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ABSTRACT

Immobilized metal affinity chromatography (IMAC) is a very popular protein purification
technique in biochemistry. Resins are functionalized with nitrilotriacetic acid (NTA), a chelating
group often charged before use with a divalent or trivalent metal, usually Ni (II). In IMAC using
Ni-NTA, open coordination sites on nickel are bound by two imidazole ring side chains of a
histidine tag, which has been added to the protein of interest. In this work, the Ni-NTA ligand
commonly used in IMAC was tethered to a poly(amidoamine) (PAMAM) dendrimer. PAMAM
dendrimers are hyperbranched macromolecules with a well-defined structure characterized by a
central core, repetitive branching, and a doubling of the termini with each successive generation.
Because the number of end groups can be readily altered by changing the generation of the
dendrimer, dendrimers are ideal frameworks for displaying different numbers of Ni-NTA groups.
For this study, NTA derivatives containing an azide were added to propargylated PAMAM
dendrimers of generations 2, 3, 4, and 6 (G(2), G(3), G(4), and G(6), respectively) using Cu(I)-
mediated triazole formation, or “click” chemistry. Characterization of new compounds was
performed using 'H nuclear magnetic resonance (NMR), 13C NMR, infrared (IR) spectroscopy,
and mass spectrometry (MS). The Ni-NTA functionalized dendrimers will be used to bind
histidine-tagged proteins, allowing for the study of the effect of clustering a protein on its
function.
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CHAPTER ONE

INTRODUCTION

Galectins

Proteins play diverse roles in human biological processes, with their function closely linked to
their structure. One important family of proteins is the galectins. Galectins are extensively
distributed throughout the animal kingdom. Their typical expression is found in various organs
and tissues, including the central and peripheral nervous systems, lungs, liver, and intestinal
system'. They are a family of carbohydrate-binding proteins that play critical roles in various
biological processes, including cell-cell adhesion, cell signaling, and immune regulation. These
versatile proteins are characterized by their ability to recognize and bind to specific glycan
structures, often with low monovalent affinities. The galectins can exhibit enhanced avidity
through multivalent interactions. > 3 Every known galectin contains conserved carbohydrate-
recognition domains (CRDs) of about 130 amino acids. These CRDs are the key players in the
carbohydrate-binding process®.

There are three families of carbohydrate-binding galectins. Prototypical galectins have one CRD
(galectin-1, -2, -5, -7, -10, -11, -13, -14 and -15) and typically are noncovalent homodimers in
solution, while the tandem-repeat-type galectins contain two CRDs in a single polypeptide chain,
separated by a linker of up to 70 amino acids (galectin-4, -6, -8, -9 and -12). On the other hand,
galectin-3, the only chimera protein, contains a non-lectin N-terminal region of 111 amino acids
connected to its CRD. Galectin-3, the most studied galectin, has been identified to have a wide

range of physiological and pathological functions, such as cancer, inflammation, and fibrosis*.
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Among all the carbohydrate recognition proteins, galectins were the first family of glycan-binding
proteins (GBPs) recognized for their immune regulatory activity?. The unusual structure of
galectin-3 makes this protein likely to have somewhat different functions than the prototype and
the tandem-repeat galectins. The notable characteristics of galectin-3 are its carbohydrate
recognition domain and an N-terminal domain essential to galectin-3 oligomerization. Figure 1A
schematically shows the structures of the three different families of galectins, and functions of

galectins in cancer are shown in Figure 1B.

A. Types of Galectin Structures

€ 3 3¢

Tandem Repeats Chimera Proto or dimeric type
(Gal-4,-6,-8,-9,-12)  (Gal-3) (Gal1,-2,-5,-7,-10,-11,-13,-14,-15)
Two distinct galectin  Non-galectin Two identidcal galectin
CRDs portionanda CRDs
galectin CRD

B. Galectin Functions in cancer

. Galectins in {
Angiogenesis .#\_‘_ cancer —_—
)

- / \ Migration/Invasion/Metastasis
®
A tosi
poptosis A ,
f @~ Cell transformation
,R\. .

Tumor growth  Immune cell adhesion &
Immune escape

o ]

Figure 1: (A) Schematic of Galectins Structures and (B) Their Roles in Cancer Progression?
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Galectin-3

Galectin-3 is a versatile 26 kDa protein that occurs mainly in the cytosol but can also traverse
membranes, reaching the nucleus and mitochondria®. Within the galectin family, this protein is the
most studied and is used as a biomarker for numerous diseases. Galectin-3 has been observed to
undergo oligomerization, primarily implicating the N-terminal domain (Figure 2).> Due to the
critical role galectin-3 plays in cell adhesion, activation, growth, differentiation, and apoptosis,
numerous reports have been published on its presence in cellular compartments, including on the
cell surface’. Though the role of galectin-3 in cancer progression is not well understood, most
published papers agree that its unique function is due to the presence of its N-terminal domain,
which enables galectin-3 to stay in circulatory vesicles and also cross the lipid bilayer of a cell.®
As earlier stated, galectin-3 has both a CRD, which includes the carbohydrate-binding site, and a
highly dynamic N-terminal domain, which will have little effect on the CRD regions but
contributes to the overall functionality of this protein and makes it different from other members

of the galectin family.?

This human chimera galectin has 250 amino acid residues, of which 111 belong to the N-terminal
domain, with 27 prolines that account for 25% of the N-terminal amino acids. Moreover, the
positions of prolines within the N-terminal part of galectin-3 are highly conserved across species,

yet their presence and functional value have not been fully explored.”
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Structure of Galectin-3
(chimera type galectine)

Galectin-3 ligand
COOH terminus
Carbohydrate recognition domain

Collagen-a-like domain

O NH, terminus
Serine phosphorylation site
monomer

oligomer

Figure 2: Galectin-3: Chimeric Structure of galectin-3 & Oligomer Formation?

