplicate runs. Dotted lines represent 3% error
calculated of absorbance.
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UV-Vis Spectroscopy of DT14 with increasing concentration of Boc-Lys-OH.
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Plot of absorbance (320 nm) changes of DT14 (1.0 mM) with increasing of Boc-Lys-OH
concentration (0-80 mM) in HEPES buffer (1000 mM, pH 7.4). (Kabs was calculated to be
66.9 +0.07 M1). Values are the average of duplicate runs. Dotted lines represent 3% error
calculated of absorbance.
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Plot of absorbance (260 nm) changes of DE318 (1.0 mM) with increasing of Boc-Lys-OH
concentration (0-80 mM) in HEPES buffer (1000 mM, pH 7.4). (Ks was calculated to be
0.00+0.2 M1). Values are the average of duplicate runs. Dotted lines represent 3% error
calculated of absorbance.
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® AveData

Plot of absorbance (240 nm) changes of DE321 (1.0 mM) with increasing of Boc-Lys-OH
concentration (0-80 mM) in HEPES buffer (1000 mM, pH 7.4). (Ks was calculated to be
0.00+0.001 M1). Values are the average of duplicate runs. Dotted lines represent 3% error
calculated of absorbance.
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Iminoboronate Formation with Ethylamine
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Plot of absorbance (280 nm) changes of 2FPBA (1.0 mM) with increasing of ethylamine
concentration (0-80 mM) in HEPES buffer (1000 mM, pH 7.4). (K, was calculated to be 86.4
+ 0.01 M1). Values are the average of duplicate runs. Dotted lines represent 3% error
calculated of absorbance.
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Appendix E. Iminoboronate and Diazaborine using NMR
Spectroscopy

Iminoboronate Formation
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L L 0

'H NMR Spectrum (500 MHz, phosphate buffer) of 2FPBA added with Boc-Lys-OH.
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'H NMR Spectrum (500 MHz, phosphate buffer) of DT9 added with Boc-Lys-OH.
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'H NMR Spectrum (500 MHz, phosphate buffer) of DT14 added with Boc-Lys-OH.
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'H NMR Spectrum (500 MHz, phosphate buffer) of DE318 added with Boc-Lys-OH.
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'H NMR Spectrum (500 MHz, phosphate buffer) of Benzaldehyde added with Boc-Lys-
OH.
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Diazaborine Formation
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'H NMR Spectrum (500 MHz, phosphate buffer) of DE321 added with Boc-Lys-OH.
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'H NMR Spectrum (500 MHz, phosphate buffer) of DE321 added with ethylamine.
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Appendix F. Diol Binding to Boronic Acids UV-Vis Spectroscopy
Data
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UV Spectroscopy of 2FPBA with increasing concentration of ARS.
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Plot of absorbance (460 nm) changes of 2FPBA (0.1 mM) with increasing of ARS
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be 944.6
+0.003 M), Value is the average of duplicate runs. Dotted lines represent 3% error.
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Plot of absorbance (460 nm) changes of DT9 (0.1 mM) with increasing of ARS
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be 558.8
+0.003 M1). Value is the average of duplicate runs. Dotted lines represent 6% error.
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Plot of absorbance (460 nm) changes of DT14 (0.1 mM) with increasing of ARS
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (Ks was calculated to be
11,829.6 + 0.0002 M). Value is the average of duplicate runs. Dotted lines represent 3%

error.
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Plot of absorbance (460 nm) changes of DT22 (0.1 mM) with increasing of ARS
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K; was calculated to be
1,126.1 + 0.002 M1). Value is the average of duplicate runs. Dotted lines represent 6%
error.
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UV Spectroscopy of DE310 with increasing concentration of ARS.
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Plot of absorbance (460 nm) changes of DE310 (0.1 mM) with increasing of ARS

concentration (0-2 mM

) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be 89.3

+ 0.1 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.

154

DE310



/OH
B
\
0
0.3
DE318
0.25
0
0.05
5 0.2
< 0.1
g 0.25
S 0.15 0.5
0
o —0.7
3 —_—1
< 01
—12
—15
0.05 —
—_
0
350 400 450 500 550 600

Wavelength (nm)

UV Spectroscopy of DE318 with increasing concentration of ARS.
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Plot of absorbance (460 nm) changes of DE318 (0.1 mM) with increasing of ARS
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (Ks was calculated to be
1,411.2 + 0.0006 M?). Value is the average of duplicate runs. Dotted lines represent 3%
error.
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Plot of absorbance (460 nm) changes of DE321 (0.1 mM) with increasing of ARS
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (Ks was calculated to be
1,816.2 + 0.0002 M?). Value is the average of duplicate runs. Dotted lines represent 3%
error.
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Appendix G. Diol Binding to Boronic Acid Fluorescence Data

ARS + 2FPBA Fluorescence oHO\B/OH
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Fluorescence, RFU

Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of 2FPBA
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (Ka was calculated to be 1024.6
+0.17 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.

