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Abstract

Biological hydrogels exhibit complex properties that cannot be recapitulated by current synthetic
materials. Examples include mucus, which acts as a barrier against toxins and pathogens while
simultaneously hosting trillions of microbes within the gut; cartilage which resists repetitive
compressive forces while maintaining highly lubricated layers for efficient movement; and
nuclear pore matrices which act as selective barriers in the transport of proteins and nucleic
acids. An underlying theme that gives biological hydrogels their unique mechanical and
biological functions is the presence of long polymeric molecules. These polymers are typically
comprised of repeating subunits that are essential for correct polymer function, such as the
phenylalanine-glycine (FG) repeats in nucleoporin proteins of nuclear pore complexes (NPCs)
and the proline-threonine-serine (PTS) domains in mucin polymers found in mucus. Although
these polymeric subunits are well-identified, to date their structural complexity has limited our
understanding of how they contribute to the overall hydrogel function.

In this thesis, we focus on two main biological hydrogels: the self-assembled matrix of the
nuclear pore complex that controls the passage of molecules between the nucleus and the
cytoplasm, and mucus, which protects against invading pathogens and toxins. As both hydrogels
consist of functionally redundant polymers and associated factors, understanding the relationship
between polymer sequence and hydrogel function is a significant technical challenge. To
simplify the problem, we design structurally reduced peptides and polymers with targeted
individual biological features such as amino acid identity, spatial localization of charge, and
glycosylation identity. We then study the effect of one or a combination of these properties on
the overall hydrogel function. Using this technique, we first demonstrate that peptide charge type
and amino acid placement are important features for regulating selective transport through NPCs.
For mucins, we identify single glycans that are sufficient to recapitulate the biofilm inhibition
properties of mucin, and present novel evidence that mucins modulate horizontal gene transfer
rates for opportunistic and commensal bacteria.

Thesis Supervisor: Katharina Ribbeck

Title: Associate Professor of Biological Engineering
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Chapter 1 Introduction

Biological hydrogels are ubiquitous in nature. At the human length scale, mucus hydrogels cover
the entirety of our wet epithelia as a protective layer'. At micron length scales, bacteria produce
biofilms—polysaccharide hydrogels—that act as a protective coating against mechanical and
environmental stresses’. At the nanometer lengths, the hydrogel within nuclear pore complexes
(NPCs) act as selective regulators for transporting molecules between cytoplasmic and nuclear
compartments in eukaryotic cells*®. Depending on the context, biological hydrogels can serve as
simply a physical barrier against offending stimuli, or act as more complex filters to selectively
transport specific beneficial molecules. Mechanically, hydrogels such as cartilage can resist
highly compressive forces in skeletal joints’® or provide a lubricating barrier to prevent
mechanical stress'®'*. Although these hydrogels exhibit dramatically different functions, a
recurring theme in these gels is the presence of long polymeric molecules—either in the form of
proteins, carbohydrates, or mixtures thereof—that give each hydrogel its unique properties.
Further examination of the makeup of these polymers reveal that a signiﬁcant fraction is
comprised of repeating amino acid or carbohydrate subunits. For mucus, the major polymer is
mucin, a megadalton glycoprotein that contains repeating regions of proline-threonine-series
(PTS) domains, which are heavily glycosylated with O-linked sugars'>'®. For biofilms, a

17,18

common polysaccharide is alginate ', which is composed of repeating units of mannuronate

and guluronate. For nuclear pores, the selective matrix is formed by proteins known as

5,19,20

nucleoporins , Which contain repeating FG-domains necessary for the unique selective

properties of NPCs.



Although the essential polymers have been identified in many biological hydrogels, there is a
lack of understanding as to how the biophysical and biochemical properties of the polymers give
rise to the overall structure and function of the resultant self-assembled hydrogel. Here, in this
thesis, we focus on two biological hydrogels: the self-assembled matrix found within NPCs and
mucus. This thesis is separated into three major sections. Chapters 2 and 3 investigate the role of
charged and hydrophobic amino acids in the molecular recognition of diffusing substrates that
travel through NPCs. Chapters 4 and 5 examine how mucus in the oral cavity and gastrointestinal
tract alter the rates of horizontal gene transfer between opportunistic and commensal bacteria.
Chapters 6 and 7 seek to establish design principles as to how individual components of mucin

glycoproteins contribute to the protective effects of mucosal hydrogels.