Multivalency in Galectin-3

The concept of multivalency was first used in the early 20th century by Paul Ehrlich, referring to
therapeutic agents that bind selectively to pathogens without losing affinity for host cells.® When
multivalent interactions occur, relatively weak noncovalent interactions between an individual
receptor and its ligand are synergistically magnified when multiple receptors bind multiple ligands.
Multivalent interactions play an essential role in cellular recognition processes.” Two important
modes of multivalent interactions are entropically enhanced binding and steric stabilization.
Entropically enhanced binding refers to the increased binding strength due to the simultaneous

interaction of multiple connected ligands and receptors, which reduces the overall entropic cost
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relative to individual binding events. Steric stabilization involves the formation of a loose, water-
swollen, gel-like layer on the surface of the target, preventing close approach and interaction with
other surfaces!®. Additional modes of multivalent binding include the chelate effect and receptor
clustering.

To synthesize a multivalent polymer or macromolecule, scientists must choose a scaffold such as
a linear polymer, a protein, a star polymer, or a dendrimer. Flexible linkages or rigid structures
could be used, each with advantages and challenges. Figure 3 highlights a divalent protein-protein

interaction and a possible pentavalent multimerization upon carbohydrate binding for galectin-3.

Galectin-3
/’ ’ dimerization
C-terminal /
CRD domain
PGAYPG(x), , i .
repeat ligands
domain i\‘ o
) \
N-terminal LJ \Y)‘“v &
domain g \ =~ Y
Silectindg g Galectin-3
alectin- polymerization with its
monomer ’,(:7 \ ~.. carbohydrate ligands
. N

s

Figure 3: Schematic of multivalent interaction in the presence of a sugar!!
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Poly(amidoamine) (PAMAM) Dendrimers

Nanomedicine is a branch of science that uses 100 nm or smaller materials to address health-related
problems. Several nanostructures have been prepared, including nanoparticles, nanotubes,
nanoporous membranes, etc. A dendrimer is one of the unique nanoparticles that has played an
essential role in nanomedicine'?. The word "dendrimer" comes from the Greek words dendron,
which translates to "tree" or "branch," and meros, which means "part." Dendrimers have also been
called "arborols" and "cascade polymers." These compounds are three-dimensional, hyper-
branched, monodisperse structures. Dendrimers often have a central core surrounded by peripheral

groups, as shown in Figure 4.

Architectural Components
L]

A — L

J
i N
o {Interior} : (Terminal Groups)Z

Figure 4: Architectural components and Structure of PAMAM dendrimer!?

Dendrimers can efficiently transport active pharmaceutical ingredients across cellular barriers,
often bypassing efflux transporters!#. Furthermore, the exterior of these nanoparticles can be
functionalized with targeting moieties, such as antibodies or ligands, to enhance their specificity
and selectivity for specific cell types or tissues. This targeted delivery approach has shown promise
in addressing various healthcare challenges, including cancer, AIDS, and Alzheimer's disease,

where there is a need for improved therapies'>. The unique properties of dendrimers, such as their
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well-defined structure and multivalent surface, have also been explored for enzyme
immobilization. The ability to engineer dendrimers with specific functional groups has enabled
nano-biocatalysts to develop with enhanced catalytic activity and stability.

Poly(amidoamine) (PAMAM) dendrimers are the most well-known and extensively studied
dendrimer frameworks. Each increasing generation, i.e., G(1)-, G(2)-, G(3)-PAMAM, and so on,
has twice as many endgroups as the previous generation'?. The size of the dendrimer and the
included functionality can be tailored to meet the specific requirements of the intended application,
optimizing the dendrimer's properties to suit a wide range of uses, from drug delivery to enzyme
immobilization and beyond. For example, the G(2)-PAMAM framework has 16 surface amino
groups (Figure 5), while the G(3)-PAMAM has 32 endgroups, allowing for greater targeting or
prodrug-loading capacity in the latter.'® Specifically, many scientists have reported carbohydrate-

functionalized PAMAM dendrimers for studying and mediating protein-carbohydrate interactions.

NH  HN NH, °NH HN
OJ\L J/&o OJ\L J/&o

NH, N N

HN_O HN NH



Figure 5: A G (2)-PAMAM dendrimer structure. The blue, red, and black stand for generations 0,
1, and 2, respectively

Nickel-Nitrilotriacetic Acid for Immobilizations

Protein immobilization involves attaching proteins to solid supports. Immobilization of enzymes in
their native structure allows them to retain their catalytic activity while allowing for repeated and
continuous use.!” Additionally, immobilization typically enhances the enzyme's stability, making it
more resilient to changes in temperature, pH, and solvents, which might otherwise hinder its activity.
Moreover, the ease with which immobilized enzymes can be separated from the reaction mixture
simplifies product purification. Finally, using immobilized enzymes in continuous fixed-bed reactors

allows for more efficient and streamlined processes. >

There are several techniques for immobilizing a protein. One common technique is adsorption
(Figure 6a), where enzymes are physically adsorbed onto the surface of a support material. This
method relies on weak interactions between the enzyme and the support, such as van der Waals
forces, hydrogen bonds, and hydrophobic interactions. Adsorption is a relatively simple and cost-
effective method, and it often preserves the enzyme's activity because it does not involve chemical
modification of the enzyme. However, the weak binding forces can lead to enzyme leaching from
the support, especially under harsh conditions like high temperatures or extreme pH.'* Another
widely used technique is entrapment (Figure 6b), where enzymes are physically confined within a
porous matrix. This matrix can be a gel, a membrane, or a fiber. The pores of the matrix are large
enough to allow substrates and products to diffuse through but small enough to prevent the enzyme
from escaping. Entrapment is a gentle method that often preserves enzyme activity and can be used

to immobilize enzymes in their native conformation. However, mass transfer limitations can be
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problematic, especially for high-molecular-weight substrates.'® Covalent binding (not shown in
Figure 6) is a more robust method of enzyme immobilization, where enzymes are chemically linked
to the support material through covalent bonds. This method typically involves functional groups on
the enzyme's surface, such as amino, carboxyl, or hydroxyl groups, reacting with complementary

groups on the support material.