ARS + PBA Fluorescence HO\B/OH

PBA

e AveData

Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of PBA
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be
1553.1 + 1.1 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.
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ARS + DT9 Fluorescence HO\B,OH
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of DT9
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K; was calculated to be
1211.8 + 2.9 M1). Value is the average of duplicate runs. Dotted lines represent 4% error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of DT14
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be

17,973.7 + 1.6 M1). Value is the average of duplicate runs. Dotted lines represent 3%
error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of DT22
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be 56.3
+ 0.044 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of DE310
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K; was calculated to be
929.7 + 0.78 M'1). Value is the average of duplicate runs. Dotted lines represent 3% error.
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ARS + DE318 Fluorescence
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of DE318
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K; was calculated to be
2053.2 £ 1.2 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of DE321
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be

165.3 £ 0.75 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of DE342
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be
166.7 + 0.22 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.

OHHO, OH
B, _;}—OH B, ,=0
[::I:/N [::I:/N_/F_
DE343

ARS + DE343 Fluorescence

Fluorescence, RFU

1 1.5 2 2.5
DE343 (mM)
° AveData Fit  eeeeeemneees + 39 e - 3%

Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of DE343
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K; was calculated to be
117.9 + 1.5 M), Value is the average of duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of DE344
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K; was calculated to be
120.7 £ 2.9 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of DE347
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be
130.7 £ 0.45 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of DE348
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be
139.7 + 3.2 M), Value is the average of duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of CO1
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K; was calculated to be
387.4 +0.86 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.
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ARS + CO2 Fluorescence
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of CO2
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be
295.6 + 0.31 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of CO3
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be
113.6 + 1.8 M), Value is the average of duplicate runs. Dotted lines represent 4% error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of CO4
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (K, was calculated to be 87.9
+0.23 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence (460 nm) changes of ARS (0.1 mM) with increasing of CO5
concentration (0-2 mM) in HEPES buffer (100 mM, pH 7.4). (Ka was calculated to be 38.8
+ 2.8 M1). Value is the average of duplicate runs. Dotted lines represent 3% error.
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ARS + 2FPBA + Fructose Fluorescence O B
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Plot of fluorescence changes of ARS-2FPBA complex with increasing concentration of
fructose. ARS (0.1 mM), 2FPBA (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 85.8 + 21.4 M), Value is the average of duplicate runs.
Dotted lines represent 8% error.
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Plot of fluorescence changes of ARS-PBA complex with increasing concentration of
fructose. ARS (0.1 mM), PBA (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 117.7 + 1.1 M™2). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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ARS + DT9 + Fructose Fluorescence
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Plot of fluorescence changes of ARS-DT9 complex with increasing concentration of
fructose. ARS (0.1 mM), DT9 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 105.3 + 0.66 M). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DT14 complex with increasing concentration of
fructose. ARS (0.1 mM), DT14 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 94.4 + 0.64 M™). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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ARS + DT22 + Fructose Fluorescence B
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Plot of fluorescence changes of ARS-DT22 complex with increasing concentration of
fructose. ARS (0.1 mM), DT22 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 70.1 + 1.9 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE310 complex with increasing concentration of
fructose. ARS (0.1 mM), DE310 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 24.7 + 1.7 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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ARS + DE318 + Fructose Fluorescence
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Plot of fluorescence changes of ARS-DE318 complex with increasing concentration of

fructose. ARS (0.1 mM), DE318 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 256.6 + 1.5 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE321 complex with increasing concentration of

fructose. ARS (0.1 mM), DE321 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 71.3 £ 0.83 M™). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE342 complex with increasing concentration of
fructose. ARS (0.1 mM), DE342 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 161.5 + 1.6 M™2). Value is the average of duplicate runs.
Dotted lines represent 5% error.

OH
OH B. /=0
— o

ARS + DE343 + Fructose Fluorescence

140
120
100 q
80
60

40

Fluorescence, RFU

20

o+——F—7T
0 0.1 0.2 0.3 0.4

Fructose (M)
Y AveData — Fit eeeeeeeenans + 3%  eeeeerneenns -3%

Plot of fluorescence changes of ARS-DE343 complex with increasing concentration of
fructose. ARS (0.1 mM), DE343 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (K was calculated to be 84.7 + 0.35 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE344 complex with increasing concentration of
fructose. ARS (0.1 mM), DE344 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 105.3 + 4.9 M), Value is the average of duplicate runs.
Dotted lines represent 5% error.
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Plot of fluorescence changes of ARS-DE347 complex with increasing concentration of
fructose. ARS (0.1 mM), DE347 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 116.3 + 6.9 M™2). Value is the average of duplicate runs.
Dotted lines represent 5% error.
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Plot of fluorescence changes of ARS-DE348 complex with increasing concentration of
fructose. ARS (0.1 mM), DE348 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 91.2 + 2.4 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO1 complex with increasing concentration of
fructose. ARS (0.1 mM), CO1 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (K was calculated to be 30.8 + 5.8 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO2 complex with increasing concentration of
fructose. ARS (0.1 mM), CO2 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 28.5 + 2.2 M1). Value is the average of duplicate runs.

Dotted lines represent 4% error.
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Plot of fluorescence changes of ARS-CO3 complex with increasing concentration of
fructose. ARS (0.1 mM), CO3 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (K was calculated to be 30.2 + 1.6 M™2). Value is the average of duplicate runs.

Dotted lines represent 8% error.
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Plot of fluorescence changes of ARS-CO4 complex with increasing concentration of
fructose. ARS (0.1 mM), CO4 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 41.1 + 1.7 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO5 complex with increasing concentration of
fructose. ARS (0.1 mM), CO5 (10 mM), fructose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 71.6 + 1.6 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-2FPBA complex with increasing concentration of
glucose. ARS (0.1 mM), 2FPBA (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 10.6 + 2.8 M1). Value is the average of duplicate runs.
Dotted lines represent 5% error.