Nuclear Pore Complex Self-assembly and Selective Transport

The NPC is a major regulatory channel between the nucleus and cytoplasm within eukaryotic
cells®' . The nucleoporins that create the self-assembled matrix within the NPC channel are
intrinsically disordered proteins that contain stretches of hydrophobic phenylalanine-glycine
(FG) domains®*'"?**?°, The hydrophobic FG domains self-assemble to form a saturated gel that
excludes >99% of the proteins and nucleic acids synthesized by the cell. For efficient transport
through the NPC, molecules require complexation with nuclear transport receptors (NTRs)
23213035 Efficient transport relies on transient hydrophobic interactions between hydrophobic

patches on the NTR and the phenyl groups of FG domains.

From in vivo experiments, the minimal number of nucleoporins to maintain a selective NPC has

been identified and several FG-domains have been discovered to be essential for NPC function’.



However, despite in depth in vivo analyses, we still lack the understanding for establishing
heuristic design principles that allow for development of synthetic gels that recapitulate the
selective properties of the NPC. There are several reasons for the gap in knowledge. Primarily,
the NPC contains many redundantly functional nucleoporins®®. Moreover, within each
nucleoporin responsible for the selective function (termed FG nucleoporins), there are redundant
FG domains that consist of multiple repeating sequences of FXFG, GLFG, or FG (general is FG
sequences) interspersed by hydrophilic amino acids. The complexity of the NPCs and individual
nucleoporin sequences has prevented systematic analysis of sequence to function associations.
As aresult, the focus within the nuclear pore field has primarily been on the easily identifiable
phenylalanines and their role in maintaining a highly selective NPC. However, these FG
sequences consist <10% of the >1000 amino acid long FG nucleoporins. A significant fraction of
the FG nucleoporin sequence is disregarded and is speculated to only be essential for structural

integrity of the NPC matrix and not selective function.

A significant challenge in dissecting the role of these highly polar and charged regions of the FG
nucleoporins is the lack of conserved motifs. Unlike the conserved FG sequences, the regions
interspersed between FG sequences are highly degenerate. Hence, systematic testing of how
individual charged or polar amino acids contribute to FG domain function remains challenging in
vivo. In Chapter 2, I describe a novel method using rationally designed short peptide sequences
to circumvent this issue. With this technique, I determined that the charge type and identity of
amino acids surrounding FG sequences impact the structure and selectivity of FG-based gels.
Moreover, we showed that spatial localization of the charged amino acids with respect to the FG

sequence determines the degree to which charge influences hydrophobic interactions. Taken



together, the data suggest that the amino sequence surrounding FG sequences represent a tunable
mechanism to regulate the functions of FG domains to achieve a range of transport behaviors,
from complete retention at the interface to free diffusion through the hydrogel dependent on the
placement and charge type. In Chapter 3, I show that hydrophobic selectivity is not limited to
phenylalanines in the FG domains. The presence of tryptophan in nucleoporin sequences may
also act as a secondary regulatory of hydrophobic interactions and supports stringent selective

transport in regions of the NPC devoid of phenylalanines.

Mucus as a Microbial Phenotype Regulator

Mucus is a highly hydrating hydrogel that coats the wet epithelia of the human body. It manifests
in many different forms, from tears on the surface of eyes, saliva in the oral cavity, and the thick
layer in the digestive tract. At these epithelial surfaces, mucus forms a protective layer that
prevents microbial infections®*°. Mechanically, mucus hydrates the epithelia and lubricates
surfaces to allow for processes such as blinking, talking, ingestion, and digestion. The polymer

that gives mucus its mechanical properties is mucin'’*"*

, a long polymeric protein that is
heavily glycosylated®*’. Mucins come in two main forms: secreted and surface-attached. Here,
we focus on the secreted mucins such as Muc5ac, Muc5b, and Muc2, which are able to self-
assemble to form viscoelastic hydrogels. For a full review of the mucin glycoproteins and their
structure, refer to Varki et al*°. Briefly, mucin glycoproteins are up to 2 MDa in molecular
weight, with 50-80% of the molecular weight consisting of complex glycans. The glycans that
protrude from the protein backbone are O-glycans linked to serines and threonines. The addition

of complex carbohydrates is through stochastic processes governed by at least 20 different

glycosyltransferases. The O-glycans are typically present in four core structures termed cores 1,



2, 3 and 4. The primary monomer attached to serines and threonines are N-acetyl galactosamines
(GalNacs), which are then further modified with addition of N-acetyl glucosamine (GlcNac),
galactose (Gal), sialic acid, or fucose (Fuc). Through these stochastic processes, over 100 various
glycans have been identified on Muc2 alone*’, and are responsible for providing mucins their

protective attributes.