Covalent binding offers high stability and prevents enzyme leaching, making it suitable for
applications requiring harsh conditions. However, the chemical modification upon covalent binding
may decrease enzyme activity.?’ Immobilized metal affinity chromatography (IMAC, Figure 6c)
utilizes metal coordination to anchor the protein to a solid support. IMAC is a powerful technique
that is frequently employed for enzyme immobilization. IMAC leverages the affinity of specific
amino acid residues, typically histidine, for metal ions like nickel (Ni%*). In this method, a support
material is functionalized with a chelating agent, such as nitrilotriacetic acid, which can tightly bind
to the metal ion. The enzyme of interest is engineered to have a histidine tag, a sequence of histidine

residues typically added to the N- or C-terminus of the protein.

When the His-tagged protein is passed through the support, the histidine residues in the tag bind to
open coordination sites on the immobilized metal ions, effectively anchoring the enzyme to the
support matrix.?! NTA's ability to chelate metal ions enables its incorporation into polymer-based
systems, facilitating the attachment of targeting ligands and expanding the potential of these

materials for targeted therapies.??
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P Enzyme |
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6a. Adsorption.'®  6b. Entrapment'® 6¢c. IMAC?!

Figure 6: Schematic for the techniques mentioned above.

Hypothesis and Goals

Hypothesis for this research:

The hypothesis governing this research is that using different generations of Ni-NTA
functionalized dendrimers will allow for the control and fine-tuning of the arrangement galectin-3
around the dendrimer. Altering the presentation of galectin-3 will influence its properties in cellular
aggregation assays and could change the quaternary structure of the galectin-3 N-terminal domain.
Project goals:

Four generations of Ni-NTA-modified dendrimers will be synthesized, purified, and characterized
using nuclear magnetic resonance and infrared spectroscopy. Then, the Ni-NTA functionalized

dendrimers will be used to bind histidine-tagged galectin-3, and the dendrimer/galectin-3
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aggregates will be rigorously investigated using circular dichroism, electron microscopy, and
cellular aggregation assays.
The Ni-NTA functionalized PAMAM/galectin-3 clusters, the goal of this project, are summarized
in Figure 7. The number of Ni-NTA functional groups on each dendrimer depends on the

generation number, sterics, and the number of alkyne groups available for the click reaction.

Figure 7: Schematic for Polyamidoamine (PAMAM)

The hypothesis of this research is focused on understanding the effects of protein clustering
caused by the introduction of the newly synthesized molecule on protein function. Each chapter
will focus on a distinct aspect of this project. Chapter 2 of the thesis will be focused on the synthesis
of each of the desired ligands and their addition to four generations of PAMAM dendrimers (G(2),
G(3), G (4), and G (6)). Each of the synthesized ligands will be full characterized. Chapter 3 will

study each synthesized molecule with galectin-3 using different techniques, beginning with
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transmission electron microscopy (TEM). Circular dichroism will also be developed to understand
how clustering of galectin-3 by the reported Ni-NTA functionalized dendrimers impacts the
structure and function of the protein. Cell-based assays, although beyond the scope of this thesis,
will also be performed using the Ni-NTA functionalized dendrimers. The discussion and

conclusion of this project will be presented in chapter 4.
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CHAPTER TWO

SYNTHESIS AND CHARACTERIZATION OF NI-NTA

FUNCTIONALIZED DENDRIMERS

INTRODUCTION

This chapter will provide the step-by-step details of the synthesis and characterization of
each molecule. Some procedures have been previously carried out, while others were developed
and optimized as described herein. These procedures begin with synthesizing the simplest
molecule of azidoacetic acid (1) to the last nickel-complexed macromolecule ready for protein

binding studies. A complete synthetic scheme is shown in Scheme 1.

- o Ny OO
OH ) - N EDCINHS ¢
B Y H;0,0to rt, 24 h, 3 oH e O-N
o CH,Cly, 1t, 24 h
(]
83% 60%
1 2 3
[}
Ny 00O ‘
OH 3
o ({\0 . HKO 40 N}k (o) I/Lo/ .
1.TMSCI 24 N N
o)\/u y — \OJK_,N\/\/\/NHS /\A' e \o/u\/ NN Y\Ng
]AA/V 2. MeOH, 55 °C, rofiux, 24 h i e ) o
07 "OH 0”0 CH,Cly 1t, 24 h |

|
93%
4 5 6

~

o o :
N J\/N N PAMAw
W = @9 I\/V Y M N{
~ G . N = o N ~
‘/‘NH’)n Br\//3 equiv. per endgroup 7 \4/ )n ? 2
PAMAM \ PAMAM >\_/
D 4 DMSO, rt, 48 h ) - 1. CuSO, Sodium ascobate 2.EDTA, DDC
THF: H,0 1:1
7a G(2):n=16 8a G(2): n= 16 9a G(2):n<16
7b G(3): n= 32 8b G(3): n=30 9b G(3): n<30
7c G(4): n= 64 8c G(4): n=59 9c G(4): n<59

7d G(6): n= 256 8d G(6): n= 215 9d G(6): n <215
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Scheme 1: Synthesis of Ni-NTA functionalized poly(amidoamine) (PAMAM)

dendrimers.