HO. __OH
ARS + Glucose + PBA Fluorescence B

O

PBA

0 0.1 0.2 0.3 0.4

Glucose (M)
®  AveData e Fit  ceeeereeeens + 3% e -39%

Plot of fluorescence changes of ARS-PBA complex with increasing concentration of
glucose. ARS (0.1 mM), PBA (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 3.7 + 1.1 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DT9 complex with increasing concentration of
glucose. ARS (0.1 mM), DT9 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 15.3 + 0.49 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DT14 complex with increasing concentration of
glucose. ARS (0.1 mM), DT14 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 16.1 + 6.9 M1). Value is the average of duplicate runs.
Dotted lines represent 7% error.
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Plot of fluorescence changes of ARS-DT22 complex with increasing concentration of
glucose. ARS (0.1 mM), DT22 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.47 + 1.1 M1). Value is the average of duplicate runs.

Dotted lines represent 8% error.
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Plot of fluorescence changes of ARS-DE310 complex with increasing concentration of
glucose. ARS (0.1 mM), DE310 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 6.9 + 4.1 M1). Value is the average of duplicate runs.

Dotted lines represent 4% error.
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Plot of fluorescence changes of ARS-DE318 complex with increasing concentration of
glucose. ARS (0.1 mM), DE318 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 10.9 + 21 M™1). Value is the average of duplicate runs.

Dotted lines represent 5% error. O
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Plot of fluorescence changes of ARS-DE321 complex with increasing concentration of
glucose. ARS (0.1 mM), DE321 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (K was calculated to be 66.6 + 7.9 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE342 complex with increasing concentration of
glucose. ARS (0.1 mM), DE342 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 19.1 + 1.3 M™1). Value is the average of duplicate runs.
Dotted lines represent 6% error.
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Plot of fluorescence changes of ARS-DE343 complex with increasing concentration of
glucose. ARS (0.1 mM), DE343 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 40.2 + 1.5 M™1). Value is the average of duplicate runs.
Dotted lines represent 8% error.
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Plot of fluorescence changes of ARS-DE344 complex with increasing concentration of
glucose. ARS (0.1 mM), DE344 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.85 + 1.7 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE347 complex with increasing concentration of
glucose. ARS (0.1 mM), DE347 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.63 + 0.58 M™). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE348 complex with increasing concentration of
glucose. ARS (0.1 mM), DE348 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 21.2 + 2.5 M1). Value is the average of duplicate runs.
Dotted lines represent 4% error.
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Plot of fluorescence changes of ARS-CO1 complex with increasing concentration of
glucose. ARS (0.1 mM), CO1 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 2.4 + 2.5 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-CO2 complex with increasing concentration of
glucose. ARS (0.1 mM), CO2 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 7.8 + 0.98 M™). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-CO3 complex with increasing concentration of
glucose. ARS (0.1 mM), CO3 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 1.9 + 1.1 M1). Value is the average of duplicate runs. Dotted
lines represent 5% error.
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Plot of fluorescence changes of ARS-CO4 complex with increasing concentration of
glucose. ARS (0.1 mM), CO4 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 1.1 + 2.1 M1). Value is the average of duplicate runs. Dotted
lines represent 5% error.
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Plot of fluorescence changes of ARS-CO5 complex with increasing concentration of
glucose. ARS (0.1 mM), CO5 (10 mM), glucose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 2.7 + 0.88 M™). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-2FPBA complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), 2FPBA (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 0.0034 + 1.3 M2). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-PBA complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), PBA (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (K was calculated to be 27.4 + 4.9 M™2). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DT9 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), DT9 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 0.0071 + 0.92 M). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DT14 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), DT14 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 2.7 £ 5.1 M1). Value is the average of
duplicate runs. Dotted lines represent 4% error.
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Plot of fluorescence changes of ARS-DT22 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), DT22 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 0.0044 + 0.033 M?). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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® AveData

Plot of fluorescence changes of ARS-DE310 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), DE310 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 56.7 + 0.43 M1). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE318 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), DE318 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 143.1 + 0.27 M%). Value is the average of
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® AveData

Plot of fluorescence changes of ARS-DE321 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), DE321 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Kas was calculated to be 36.1 + 2.2 M2). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE342 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), DE342 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 28.1 + 0.45 M1). Value is the average of
duplicate runs. Dotted lines represent 3% error.

QH HO QH
B\__)F—OH B, /=0
[:::I:;/N [:::I:;/N_d/ﬁ_
DE343 o
ARS + DE343 + Glucuronic acid Fluorescence
300
250
200
2
© 150
ot
[
g 100 N
S 50
L
0 T T T T T T T T T T T T T T T T T T 1
0 0.02 0.04 0.06 0.08 0.1 0.12
Glucuronic acid(M)
® AveData Fit  coeeveeesnen F LAY e - 4%

Plot of fluorescence changes of ARS-DE343 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), DE343 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (K, was calculated to be 21.7 + 0.55 M?). Value is the average of
duplicate runs. Dotted lines represent 4% error.
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Plot of fluorescence changes of ARS-DE344 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), DE344 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 12.6 + 2.1 M2). Value is the average of

duplicate runs. Dotted lines represent 3% error.
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® AveData

Plot of fluorescence changes of ARS-DE347 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), DE347 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (K5 was calculated to be 25.3 + 0.61 M1). Value is the average of
duplicate runs. Dotted lines represent 4% error.