Aberrant production and glycosylation of mucins are correlated with disease states such as cystic

48,49 50-52

fibrosis*®*°, peptic ulcers™* 2, and other colorectal diseases’’. Inflammation and infections that
arise from deregulated mucin production suggest that mucins play a particularly important role in
regulating microbe function and physiology. In fact, mucins have a significant function in
preventing surface attachment and biofilm formation of microbes®**. By adding mucins to a
microbial culture, microbes such as Candida albicans and Pseudomonas aeruginosa
downregulate various gene expression profiles related to virulence and toxicity>>. Studies
examining how mucins affect multi-species dynamics also suggest that mucins may promote co-
existence of antagonistic microbes. For instance, in the oral cavity, salivary mucins allow for
prolonged co-existence of Streptococcus mutans and Streptococcus sanguinis56 whereas gastric
MucS5ac allows for co-cultures of Staphylococcus aureus and P. aeruginosa to thrive

(unpublished results). These results provide insight as to why billions of microbes can live

harmoniously on mucosal surfaces in the human body.

Although mucins have been identified as an essential glycoprotein in regulating specific
virulence traits, gene expression studies now suggest that mucins may globally change the

phenotype of microbes residing in the mucosal layer*®®. Therefore, it is essential to begin



surveying on a broader scale what microbial functions mucins are able to influence. The
particular virulence trait I will focus on in this thesis is the ability of microbes to acquire foreign
DNA through a process termed horizontal gene transfer (HGT). Through HGT, microbes have

739 toxin secretion®, and novel

been reported to obtain new traits such as antibiotic resistance
metabolic pathways®'. Of particular important from the global health perspective is the recent
rise of antibiotic resistance in pathogens. In the US alone, over 2 million infections leading to
23,000 deaths annually are attributed to resistant bacteria. The annual economic impact is over
$20B in direct costs and $35B in indirect costs stemming from 8 million additional days in

hospitals. Globally up to 10 million deaths annually are attributed to antibiotic resistance, with

costs expected to rise to $100 trillion by 2050%.

The current paradigm suggests that HGT occurs readily in the human body such as in the oral
cavity and gastrointestinal tract due to the shear density and high rate of interactions between
microbes’”**"%°_ The three main mechanisms of horizontal gene transfer are transformation,
conjugation, and transduction®. Briefly, transformation is the acquisition of exogenous DNA
when the microbial cell enters a competent state. Once competent, microbes activate pathways
that allow for internalization of DNA and incorporation into their chromosome and plasmids.
Conjugation is the exchange of material between two bacteria through the formation of sex pili.
Typically thought to occur at high frequencies in the gut, conjugation requires physical contact
between donor and acceptor cells. Last, transduction is the spread of genetic material through
bacteriophages, which infect their microbial hosts. In addition to antibiotic resistance genes,
many virulence genes are recognized to spread through various mechanisms of HGT as well.

Considering the high frequencies of HGT that can be achieved in vitro and the density of