/0 H ey \PAMaY @
1. Liow —on ~ % : - Y b,
k { Ny" NiSO,, TBS, pH = 7.5 pamatll "y o [
2. Hy0, MeOH 1:4,pH~4-6 O N H20 .M ,V\J\ o
o»—J OH N

H o

10a G(2):n< 16 11a G(2):n< 16
:gb G(3):n=30 11b G(3): n< 30
c G(4):n<59 11c G(4): n< 59
10d G(6): n £ 215 11d G(6): ns 215
HoN
PBS, pH ~ 7.4 / N—f:zzo )\‘J\
Protein of Interest QN IY\N ? d\m\‘N n
- - H o NI’HNJ b /I\/\, \[D]/;N]\}/ PAMAM
¥ N
N © ~/ o
i o
ey’ fﬁ/ "
0%y © c c
12a G(2): ns 16
n-4 0 12b G(3): n= 30
Ly ) 12¢ G(4): n< 59
H @ 12d G(6): ns 215

Results

As shown above, the synthesis begins with the Sn2 reaction of bromoacetic acid (1) with
sodium azide at room temperature in water, leading to the formation of the azidoacetic acid®® (2)
in 83% yield. Conversion of 2 to its NHS ester was performed using 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDCI) and N-hydroxysuccimamide, which act as coupling
and activating reagents. Dry dichloromethane was used as the solvent to prevent hydrolysis of the
product due to the NHS ester's sensitivity to water?*. To synthesize dimethyl 2,2'-((6-amino-1-
methoxy-1-oxohexan-2-yl) azanediyl)triacetate (5), N,N-Bis(carboxymethyl)-L-lysine was
reacted in methanol with trimethylsilyl chloride to form methyl esters via the trimethylsilyl
intermediate?. The methyl ester-protected amine 5 was reacted with NHS ester 3 with

triethylamine in dichloromethane for 24 hours at room temperature to form azide 6. Aqueous
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workup was followed by column chromatography in CHCI3: MeOH (90:10) to afford 64% yield
of purified product 62°. The propargylation reaction to form 8a-d was performed in the polar aprotic
solvent of DMSO to promote Sn2 reactions between propargyl bromide and the primary amine
endgroups of the PAMAM?’. As the reaction was optimized, the number of equivalents of
propargyl bromide used in the response per amino endgroup was increased from 1.1 to 3, and the
solvent volume was reduced to improve reaction kinetics and promote reactivity. 'H NMR was
used to calculate the average number of propargylations for each generation. For each
propargylation, as shown in Table 1, the number of propargyl groups (alkynes added per
generation) per amino endgroup continues to decrease as the dendrimer generation increases. The

increase in steric hindrance is the cause of this.

Table 1: propargylated generations with three equivalents per end-group (8a-8d)

Average Actual ¢ Mass of dendrimer
: : ctual mass o
Generations Actual number of func;mnahzed dendrimer afte[ .
end groups end groups propargylation
(before functionalization) ~ (Based on data from 'H
(from "H NMR) NMR in g/mol)
G2 16 16 3,256 3,868
G3 32 30 6,909 8,126
G4 64 59 14,215 16,457

G6 256 215 58,048 66,196
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The synthesis of 9a-d was optimized to reduce the amount of copper ion contamination in
the product that could cause broadening in the '"H NMR spectrum. Removal of copper ions was
done using ethylenediaminetetraacetic acid (EDTA) and dicyclohexylcarbodiimide (DDC)?3, both
of which were able to remove residual Cu (II), and Cu(l) left after the reaction. EDTA and DDC
were used under pH 7 before the dialysis. Synthesis of the triazole product 9a-d occurred when
propargylated PAMAMs 8a-d, G (2), G(3), G (4), or G (6) were reacted with azide 6 in a Cu(I)
mediated click reaction. To synthesize 10a-d (G(2), G(3), G(4), and G(6)), the deprotected form of
9a-d, lithium hydroxide, a strong base, was used in the presence of a mixture of water and
tetrahydrofuran at a ratio of 1:1 This resulted in the shift of the carbonyl IR peak to a lower
frequency as compared to the IR spectrum of the methylated starting material. Although peaks still
show the presence of a few methyl esters in the HSQC for higher generations G(4) and G(6), there
was an overall reduction in the peak size and intensity in the "H NMR. A DEPT-135 was carried
out to corroborate the deprotection compared with the protected molecules(10a-10d), and there
were no prominent CH3 positive peaks (as expected).

Discussion
The figure below shows the 'H NMR spectrum of the propargylated compound (with the respective

generations having a 1:2 ratio for the alkyne signals).
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Figure 8: The relevant portion of the 'H NMR spectrum of propargylated dendrimer 8a.

All four generations (G (2), G (3), G (4), and G (6)) showed similar trends in their 3*C NMR spectra
for compounds 8a-d, where alkyne peaks occurred between 65-85 ppm (specifically 70.33 and

84.07 ppm for compound 8a) but were not present in the spectra of 9a-d after the click reaction

was performed.
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8d G(6):n=215 9d G(6):n=<256
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Figure 9: 3C NMR spectrum of propargylated 8a and protected 9a (PAMAM-G (2)).

In addition to the 3C NMR spectrum, an IR spectrum was obtained on the clicked compound 9
and was compared to the propargylated dendrimer 8. For every generation, there is a clear peak
due to the alkyne at 2100 cm! before the click reaction, but this peak is not present after the click

reaction.
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Figure 10: IR of propargylated 8b and protected PAMAM-G (3) 9b

To further corroborate the synthesis of product 8a, a 2D NMR was carried out to confirm the
presence of a CH3. Using HSQC and one of the generations shown below, we notice the presence
of a new peak at 3.58,52.22ppm for the CH3, a signal that is absent in the propargylated

compound as shown in the figure below:
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Figure 11: HSQC of propargylated 8b and protected 9b (PAMAM-G (3)).
The results of the DEPT-135 and HSQC experiments on the clicked compound and the
deprotected compound are significant. For every generation, the absence of the CH3 peaks (3.61
and 51.39 ppm for G (3)) compared to the initial protected compound that had those peaks

provides crucial insights into the effectiveness of the deprotection.
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Figure 12: HSQC of protected 9b and deprotected 10b (PAMAM-G(3)).
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Figure 13: DEPT-135 of protected 9b and deprotected 10b (PAMAM G(3)).