189



o}
OH OH OH 4
B\ J_< — B\
N OH N
F F

DE348 ARS + DE348 + Glucuronic acid Fluorescence
300
250
200 1
) ]
= ]
® 150
@ ]
O ]
c ]
§ 100 ]
o
S 50 |
= ]
o +——-+--+———-+—F
0 0.02 0.04 0.06 0.08 0.1 0.12
Glucuronic acid (M)
® AveData Fit  ceeeeeeceenns + 3%  ceeeeeeeeenes -3%

Plot of fluorescence changes of ARS-DE348 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), DE348 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 86.1 + 1.5 M2). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO1 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), CO1 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (K. was calculated to be 231.1 + 0.52 M1). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO2 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), CO2 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer

(100 mM, pH 7.4). (K was calculated to be 134.9 + 0.47 M1). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO3 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), CO3 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 63.6 + 1.1 M1). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO4 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), CO4 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 39.4 + 0.45 M1). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO5 complex with increasing concentration of
glucuronic acid. ARS (0.1 mM), CO5 (10 mM), glucuronic acid (0-0.1 M), HEPES buffer
(100 mM, pH 7.4). (Ka was calculated to be 59.4 + 2.2 M1). Value is the average of
duplicate runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-2FPBA complex with increasing concentration of
xylose. ARS (0.1 mM), 2FPBA (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 16.5 + 1.2 M™2). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-PBA complex with increasing concentration of
xylose. ARS (0.1 mM), PBA (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 4.8 + 4.9 M1). Value is the average of duplicate runs. Dotted
lines represent 4% error.
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ARS + DT9 + Xylose Fluorescence
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Plot of fluorescence changes of ARS-DT9 complex with increasing concentration of
xylose. ARS (0.1 mM), DT9 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 28.8 + 0.30 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DT14 complex with increasing concentration of
xylose. ARS (0.1 mM), DT14 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 7.6 + 4.6 M'). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DT22 complex with increasing concentration of
xylose. ARS (0.1 mM), DT22 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 0.055 + 1.9 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DE310 complex with increasing concentration of
xylose. ARS (0.1 mM), DE310 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 22.9 + 4.0 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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ARS + DE318 + Xylose Fluorescence
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Plot of fluorescence changes of ARS-DE318 complex with increasing concentration of
xylose. ARS (0.1 mM), DE318 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 34.6 + 1.3 M), Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DE321 complex with increasing concentration of
xylose. ARS (0.1 mM), DE321 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 106.9 + 2.5 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DE342 complex with increasing concentration of
xylose. ARS (0.1 mM), DE342 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 15.5 + 1.1 M™2). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DE343 complex with increasing concentration of
xylose. ARS (0.1 mM), DE343 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 91.5 + 5.2 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DE344 complex with increasing concentration of
xylose. ARS (0.1 mM), DE344 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 0.0 + 4.1 M1). Value is the average of duplicate runs. Dotted

lines represent 3% error.
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Plot of fluorescence changes of ARS-DE347 complex with increasing concentration of
xylose. ARS (0.1 mM), DE347 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 3.4 + 0.65 M™). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DE348 complex with increasing concentration of
xylose. ARS (0.1 mM), DE348 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 55.9 + 14.1 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-CO1 complex with increasing concentration of
xylose. ARS (0.1 mM), CO1 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 8.4 + 4.2 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-CO2 complex with increasing concentration of
xylose. ARS (0.1 mM), CO2 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 7.5 + 5.7 M1). Value is the average of duplicate runs. Dotted
lines represent 5% error.
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Plot of fluorescence changes of ARS-CO3 complex with increasing concentration of
xylose. ARS (0.1 mM), CO3 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 10.2 + 1.1 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-CO4 complex with increasing concentration of
xylose. ARS (0.1 mM), CO4 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 4.2 + 3.1 M1). Value is the average of duplicate runs. Dotted
lines represent 5% error.
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Plot of fluorescence changes of ARS-CO5 complex with increasing concentration of
xylose. ARS (0.1 mM), CO5 (10 mM), xylose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 6.9 + 2.5 M'). Value is the average of duplicate runs. Dotted
lines represent 3% error.

201



ARS + 2FPBA + Sialic Acid Fluorescence (? B
600 -
500 1
400 1 2FPBA
) ]
I~ ]
® 300
@ ]
=4 4
c ]
g 200 ]
et 1
S 100 ]
o ]
O-Illlllllllllllllllllllllllllll
0 0.01 0.02 0.03 0.04 0.05 0.06
Sialic Acid (M)
@  AveData e Fit  ceeeeeeeeeees + 39 e - 3%