10



microbes that inhabit our mucosal surfaces, microbes should be able to constantly exchange
genetic material in the host environment. Despite that, antibiotic resistance and virulence genes
are not present in all microbial genomes, suggesting that our body must have developed
mechanisms to limit the spread of virulence and toxin-related genes as a protective measure. In
this thesis, we explore how our body is able to modulate the exchange of genetic material for
microbes that commonly inhabit our mucosal surfaces. Specifically, in Chapter 4, I examine how
salivary mucin MUCS5B and native saliva inhibit the natural transformation of the opportunistic
pathogen Streptococcus mutans, which is known to cause dental caries. In Chapter 5, I show how
gastrointestinal mucins and mucus inhibit conjugation between E. coli strains but upregulate
conjugation events between E. coli and probiotics such as Lactobacillus reuteri. These results
show that mucins and more generally, the mucosal environment, has a dramatic impact on the
ability of microbes to undergo HGT and a deeper understanding is required as to what
components of mucins regulate these virulence pathways. To investigate what components of
mucins are able to regulate virulence traits of microbes, I take an engineering approach to
identify essential glycans that may be of functional relevance and synthesize a small library of
glycopolymers for in vitro assays. In Chapter 6, I describe a method in which to narrow down the
potential glycans to test. In Chapter 7, I provide a synthesis protocol to show how to engineer
simplified mucin-like glycopolymers. Here, I discovered that complex glycans are not necessary
to inhibit virulence traits such as biofilm formation and gene transfer in S. mutans. Instead,
simple monosaccharides grafted onto inert polymers are sufficient for strong inhibitory

responses.
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Chapter 2 Charge Influences Substrate Recognition and Self-

assembly of Hydrophobic FG Sequences

The nuclear pore complex (NPC) is a megadalton structure that controls the exchange of material

between the nucleus and cytoplasmzl“23

through a combination of passive and facilitated
diffusion. Above a ~30 kDa cutoff, proteins require complexation with nuclear transport
receptors (NTRs) to efficiently translocate at rates of nearly one thousand molecules per
second®””°. This fast translocation rate relies on transient interactions between hydrophobic
phenylalanine-glycine (FG) domains on intrinsically disordered FG-containing nucleoporins (FG

5,6,19,21,24-27,30,31,36,68,71-73 Without this assistance

nucleoporins) and hydrophobic patches on NTRs
from NTRs, proteins remain excluded from the NPC. Despite the necessity of FG domains
(which contain repeating units of FG sequences such as FxFG or GLFG) for facilitated diffusion
and self-assembly of the selective matrix, how hydrophobic FG domains exhibit such selectivity
for specific hydrophobic domains on NTRs and what parameters tune the molecular recognition
necessary for facilitated transport remain open questions. Sequence analysis and molecular
dynamic simulations predict that the biochemistry and charge surrounding individual FG
sequences should play an essential role in FG-mediated molecular recognition and therefore
determine the organization and selectivity of the NPC®"**"*77 However, due to the complexity

and redundancy of FG nucleoporins within NPCs, systematic biochemical dissection of the

amino acid space surrounding individual FG sequences has remained an experimental challenge.

Here, we investigated whether and how electrostatic interactions surrounding FG sequences
tailor both the self-assembly of FG sequences and the selective recognition of hydrophobic

substrates. For systematic dissection of how charge type and localization influence FG-mediated

12



selectivity, full FG domains are too degenerate and complex to provide insight into how single
amino acids contribute to selectivity. In peptide research, rationally designed peptides and
polypeptides have previously been helpful to identify individual amino acids or short peptide
sequences important to the function of much larger polymer-based biomaterials such as

7280 and elastin-like polypeptides®' . Here, we applied this

extracellular matrices’®, silk proteins
approach and created systematically varied peptide sequences to identify the amino acids
surrounding FG domains in native nucleoporins that may contribute to selectivity. While
peptides may not recapitulate all properties of the original protein, they are a suitable model
system for this study because they yield insight into the contributions of individual amino acids
and their positioning to overall protein function, a task not feasible with intact proteins. Our data
demonstrate that the identity and charge of amino acids surrounding FG sequences can impact
the structure and stiffness of FG-based gels. Moreover, we determined that charged amino acids
enable FG-containing peptide gels to discriminate substrates of varying charge and
hydrophobicity, positioning us to create tunable filters that select substrates across a broad
spectrum of complex biochemical properties. Last, we found that the distance at which a charged
amino acid is localized with respect to the FG sequence determines the degree to which charge

influences hydrophobic interactions. Together, our data suggest that FG domain function may be

determined by the placement and type of amino acids surrounding FG sequences.

Materials and Methods
Sequence Analysis:
The logo of the consensus sequence was generated using Berkeley’s WebLogo software® by

aligning 15 repeats according to FSFG as reference. Conserved fraction was calculated for

13



positive charges (# cationic residues K or R)/(15 repeats) and similarly for negative charges (#

anionic residue E or D)/(15 repeats) at each position indicated.