Experimental Methods

General Methods

Solvents such as dichloromethane, diethyl ether, ethyl acetate, dimethylsulfoxide,
methanol, tetrahydrofuran, and chloroform were purchased from Fischer. Distilled water was
purchased from Rocky Mountain Waters. Chemicals such as propargyl bromide, L-ascorbic acid
Sodium salt, and Copper sulfate were purchased from Acros Organics. Dendrimers were obtained
from Dendritech, and Bromoacetic acid was sourced from Alfa Aesar. Sodium Azide and
bromoacetic acid were also purchased from Sigma-Aldrich and TCI. All dendrimers used were
purchased. All synthesized compounds were stored at -20 °C. Glassware for synthesis was cleaned
in a base bath (33% 2 M KOH in isopropanol, 66% water), rinsed with water and acetone, and

dried at room temperature. "H NMR spectra were recorded on a Bruker Avance 111 400-600 MHz
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with a 5 mm broadband auto-tunable probe with Z-gradients at 293 K. Chemical shifts are reported
as 0 in parts per million (ppm) and referenced to the chemical shift of the residual solvent
resonances (CDCls 6 = 7.26 ppm, DMSO 6=2.50 ppm, MeOD 6=4.89 ppm), couplings are shown
as d: doublet, t: triplet, m: multiplet and bs: broad singlet. In most spectra, traces of water appear
as a broad singlet at 1.56 ppm (CDCIs) or 3.3 ppm (MeOD). For the 'H, '*C, and 2-D NMR
experiments, the 400, 500, and 600 MHz Bruker instruments were used. NMR spectra were
processed using Bruker Topspin software. Infrared Spectroscopy was carried out using Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS), where IR light reflects diffusely

from a powder or liquid sample; scattered light is analyzed.

Figure 14: Azidoacetic acid (2)

This compound was prepared using a literature procedure®’. Sodium Azide (1.879 g, 28.9
mmol) was added to a 100 mL round-bottom flask with a stir bar and 10 mL distilled water. The
solution was carefully cooled to 0 °C for 5 minutes. Bromoacetic acid (2.008 g, 14.4 mmoles) was
then introduced to the same round bottom flask and left stirring in an ice bath that was allowed to

come to room temperature and let stir for 24 h. 10 mL of 10% 12M HCI was added to the reaction
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mixture while maintaining the pH between 2 and 3 (pH paper). The solution was extracted using
dietyether (50 mL x 3). The organic phase was washed with 10 mL of brine, dried with sodium
sulfate, and concentrated in vacuo, giving a colorless solution of azidoacetic acid 0.839 g (54%).
The spectral characterization data match previously published spectra. 'H NMR (CDCls,
400MHz,): 6 3.99 (s, 2H), 11.2 (s, 1H) ppm.'3C-NMR: (CDCl3, 400 MHz) 174, 50 ppm. IR: COOH

(2914), N3 (2104), C=0 (1717) cm’".

N3« O O
O-N
0
60%
3

Figure 15: Azidoacetic Acid NHS Ester (3).

This compound was prepared using a literature procedure®*.Azidoacetic acid (2, 0.536 g,
5.303 mmol) was added to a 100 mL round-bottom flask with a stir bar and 15 mL dry
dichloromethane. The solution was cooled to 0 °C. N-Hydroxysuccinimide (NHS, 0.732 g, 6.36
mmol) was introduced to the same round-bottom flask. EDCI (1.22 g, 6.36 mmol) was added to
the solution, stirring for 24 h. The organic layer was washed with 10 mL of DI water, washed with
10 mL of brine, dried with sodium sulfate, and concentrated in vacuo to give 0.625 g of product as
a white solid (60%). '"H NMR: (CDCls, 400MHz) & 2.90 (s, 4H), 4.26 (s, 2H),'3C-NMR:

(CDCl5,400 MHz) 174, 50 ppm. IR: C=0 (2104), N3 (1717), C-H (2996) cm"".
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Figure 16: Dimethyl 2,2'-((6-amino-1-methoxy-1-oxohexan-2-yl) azanediyl) triacetate (5)

This compound was prepared using a literature procedure®. To a 200 mL round bottom
flask containing N, N-bis(carboxymethyl)-L-lysine (0.501 g, 1.91 mmoles) was added TMSCI
(1.45 mL, 11.44 mmoles). This was stirred at room temperature for 5 minutes. To the reaction
mixture, 100 mL of methanol was added, and to the reaction was refluxed for 24 h. The reaction
mixture was concentrated in vacuo to give a colorless crystalline solid (0.583 g, 99%) 'H
NMR:(MeOD,400 MHz) § 2.189-2.560 (br. s, 6H), 3.565 (s, 2H), 4.381 (s, 9H), 4.800-4.829 (m,

5H) ppm.'*C-NMR: (MeOD, 400 MHz)
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Figure 17: Synthesis of Azido-trimethyl ester-protected Lysine-N-Carboxamide Ligand (6).