Plot of fluorescence changes of ARS-2FPBA complex with increasing concentration of
sialic acid. ARS (0.1 mM), 2FPBA (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (K, was calculated to be 4.0 + 9.4 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-PBA complex with increasing concentration of sialic
acid. ARS (0.1 mM), PBA (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 53.6 + 27.9 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DT9 complex with increasing concentration of sialic
acid. ARS (0.1 mM), DT9 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 0.0 + 5.5 M). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DT14 complex with increasing concentration of
sialic acid. ARS (0.1 mM), DT14 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 61.3 + 7.0 M%), Value is the average of duplicate runs.
Dotted lines represent 4% error.
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Plot of fluorescence changes of ARS-DT22 complex with increasing concentration of
sialic acid. ARS (0.1 mM), DT22 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 0.53 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE310 complex with increasing concentration of

sialic acid. ARS (0.1 mM), DE310 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ks was calculated to be 19.1 + 7.8 M1). Value is the average of duplicate runs.
Dotted lines represent 4% error.
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Plot of fluorescence changes of ARS-DE318 complex with increasing concentration of
sialic acid. ARS (0.1 mM), DE318 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 42.1 + 1.4 M%), Value is the average of duplicate runs.
Dotted lines represent 3% error.

(I)H OH
8,
N OH
DE321
ARS + DE321 + Sialic Acid Fluorescence
60
50
40
o}
&=
~ 30
3
C
8 20
3
S 10
[N
O T T T T T T T T T T T T T T T T T T T T 1
0 0.01 0.02 0.03 0.04 0.05 0.06
Sialic Acid (M)
[ AveData B = | SERRALLLII IO + 4 Y eeeeeeneenns - 4%

Plot of fluorescence changes of ARS-DE321 complex with increasing concentration of
sialic acid. ARS (0.1 mM), DE321 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ka was calculated to be 22.9 + 0.38 M1). Value is the average of duplicate runs.
Dotted lines represent 4% error.
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Plot of fluorescence changes of ARS-DE342 complex with increasing concentration of
sialic acid. ARS (0.1 mM), DE342 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ka was calculated to be 1.9 + 8.1 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE343 complex with increasing concentration of
sialic acid. ARS (0.1 mM), DE343 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ks was calculated to be 0.0 + 4.5 M™1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE344 complex with increasing concentration of
sialic acid. ARS (0.1 mM), DE344 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (K, was calculated to be 0.0 + 46.2 M1). Value is the average of duplicate runs.

Dotted lines represent 3% error.
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® AveData

Plot of fluorescence changes of ARS-DE347 complex with increasing concentration of
sialic acid. ARS (0.1 mM), DE347 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (K, was calculated to be 21.5 + 3.8 M%). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE348 complex with increasing concentration of
sialic acid. ARS (0.1 mM), DE348 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 17.7 + 3.8 M%). Value is the average of duplicate runs.
Dotted lines represent 3% error.

@] (0]
ARS + CO1 + Sialic Acid Fluorescence B/ T
Cr
N
500 K.
CcO1

N
o
o

w
o
o

Fluorescence, RFU
= N
o o
o o

0 0.01 0.02 0.03 0.04 0.05 0.06
Sialic Acid (M)
® AveData e Fit ceeeeeeesen + 39 eeeeeeeneenne -39

Plot of fluorescence changes of ARS-CO1 complex with increasing concentration of sialic
acid. ARS (0.1 mM), CO1 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 84.3 + 12.5 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-CO2 complex with increasing concentration of sialic
acid. ARS (0.1 mM), CO2 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 85.1 + 3.9 M), Value is the average of duplicate runs. Dotted
lines represent 4% error.
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Plot of fluorescence changes of ARS-CO3 complex with increasing concentration of sialic
acid. ARS (0.1 mM), CO3 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 7.0 £ 0.22 M™2). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-CO4 complex with increasing concentration of sialic
acid. ARS (0.1 mM), CO4 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 10.2 + 5.7 M2). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-CO5 complex with increasing concentration of sialic
acid. ARS (0.1 mM), CO5 (10 mM), sialic acid (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 3.3 + 8.9 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-2FPBA complex with increasing concentration of
mannose. ARS (0.1 mM), 2FPBA (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 8.1 + 1.3 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-PBA complex with increasing concentration of
mannose. ARS (0.1 mM), PBA (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 9.4 + 1.2 M?). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DT9 complex with increasing concentration of
mannose. ARS (0.1 mM), DT9 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 8.1 + 1.3 M), Value is the average of duplicate runs.
Dotted lines represent 5% error.
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Plot of fluorescence changes of ARS-DT14 complex with increasing concentration of
mannose. ARS (0.1 mM), DT14 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 9.1 + 4.5 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DT22 complex with increasing concentration of
mannose. ARS (0.1 mM), DT22 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 23.2 + 0.97 M™1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE310 complex with increasing concentration of

mannose. ARS (0.1 mM), DE310 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ka was calculated to be 6.8 + 2.1 M™1). Value is the average of duplicate runs.

Dotted lines represent 5% error.
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Plot of fluorescence changes of ARS-DE318 complex with increasing concentration of
mannose. ARS (0.1 mM), DE318 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 6.9 + 1.6 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE321 complex with increasing concentration of

mannose. ARS (0.1 mM), DE321 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ks was calculated to be 3.1 + 2.1 M1). Value is the average of duplicate runs.

Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE342 complex with increasing concentration of
mannose. ARS (0.1 mM), DE342 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (K, was calculated to be 41.6 + 2.3 M%), Value is the average of duplicate runs.
Dotted lines represent 6% error.
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Plot of fluorescence changes of ARS-DE343 complex with increasing concentration of

mannose. ARS (0.1 mM), DE343 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ks was calculated to be 0.0 + 3.7 M1). Value is the average of duplicate runs.

Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE344 complex with increasing concentration of
mannose. ARS (0.1 mM), DE344 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (K, was calculated to be 6.1 + 1.4 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE347 complex with increasing concentration of
mannose. ARS (0.1 mM), DE347 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (Ks was calculated to be 19.9 + 1.3 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE348 complex with increasing concentration of
mannose. ARS (0.1 mM), DE348 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (Ka was calculated to be 20.2 + 0.85 M™). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO1 complex with increasing concentration of
mannose. ARS (0.1 mM), CO1 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 27.2 + 4.5 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Fluorescence, RFU

Plot of fluorescence changes of ARS-CO2 complex with increasing concentration of
mannose. ARS (0.1 mM), CO2 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 1.2 + 1.2 M%), Value is the average of duplicate runs.
Dotted lines represent 4% error.
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Plot of fluorescence changes of ARS-CO3 complex with increasing concentration of
mannose. ARS (0.1 mM), CO3 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 1.1 + 1.8 M™2). Value is the average of duplicate runs.
Dotted lines represent 5% error.
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Plot of fluorescence changes of ARS-CO4 complex with increasing concentration of
mannose. ARS (0.1 mM), CO4 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 5.8 + 1.3 M2). Value is the average of duplicate runs.
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Plot of fluorescence changes of ARS-CO5 complex with increasing concentration of
mannose. ARS (0.1 mM), CO5 (10 mM), mannose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 2.1 + 1.7 M2). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-2FPBA complex with increasing concentration of
galactose. ARS (0.1 mM), 2FPBA (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 4.8 + 0.41 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-PBA complex with increasing concentration of
galactose. ARS (0.1 mM), PBA (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 5.4 + 0.43 M1). Value is the average of duplicate runs.
Dotted lines represent 4% error.
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Plot of fluorescence changes of ARS-DT9 complex with increasing concentration of
galactose. ARS (0.1 mM), DT9 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 17.1 + 4.6 M1). Value is the average of duplicate runs.
Dotted lines represent 5% error.
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Plot of fluorescence changes of ARS-DT14 complex with increasing concentration of
galactose. ARS (0.1 mM), DT14 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 5.7 + 2.0 M2). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DT22 complex with increasing concentration of
galactose. ARS (0.1 mM), DT22 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 4.4 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.

ARS + DE310 + Galactose Fluorescence

0.05

AveData

= Fit

0.1 0.15 0.2

Galactose (M)
............. +3%

pH

B

\
e

CF;

DE310

Plot of fluorescence changes of ARS-DE310 complex with increasing concentration of
galactose. ARS (0.1 mM), DE310 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ka was calculated to be 2.7 + 2.6 M™1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE318 complex with increasing concentration of
galactose. ARS (0.1 mM), DE318 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 18.6 + 3.6 M%). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE321 complex with increasing concentration of
galactose. ARS (0.1 mM), DE321 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ka was calculated to be 0.15 + 0.38 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE342 complex with increasing concentration of
galactose. ARS (0.1 mM), DE342 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ka was calculated to be 33.1 + 0.49 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE343 complex with increasing concentration of
galactose. ARS (0.1 mM), DE343 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ks was calculated to be 0.0 + 2.2 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE344 complex with increasing concentration of
galactose. ARS (0.1 mM), DE344 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 1.8 + 1.6 M1). Value is the average of duplicate runs.
Dotted lines represent 8% error.
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Plot of fluorescence changes of ARS-DE347 complex with increasing concentration of
galactose. ARS (0.1 mM), DE347 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (Ka was calculated to be 2.2 + 6.2 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.

225



OH OH
8.~
N OH
F

DE348

0
on <
[ — B\
N
F

ARS + Galactose + DE348 Fluorescence

w
o
o

100

Fluorescence, RFU
N
o
o

0 0.1 0.2 0.3 0.4

Galactose (M)
® AveData — it e + 39 eeeeeennnnns -3%

Plot of fluorescence changes of ARS-DE348 complex with increasing concentration of
galactose. ARS (0.1 mM), DE348 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 2.4 + 7.7 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO1 complex with increasing concentration of
galactose. ARS (0.1 mM), CO1 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 4.5 + 2.3 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO2 complex with increasing concentration of
galactose. ARS (0.1 mM), CO2 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 1.3 + 1.4 M), Value is the average of duplicate runs.
Dotted lines represent 5% error.
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Plot of fluorescence changes of ARS-CO3 complex with increasing concentration of
galactose. ARS (0.1 mM), CO3 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 3.3 + 1.6 M™1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO4 complex with increasing concentration of
galactose. ARS (0.1 mM), CO4 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 2.7 + 4.0 M2). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO5 complex with increasing concentration of
galactose. ARS (0.1 mM), CO5 (10 mM), galactose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 2.7 + 1.8 M2). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-2FPBA complex with increasing concentration of
rhamnose. ARS (0.1 mM), 2FPBA (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 11.9 + 2.1 M%), Value is the average of duplicate runs.
Dotted lines represent 5% error.