NTF2 Expression and Labeling:

pQE30-NTF2-6xHis was a gift from the Gorlich lab and transformed into DHS5a cells for
cloning. A cysteine (C) was inserted for fluorescent labeling after the 6x His-tag using standard
site-directed mutagenesis with the two primers (5° —
ctcagctaattaagcttagcagtgatggtgatggtgatgagatctg - 3’ and 5° -
cagatctcatcaccatcaccatcactgctaagcttaattagetgag — 37) to form pQE30-NTF2-6xHis-C. The W7A-
C mutant containing the terminal cysteine was created by using pQE30-NTF2-6xHis-C and
applying standard site-directed mutagenesis with primers 5° —
tgaggagccaatttgttccgegatcggtttatcacccatg — 3” and 5° — catgggtgataaaccgatcgcggaacaaattggetcetca
—3’. Expression of NTF2-C and W7A was completed in OverExpress C41(DE3) cells (Lucigen)
and purified using standard nickel column purification and ion-exchange columns. Labeling of
NTF2-C and W7A-C was completed using Fluorescein-5-maleimide (Thermofischer Scientific,
Catalog #F150) in accordance with the manufacturer’s protocol; labeled product was gel
purified. Labeling efficiency was approximately 50% (data not shown). The final concentrations

of NTF2 and W7A for transport were adjusted to 10 uM with 10% of the population labeled.

Peptide and Gel Preparation:
Unless specified otherwise, all chemicals were obtained from Sigma Aldrich (St. Louis, MO,
USA). Peptides were prepared by MIT’s Koch Institute Biopolymers and Proteomics Facility

(Cambridge, MA, USA) and Boston Open Labs LLC (Cambridge, MA, USA). All peptides were

14



HPLC purified unless specified otherwise, desalted using reverse phase HPLC with 0.05%
trifluoroacetic acid (TFA), and lyophilized after synthesis with >95% purity. For fluorescently
labeled peptides, a 5-carboxyfluorescein (5-FAM, Anaspec; Fremont, CA, USA) fluorophore
was added to the N-terminus, and the C-te;minus was modified to be an amide. The dye labeling
protocol was as follows: peptide-resin that contained an N-terminal free amine but was otherwise
fully protected was washed six times with dimethylformamide (DMF) followed by six washes
with dichloromethane (DCM) and dried. The material was subsequently reconstituted with dry
DMF to re-swell the resin. The dye-labeling cocktail consisted of a 4X molar excess over
peptide-resin of 5-FAM, N,N'-Diisopropylcarbodiimide (DCM), and hydroxybenzotriazole
(HOBY) reconstituted in a minimal volume of dry DMF and stirred overnight at room
temperature in the dark. The cocktail was allowed to pre-activate for 30 min before being added
to the peptide-resin. Dye-labeled peptide resin was washed six times with DMF, then six times
with DCM, and dried in preparation for standard luorenylmethyloxycarbonyl chloride (FMOC)
cleavage and de-protection. All quality-control analyses for purity were provided by MIT’s
Proteomics facility or by Boston Open Labs (Supplementary Data S1). Neutral Hydrophilic (n)
and Hydrophobic (n) fluorescent reporters could not be HPLC purified due to aggregation and

were used as crude samples.

Fluorescent peptides were diluted into 200 mM NaCl with 20 mM HEPES [pH 7] at 10 uM final
concentration for diffusion experiments. Gel peptides were all dissolved in 20 mM NaCl, 20 mM
HEPES [pH 7] at 2% (w/v). To facilitate solubilization and gel formation, peptides were

vortexed for 30 s and briefly sonicated in a bath sonicator (Branson 2510) to reduce aggregation.