This compound was prepared using a literature procedure®® In a 100 mL round-bottom
flask, N-tricarboxymethyl lysine trimethyl ester (5) (0.102 g, 0.335 mmol, 1 equiv) was dissolved
in 20 mL of dry dichloromethane. Triethylamine (3.6 equiv) was added to this solution, and the
reaction was stirred at room temperature for 1 min. Azidoacetic acid NHS ester (3, 1 equiv, 0.335
mmol, 0.0663 g) was added, and the solution was stirred for 24 h at room temperature. The solution
was concentrated in vacuo and redissolved in chloroform. This was then washed with brine (3 X
10 mL) and dried over anhydrous sodium sulfate. It was then concentrated and purified using
column chromatography (CHCl3: MeOH, 90:10) to afford the product as a light-yellow liquid
(0.122 g, 95%,).'"H NMR: (CDCl3, 400 MHz) & 1.516-1.640 (m, 6H), 3.25 (s, 2H), 3.390 (s,1H),

3.56 (s, 4H) 3.58 (s, 9H), 3.91 (s,2H) ppm. IR: N==N (2951), C-H (3298), C=0 (1730) cm"".
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Figure 18: General synthesis of Propargylated PAMAM 8a: G (2), 8b: G(3), 8c: G(4), and 8d: G
(6).

Dendrimer G (2) (67 mg, 2.074xa0*, one equiv.) was added to a 10 mL vial, after which 1
mL of dimethylsulfoxide and propargyl bromide (9.943 mL, 3 equiv.) were added to the vial. The
reaction was left stirring for approximately 48 hours and then dialyzed in 1 kDa MWCO dialysis
tubing for G (2) and 2 kDa MWCO for other generations for 48 hours, with the solutions changed
every 12 hours. After dialysis, each solution was lyophilized to dryness, producing a light yellow
to orange liquid. "H NMR in (DMSO-ds, 600 MHz): & 4.223 (s, 14H), 4.612 (s, 28H),7.73-8.80
(m, 28H), 2.29-3.89 (m, dendrimer peaks) IR: C=C (2123.56), N-H (3202.21) CH (3058.00),
C=0 (1665.66).1*C (600MHz, DMSO_ds) 5168.93, 167.82, 83.52, 7.24, 54.46, 49.76, 37.76,

36.86, 32.23, 27.60.



27

—

H PAMAM
o N{'?'\ 3
O N n
N
0/
o)

o
o
\
9a G(2):n<16
9b G(3): n=<30
9¢c G(4): n <59
9d G(6): n< 215

Figure 19: General synthesis of protected clicked compound 9 for G (2), G(3), G (4), and G (6).

In a 10 mL vial, 8a G (2) (0.103 g, 2.65 x 10> moles, 1 equiv.) was dissolved in 600 puL
of a THF: water mixture at a ratio of 1:1. Compound 6 (0.164 g, 4.23 x 10 mol) was added.
From a 100 mg/mL aqueous stock solution of sodium ascorbate, 251 pL was added to the
reaction vial (0.127 mmol, 25 mg, 0.3 equiv. per 6). From a 10 mg/mL aqueous stock solution,
copper sulfate pentahydrate (1057.8 uL 4.2 x 10> mmol, 10.57 mg) was added to the reaction
vial. The reaction was stirred at a high velocity for 48 h before adding EDTA and DDC? (20
mg/mL stock solution, at 600 puL each) and left stirring for another hour. Dialysis was performed

in DMSO using 1 kDa MWCO dialysis tubing, with the solution changed every 12 h for 2 days.



28

10b G(3): n < 32

Figure 20: General synthesis of protected clicked compound 10 for G(2), G(3), G(4), and G(6).
To a solution of compound 9a (33.38 mg, 3.2011x107> mol) in MeOH: H20 mixture,
LiOH (36.8 mg, 1.53x107 mol) was added. An additional 1 mL of deionized water was added to
the reaction and stirred for several hours. The reaction mixture was then neutralized using
Amberlite resin at a pH of 4-6 for about an hour. Dialysis was performed in DMSO using 1 kDa
MWCO dialysis tubing, with the solution changed every 12 h for 2 days. The product was
lyophilized to yield a gray, powdery substance. Characterization was performed, with an

emphasis on the new peaks formed using '*C, DEPT-135, and HSQC.
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Figure 21: General synthesis of metal complexed 11 and protein binding.

To a solution of deprotected compound 10d (1 mg) in 1 mL TBS buffer, 23.7 pL from a

10 mg/mL stock solution of NiSO4 was added, and the solution was stirred for 24 h to form 11d.



29
For TEM and CD experiments, 10 uLL (1 mg/mL) of this solution of 11d was combined with 91
uL of a 23.7 uM solution of galectin-3 (30 equiv) in PBS to form 12d. This solution mixture was
incubated at —20 °C for an hour before being diluted in TBS and analyzed by TEM as described
in chapter 3. TEM was carried out to confirm that the nucleation of oligomerization of galectin-3

by 11d forms 12d. Characterization of 12 is described in Chapter 3.
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CHAPTER THREE

PROTEIN BINDING

INTRODUCTION

Protein binding is a crucial phenomenon in biological processes, governing many cellular
functions from enzymatic catalysis to molecular transport.>' Proteins participate in signal
transduction, gene transcription, cell death, immune function, structural support, and catalysis of
chemical reactions vital for life 32. Virtually every aspect of the biology of living things involves
proteins 3. Proteins are constructed primarily from diverse combinations of 20 amino acids,
resulting in varied structures and functions*. Although proteins are often studied individually,
developments in molecular biology, analytical technologies, and computing since the 1990s have
enabled the study of protein clusters and complexes, leading to a surge of information in this area.
A typical example is the modification of the N- or C-protein terminus. Scientists have regularly
introduced different bulky chemical groups, or peptide sequences, to proteins to study their binding
affinity>. Other aspects of the proteins that can be explored include the biophysical properties and
the four levels of structure before and after binding?®. The overall role of protein function and its
understanding extends beyond basic biology. It offers critical insights for medicine and pharmacy,
facilitating the identification of targets for genetic manipulation and the rational design of novel
proteins®’. Several research articles have studied different methods for manipulating the function
of a protein, and one common approach is to bind the protein to a Ni-complexed nitrilotriacetic

acid?8.
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Amongst many drugs that have been developed, most aim to bind to a protein target.
Protein binding of molecules alters the protein’s behavior and influences biochemical pathways
that control cellular processes such as proliferation and apoptosis®®. Additionally, therapeutic
proteins can compensate for deficiencies or inhibit specific biological processes, making them
valuable treatments for various diseases.’’