HO.__OH
ARS + Rhamnose + PBA Fluorescence B

O

PBA

O:IIIIIIII

0 0.05 0.1 0.15 0.2 0.25
Rhamnose (M)
® AveData Fit  coeeveeesnen F LAY e - 4%

Plot of fluorescence changes of ARS-PBA complex with increasing concentration of
rhamnose. ARS (0.1 mM), PBA (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.45 + 1.3 M%), Value is the average of duplicate runs.
Dotted lines represent 4% error.
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Plot of fluorescence changes of ARS-DT9 complex with increasing concentration of
rhamnose. ARS (0.1 mM), DT9 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 39.9 + 7.0 M1). Value is the average of duplicate runs.
Dotted lines represent 8% error.
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Plot of fluorescence changes of ARS-DT14 complex with increasing concentration of
rhamnose. ARS (0.1 mM), DT14 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (Ks was calculated to be 6.0 + 0.77 M1). Value is the average of duplicate runs.
Dotted lines represent 8% error.
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Plot of fluorescence changes of ARS-DT22 complex with increasing concentration of
rhamnose. ARS (0.1 mM), DT22 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 0.0 + 16 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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® AveData

Plot of fluorescence changes of ARS-DE310 complex with increasing concentration of
rhamnose. ARS (0.1 mM), DE310 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (Ks was calculated to be 1.5 + 0.64 M1). Value is the average of duplicate runs.
Dotted lines represent 5% error.
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Plot of fluorescence changes of ARS-DE318 complex with increasing concentration of
rhamnose. ARS (0.1 mM), DE318 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (K, was calculated to be 11.7 + 2.4 M%), Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE321 complex with increasing concentration of
rhamnose. ARS (0.1 mM), DE321 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ka was calculated to be 0.14 + 0.39 M1). Value is the average of duplicate runs.
Dotted lines represent 5% error.
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Plot of fluorescence changes of ARS-DE342 complex with increasing concentration of
rhamnose. ARS (0.1 mM), DE342 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 7.6 + 0.61 M1). Value is the average of duplicate runs.
Dotted lines represent 5% error.

OHHO OH
B, _;}—OH B /=0
[::I:/N [::I:/N_/r_
DE343

ARS + DE343 + Rhamnose Fluorescence

Fluorescence, RFU

0.1 0.2 0.3 0.4

Rhamnose (M)
Fit  eeeeereeeenes +739% e -39%

® AveData =—

Plot of fluorescence changes of ARS-DE343 complex with increasing concentration of
rhamnose. ARS (0.1 mM), DE343 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (Ks was calculated to be 0.0 + 3.9 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE344 complex with increasing concentration of
rhamnose. ARS (0.1 mM), DE344 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM,

pH 7.4). (K, was calculated to be 0.0 + 15 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE347 complex with increasing concentration of
rhamnose. ARS (0.1 mM), DE347 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (Ks was calculated to be 0.0 + 7.6 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE348 complex with increasing concentration of
rhamnose. ARS (0.1 mM), DE348 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM,
pH 7.4). (K, was calculated to be 0.51 + 4.7 M%), Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO1 complex with increasing concentration of
rhamnose. ARS (0.1 mM), CO1 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 15 M™1). Value is the average of duplicate runs. Dotted
lines represent 3% error.

235



ARS + CO2 + Rhamnose Fluorescence

O
!
B, ﬂ
300 E N 0

250
2003, { ......... b B co2
E e EI
® 150 ]
9] ]
=4 4
c ]
§ 100 E
G’_J ]
S 50 4
w ]
o +r—'v—r-——1r-—r"—rr——rr—rr—r———
0 0.05 0.1 0.15 0.2 0.25
Rhamnose (M)
® AveData Fit  eeeeereeees + 39 e - 3%

Plot of fluorescence changes of ARS-CO2 complex with increasing concentration of
rhamnose. ARS (0.1 mM), CO2 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 8.3 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO3 complex with increasing concentration of
rhamnose. ARS (0.1 mM), CO3 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 6.7 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO4 complex with increasing concentration of
rhamnose. ARS (0.1 mM), CO4 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 1.1 M™2). Value is the average of duplicate runs.
Dotted lines represent 3% error.

(@]
ARS + CO5 + Rhamnose Fluorescence

300 - OH

J /

] B\
250 1 N
200 1
150 CO5

Fluorescence, RFU
=
o
o
1

50 ]
O ] T T T T T T T T T T T T T T T T T T T T T T T 1
0 0.05 0.1 0.15 0.2 0.25
Rhamnose (M)
) AveData Fit  ceeeeeeeeenne + 3%  ceeeeeeeeenes -3%

Plot of fluorescence changes of ARS-CO5 complex with increasing concentration of
rhamnose. ARS (0.1 mM), CO5 (10 mM), rhamnose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.5 + 5.8 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-2FPBA complex with increasing concentration of
sucrose. ARS (0.1 mM), 2FPBA (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 33 M?). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-PBA complex with increasing concentration of
sucrose. ARS (0.1 mM), PBA (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 0.0 + 4.1 M). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DT9 complex with increasing concentration of
sucrose. ARS (0.1 mM), DT9 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 52.5 + 2.5 M), Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DT14 complex with increasing concentration of
sucrose. ARS (0.1 mM), DT14 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 21 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-DT22 complex with increasing concentration of
sucrose. ARS (0.1 mM), DT22 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 3.6 M2). Value is the average of duplicate runs.

Dotted lines represent 3% error.