15



Capillary Diffusion Assay and Analysis:

Borosilicate square capillaries (1.5 inch) with 9 mm cross sectional width (Catalog # 8290,
Vitrocom; Mountain Lakes, NJ, USA) were loaded by piercing pre-made hydrogels. Ten-
micromolar solutions (200 mM NaCl, 20 mM HEPES [pH 7]) of fluorescent peptides were
injected into the capillary and sealed with a 1:1:1 (by weight) mixture of Vaseline, lanolin, and
paraffin. Time lapses of peptide diffusion were taken at 1-min intervals for up to 5 h on a Nikon
Ti Eclipse inverted microscope using a Nikon CFI Plan UW 2X or on an AxioObserver D.1 with
a EC Plan-Neofluar 1.25x/0.03 WD=3.9 and Hamamatsu C11440-22CU camera. All
fluorescence profiles were obtained by averaging the fluorescence intensities across the width of
the capillary in MatLab (MathWorks; Natick, MA, USA). Normalized concentration profiles
were obtained by normalizing fluorescence intensities to the bath concentration of the capillary
at the initial time point. The fluorescence signal was linear up to 50 uM (Supplementary Figure
2-1). To plot concentration profiles, the signal was not adjusted past the saturation point; data
therefore represent the lower bound of the actual concentration of reporters accumulating in the
gel. All data represent at least three independent replicates. Student’s 7 test was applied to

determine p-values between experimental conditions.

Effective diffusion rates were fit by minimizing the squared error of a simulated concentration
timecourse in a region of the capillary on the gel side of the interface over a 100-min window.
To achieve this fit, we numerically solved the diffusion equation for the concentration of probe c:

dc(x,t) D 0%c(x,t)
at dx2

using MatLab’s pdepe function (MathWorks; Natick, MA). The initial condition c(x,0) was set

by the concentration profile at the first timepoint, and the boundary conditions ¢(0,?) and ¢(L,?)

16



(for a fit over length L) were similarly determined by the concentration profiles at the edges of
the region of interest. The D that minimized the squared difference between the simulated and
actual concentration profiles was the value reported; minimization of error took place iteratively
using a modified gradient descent algorithm. The window from 150-250 min was generally used
for fitting, but for particularly fast-diffusing probes (D>1000 pm”*/min), windows of 50-150 min
or 30-130 min were used. The earlier time period allowed for the fitting to take place before the
steady state or pseudo-steady state was reached, which was crucial for precise fitting. Examples
of the diffusion-coefficient analysis across the time series as well as the general fit appear in

Supplementary Figure 2-2.

Nile Red Fluorescence Assay:

Using the diffusion methods mentioned above, Nile Red dye (N1142, Thermo Fisher Scientific;
Waltham, MA, USA) was loaded into capillaries at 10 ug/mL in 200 mM NaCl, 20 mM HEPES

[pH 7].

Rheological Testing:

Rheological tests were performed on an Anton Paar MCR 302 Rheometer in a cone-plate
geometry with a 25-mm diameter, 1° cone angle, and 51-um truncation. The temperature was
maintained at 25 °C and evaporation was controlled with an H,O-filled solvent trap. To identify
the linear regime, amplitude sweeps were conducted at ® = 10 rad/s from yo, =0.01% to 100%
strain. In the linear regime, frequency sweeps were conducted using the previously determined

strain amplitude from ©® = 100 rad/s to 0.1 rad/s.
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Transmission Electron Microscopy:

Images were taken with a JEOL-1200 transmission electron microscope. Gels were formed as
described above and spotted onto glow-discharged carbon-coated copper Formvar grids (Ted
Pella). Excess liquid and gel were removed with Whatman paper or parafilm. Grids were
submerged in 1% uranyl acetate, blotted, and air dried for 15 min prior to imaging. Images of

gels are representative of at least four images of each gel type.

Phenyl-sepharose chromatography:

Fluorescent reporters were dissolved in 200 mM NaCl, 20 mM HEPES [pH 7] and loaded into
high-prep henyl FF 1 mL-capacity phenyl-sepharose columns (GE Healthcare Lifesciences;
Pittsburgh, PA, USA) equilibrated with three volumes of 200 mM NaCl, 20 mM HEPES [pH 7].
For elution, flow rates were set to 1 mL/min with 0.5 mL fraction volumes. Fraction

concentrations are representative traces of elution profiles.

Results

To determine the relevance of charged amino acids in FG domains, we chose the yeast
nucleoporin Nspl as a model system because it is essential in Saccharomyces cerevisiae® and
contains a repeating subsequence (284-553) with a high density of charge (Figure 2-1A).