For this research, transmission electron microscopy (TEM) and circular dichroism (CD)
will be used to study the binding of histidine-labeled proteins to the Ni-NTA functionalized
dendrimers reported in chapter 2. Transmission electron micrographs for the sixth-generation Ni-
NTA functionalized dendrimer complexed to both the full-length galectin-3 and the galectin-3
carbohydrate recognition domain are described in this chapter. In addition, circular dichroism
traces are provided for all four generations of Ni-NTA functionalized dendrimers reported in
Chapter 2. The CD traces for protein complexes formed upon the addition of galectins to the

dendrimers are also reported in this chapter.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a valuable tool in modern materials science, biology, and
nanotechnology. Through this technique, visualization of specimens at the atomic level has been made
possible*’. Unlike optical microscopy, which is limited by the diffraction of light, TEM employs a beam
of high-energy electrons to interact with the sample, producing significantly higher-resolution images.
The fundamental principle of TEM involves transmitting electrons through an ultra-thin specimen and
then evaluating the resulting diffraction pattern to obtain information about the structure of the specimen®!.
This allows for the detailed study of internal structures and morphologies that are otherwise impossible to

resolve with conventional light-based techniques***}. The versatility of TEM extends beyond simple
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imaging, encompassing a range of advanced techniques that provide detailed structural and chemical
information. Most TEM images, including those reported here, use stains that include heavy metals, but
some sophisticated computer programs can analyze unstained samples** 4>, Many protein samples are
negatively stained with uranyl acetate, and neutral stains like phosphotungstic acid are used for proteins
assembled via Ni (II)-complexation. These stains work by embedding electron-dense heavy metals around

the macromolecule of interest, enhancing contrast*.

Circular Dichroism (CD)

Circular dichroism (CD) spectroscopy is a pivotal spectroscopic technique in structural biology
and biochemistry. Since its emergence in the 1960s, CD has found extensive applications in
examining the structures of proteins, polypeptides, and peptides*’. CD spectroscopy is particularly
valuable for deducing the secondary structure of proteins and peptides in solution, offering a rapid
and relatively straightforward approach to assess the conformational states of these
macromolecules®®. The resulting CD spectra reveal characteristic features of different secondary
structure elements such as alpha-helices, beta sheets, and random coils.** In a CD spectrum, each
type of secondary structure, ranging from the alpha helix to anti-parallel and parallel beta-sheets,
beta-turns, and random coil, gives rise to a distinctive pattern of circular dichroism.*® The alpha
helix exhibits a strong positive CD band at 193 nm and two negative bands at 208 and 222 nm.
The beta sheet, on the other hand, gives rise to a positive band near 195 nm and a negative band

near 218 nm. A typical image of these CD traces is shown in Figure 20 below.>!



33

8e+4 1 — a-helix
2 — antiparallel §
6e+4 F 3 — disordered

4 — collagen (triple helix)

5 collagen (denatured
4e+4 g )

2e+4

0e+0

(6], deg. - cm?/dmol

-2e+4

desd |

1 1 1 1 1

-6e+4
190 200 210 220 230 240 250

Wavelength, nm

Figure 22: Representative CD traces for the different secondary protein structural elements*.

This chapter reports the CD spectra for the four generations of Ni-NTA functionalized dendrimers
reported in Chapter 2. It also presents their complexation to galectins and analyzes the abundance

of each type of secondary structure before and after binding the galectins to the dendrimers.

Experimental Methods

Transmission electron microscopy

For electron microscopy sample preparation, C-flat 300 mesh carbon-coated grids were plasma
cleaned in a Pelco EasiGlo instrument for 15s. 4 uLL of a 10-20 pg/mL protein solution was applied
to grids for 2 minutes, blotted, washed in Milli-Q water, and stained for an additional 2 minutes in
0.5% uranyl acetate. After blotting lightly, the grids were air-dried to allow a stain gradient to form.

Grids were imaged at 30,000x magnification in a Tecnai Spirit 120keV electron microscope.
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Results and Discussion

In Figure 23a, the unstained transmission electron micrograph of Nickel-NTA polyamidoamine
generation G (6) compound 11d shows particles that are approximately 5 nm in diameter. The
dendrimers appear as black dot-like particles that are distinguishable from the background. The
image in Figure 23a reveals the presence of a nickel-based complex, which affords the black spots
visible in the panel. In Figure 24a-b, two TEM images of a sample containing galectin-3 are shown.
Glutaraldehyde (0.01% in PBS) was added to a 60 pg/mL solution of galectin-3 in PBS. As
expected, the galectin-3 solution is too dilute for protein crosslinking to occur, and the individual
proteins are too small to be visible in the micrographs. In Figure 25a-c, the TEM images were
obtained for solutions of galectin-3 at the same concentration as in Figure 24 (60 pg/mL), but
compound 12d was added. A 20:1 ratio of galectin-3 to 12d was used, and 0.01% glutaraldehyde
solution was added. When both the polyamidoamine dendrimer 12d and galectin-3 are present,
white dots that are approximately 20 nm in diameter are visible.The images in 25a-c confirm the

presence of many Ni-NTA functionalized dendrimers complexed with Galectin-3.
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Figure 23a: G6 Only; 10ug/mL, no stain