ARS + DE310 + Sucrose Fluorescence

450

400 *r—w— if ........... ii i
350

300

& 250

g 200

o 150

< 100

50

0+ T T T T T T T T T T T T T T T T
0 0.1 0.2 0.3 0.4

Sucrose (M)
®  AveData e Fit ceeeeeeeseen + 3% e -3%

escenc

Fluo

/OH

B

\
e

CF3

DE310

Plot of fluorescence changes of ARS-DE310 complex with increasing concentration of
sucrose. ARS (0.1 mM), DE310 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 10 M?). Value is the average of duplicate runs. Dotted

lines represent 3% error.
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Plot of fluorescence changes of ARS-DE318 complex with increasing concentration of
sucrose. ARS (0.1 mM), DE318 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 0.0 + 5.4 M), Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE321 complex with increasing concentration of
sucrose. ARS (0.1 mM), DE321 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH

7.4). (Ka was calculated to be 0.2 + 1.1 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE342 complex with increasing concentration of
sucrose. ARS (0.1 mM), DE342 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 1.4 + 6.4 M2). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE343 complex with increasing concentration of
sucrose. ARS (0.1 mM), DE343 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 6.9 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE344 complex with increasing concentration of
sucrose. ARS (0.1 mM), DE344 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 5.9 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE347 complex with increasing concentration of
sucrose. ARS (0.1 mM), DE347 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 0.0 + 1.8 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE348 complex with increasing concentration of
sucrose. ARS (0.1 mM), DE348 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH
7.4). (Ka was calculated to be 18.1 £ 9.1 M1). Value is the average of duplicate runs.
Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO1 complex with increasing concentration of
sucrose. ARS (0.1 mM), CO1 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 0.0 + 8.8 M1). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-CO2 complex with increasing concentration of

02

sucrose. ARS (0.1 mM), CO2 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 0.0 + 1.5 M™). Value is the average of duplicate runs. Dotted
lines represent 3% error.
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Plot of fluorescence changes of ARS-CO3 complex with increasing concentration of
sucrose. ARS (0.1 mM), CO3 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).

(Ka was calculated to be 0.0 + 13 M1). Value is the average of duplicate runs. Dotted lines
represent 3% error.
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Plot of fluorescence changes of ARS-CO4 complex with increasing concentration of
sucrose. ARS (0.1 mM), CO4 (10 mM), sucrose (0-0.1 M), HEPES buffer (100 mM, pH 7.4).
(Ka was calculated to be 0.0 = 2.7 M1). Value is the average of duplicate runs. Dotted

lines represent 3% error.
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lines represent 3% error.
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Plot of fluorescence changes of ARS-2FPBA complex with increasing concentration of
glucosamine. ARS (0.1 mM), 2FPBA (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (Ka was calculated to be 0.0 + 2.0 M%). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-PBA complex with increasing concentration of
glucosamine. ARS (0.1 mM), PBA (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (K, was calculated to be 0.67 + 0.53 M1). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DT9 complex with increasing concentration of
glucosamine. ARS (0.1 mM), DT9 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (Ka was calculated to be 1.4 + 4.7 M%), Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DT14 complex with increasing concentration of
glucosamine. ARS (0.1 mM), DT14 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (Ka was calculated to be 1.0 + 2.9 M). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DT22 complex with increasing concentration of
glucosamine. ARS (0.1 mM), DT22 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (Ka was calculated to be 0.43 + 0.23 M1). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE310 complex with increasing concentration of
glucosamine. ARS (0.1 mM), DE310 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (K. was calculated to be 0.0 + 5.6 M1). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE318 complex with increasing concentration of
glucosamine. ARS (0.1 mM), DE318 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (Ka was calculated to be 0.0 + 1.9 M%), Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE321 complex with increasing concentration of
glucosamine. ARS (0.1 mM), DE321 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (K, was calculated to be 15.1 + 0.98 M™1). Value is the average of duplicate

runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE342 complex with increasing concentration of
glucosamine. ARS (0.1 mM), DE342 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (Ka was calculated to be 0.0 + 0.69 M1). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE343 complex with increasing concentration of
glucosamine. ARS (0.1 mM), DE343 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (Ka was calculated to be 0.0 + 1.9 M™2). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE344 complex with increasing concentration of
glucosamine. ARS (0.1 mM), DE344 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (Ka was calculated to be 1.9 + 0.044 M1). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE347 complex with increasing concentration of
glucosamine. ARS (0.1 mM), DE347 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (K, was calculated to be 0.0 + 0.49 M). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-DE348 complex with increasing concentration of
glucosamine. ARS (0.1 mM), DE348 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (Ka was calculated to be 0.45 + 3.1 M?). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO1 complex with increasing concentration of
glucosamine. ARS (0.1 mM), CO1 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (Ka was calculated to be 0.0 + 6.1 M2). Value is the average of duplicate
runs. Dotted lines represent 6% error.
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Plot of fluorescence changes of ARS-CO3 complex with increasing concentration of
glucosamine. ARS (0.1 mM), CO3 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (K. was calculated to be 0.0 + 2.8 M%). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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Plot of fluorescence changes of ARS-CO5 complex with increasing concentration of
glucosamine. ARS (0.1 mM), CO5 (10 mM), glucosamine (0-0.1 M), HEPES buffer (100
mM, pH 7.4). (Ka was calculated to be 0.0 + 1.6 M™1). Value is the average of duplicate
runs. Dotted lines represent 3% error.
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