Figure 24a-b: Galectin-3 stained with 0.5% uranyl acetate
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Figure 25a-c: Galectin-3/G6-Ni-NTA Structures: Synthesized and Combined Complexes across
three different data collections and stained with 0.5% UA

Circular Dichroism (CD) Spectroscopy (Experimental

Methods)
CD spectra were acquired using an OLIS DSM 20 UV/VIS Circular Dichroism Spectrophotometer

with a bandwidth of 2 nm (slit width 0.5 nm). Three spectra were collected from 190 to 260 nm in
I nm increments and subsequently averaged. Data were averaged at each wavelength for a time
that varied as a function of the voltage applied to the photomultiplier tube. The protein
concentration per sample was 10-35 uM in phosphate-buffered saline (PBS). The concentration of
12 in samples without protein was 7 uM in PBS. For mixed samples, final concentrations were 35
UM of protein and 3.5 uM of 12a and 12d (10:1 protein:12) in PBS. In all cases, three spectra of
PBS were collected from 190-260 nm in 1 nm increments and subsequently averaged for the
baseline. Spectral data were normalized to the most negative signal in the spectrum for stackplots

and summations.
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Results and Discussion

Figure 26a, shown below, provides the spectra for the synthesized molecules complexed with
nickel ions specifically for generation G (2) and G (6) (compounds 11a and 11d, respectively).
Comparison to the traces in Figure 22 indicates that the spectra of these molecules are entirely
different from the spectra of protein secondary structure motifs that have been known and
published in many papers. Although the CDs of both dendrimers are similar to each other, we
observe an increase in peaks at approximately 206 nm to 215 nm, and a further overall increase

across 224 nm to 257 nm.

After obtaining the CDs of the nickel-complexed dendrimers 11a and 11d, galectin-3 was added
in different ratios (10:1 and 8:1) to generations G (6) and G (2) to form 12d and 12a. The CD traces
for 12a and 12d are shown in Figure 26b and suggest that there is not a significant difference
between complexed and free galectin-3. The CD traces for 12a, 12d, and galectin-3 in the absence

of Ni-NTA functionalized dendrimers are all the same.

Figure 26a: Circular dichroism complex of G (2) and G (6)

all three samples.
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Figure 26a: Circular dichroism complex of G (2) and G (6)
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Figure 26b: Circular dichroism for Galectin-3, and complex with Galectin-3
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CHAPTER FOUR

CONCLUSION AND FUTURE DIRECTIONS FOR THE

PROJECT

The synthetic techniques employed in this project, ranging from substitution nucleophilic
reactions (Sn2) to the use of protective agents like TMSCI and Nobel Prize-winning click
chemistry, show the scientific approach of our research. This pathway has demonstrated the
feasibility of forming the targeted molecule and the ability to select appropriate characterization
techniques, including the use of 2D NMR, when conventional mass spectrometric techniques are
insufficient for analysis.

To test the efficacy of this synthesized molecule and its ability to form a cluster or complex
with galectin 3, a carbohydrate recognition protein, we employed it in transmission electron
microscopy and circular dichroism, as shown in various studies. In the images in Figure 25, we
observe a large cluster or complex that forms when the protein interacts with the Ni-NTA
functionalized dendrimer. Before the complex-protein combination, we see that the unstained
synthesized G (6) molecule 12d forms black dots on the TEM micrograph that are approximately
5 nm in diameter (Figure 23). The Ni-NTA functionalized dendrimer is much smaller than the
dendrimer/galectin-3 complex. Galectin-3, on its own, in TEM images, is too small to be visible
(Figure 24). Overall, the compound, as observed using transmission electron microscopy (TEM),
demonstrates its ability to promote protein clustering. Thus, the goals of this project, as described

in the final section of Chapter 1, were accomplished.
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To further explore the effect of cluster formation (as shown from the transmission electron
microscopy) on the structure of the protein, the circular dichroism data were collected and have
been reported in chapter three.

Although we hypothesized that binding to the synthesized molecules would cause
structural changes to a protein upon the formation of clusters, the circular dichroism data do not
show an evident structural change after the molecules 11a and 11d were added to galectin-3. Now
that characterization of 12a and 12d using TEM and CD has been completed, the functional effect
of complexation of galectin-3 with 11a and 11d to form 12a and 12d on cellular behaviors such as

cancer cellular aggregation will be determined.
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APPENDIX A

SPECTRA OF SYNTHESIZED MOLECULES
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Figure S33: G (6)-clicked-C13 of 9d
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Figure S34: G (6) clicked IR of 9d
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Figure S35: G (6) clicked HSQC of 9d
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Figure S37: G (2)-deprotected-DEPT-135
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Figure S38: G (3)-deprotected-HSQC of 10b
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Figure S39: G (3)-deprotected-DEPT-135 of 10b
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Figure S40: G (3)-deprotected-HSQC of 10c




89

0 H
%\\OH N
3N
HO 0 OH
R g
T R ] " Irel]

Figure S41: G (4)-deprotected-DEPT-135 of 10c
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APPENDIX B
MICROGRAPHS AND CIRCULAR DICHROISM SPECTRA FOR THE SYNTHESIZED

MOLECULES
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Transmission Electron Microscopy

Figure S43: TEM for protein-G(6)-NI-NTA complex

Figure S44: TEM for protein-alone



Figure S43: TEM for G(6)-NI-NTA complex, no stains.
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Circular Dichroism Spectra

CD Spectra of 11a and 11d
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S44: Circular dichroism of synthesized complex for G(2) and G(6)
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S45: Circular dichroism for Galectin-3, and complex with Galectin-3

CD spectra of galectin-3, 12a, and 12d
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