1284533 revealed a non-uniform

Sequence analysis of 15 repeats of FG domains in Nsp
distribution of charge in the sequence space separating FG sequences (Figure 2-1B). Cationic
residues appear near the center and edges of the repeat, whereas anionic amino acids reside at

least three positions away from FSFG sequences. Moreover, several highly conserved lysine (K)

residues are situated 2-3 amino acids away from the FG sequence, at positions 6 and 17, and a
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conserved glutamic acid (E) appears at position 9 (Figure 2-1A). The non-uniformity in
conserved charge distributions and amino-acid identity suggests that the charge and biochemical
properties of amino-acid sidechains may play a role in governing how neighboring FG sequences
respond to environmental substrates; that function may be encoded in the non self-assembling

domains of FG nucleoporins.
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Figure 2-1: Identification of conserved repeat sequences and design of simplified FG self-assembling peptides

A) Conserved sequence identification of the C-terminal end of the essential yeast nucleoporin Nsp1. The letters in the top
position indicate the most conserved residue at each location and represent the consensus sequence.

B) Conservation of charge between FG sequences in Nspl repeats. Positive or negative values refer to the presence of cationic or
anionic residues, respectively. Amino acid numbers correspond to position in the consensus repeats, as in Figure 2-1A.

C) Simplified peptides consisting of 14 amino acids were designed with the sequence structure FSFGAXAAXAFSFG, where X
represents the substituted amino acids K, E, or S. These peptides were used to determine how the presence of charge affects FG-

mediated selectivity.

D) Designed peptides in which K is moved immediately adjacent to (FGK) or placed three amino acids away (FGA2K) from
FSFG domains to test how the spatial localization of charge influences FG selectivity.

E) Class of peptides in which K is substituted with R or D to determine how biochemistry affects FG-mediated selectivity and
self-assembly.

To test how the type and placement of charge, as well as sidechain chemistry, affect FG function,
we synthesized the consensus Nspl peptide sequence and rationally designed 14-amino acid

variations of it. All engineered peptides consisted of two terminal FSFG sequences with
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neighboring charged or neutral amino acids. To establish how the presence of charge affects FG-
mediated selectivity, we designed the peptide sequence FSFGAXAAXAFSFG, where X is K, E,
or a neutral serine (S) (Figure 2-1C). Since K is the most conserved residue in this wildtype
Nspl subsequence, we use the K-containing peptide (the FGAK peptide) as the reference for all
other experimental comparisons. To determine whether the substrate-binding properties of FG
domains depend upon the type of neighboring charge, we synthesized the anionic peptide FGAE,
and as a control the neutral FGAS peptide in which each K was converted to S. To test how the
positioning of K relative to the FG sequence affects FG function, we designed two variants of
FGAK in which the K was placed directly adjacent to the FG domain or separated by two alanine
(A) residues (peptides FGK and FGAK, respectively; Figure 2-1D). Last, since only certain
charged amino acids such as K and E exhibit 100% conservation at positions 6, 9, and 17
(Figure 2-1A), we hypothesized that amino-acid biochemistries may also regulate FG-based
molecular recognition. To test how the chemical structures of amino-acid sidechains affect the
structure and function of FG domains, we designed a third class of peptides in which K was
replaced with cationic arginine (R; FGAR) or aspartic acid (D; FGAD) (Figure 2-1E). With
these 14-amino acid nucleoporin-based peptides, we evaluated how single amino-acid
substitutions alter the selective binding and self-asserr;bling capabilities of individual FG

domains.

Characterization of the effect of charge on FG-mediated self-assembly
Before studying selective recognition by FG-based peptides, we first tested whether they form
gels. We used a concentration of 2% (w/v) for each of the peptides, which corresponds to 28 mM

FG sequence, a value that is well within the range estimated for densely packed NPCs*****¢. To
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quantify gelation, we measured the stiffness of the resulting material using small amplitude
oscillatory frequency sweeps. We report the storage (G”) and loss (G”’) moduli of the peptide
solution (Figure 2-2). A gel forms when G’ > G”, which indicates successful self-assembly of a
stable network of peptides. The consensus peptide sequence of Nspl (Figure 2-1A) was unable

to form a gel and flowed when inverted (data not shown), so it was not suitable for further

analysis.
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Figure 2-2: FGAK and FGAE self-assembly

Frequency sweeps of (A) FGAK gel and (B) FGAE gel, with G’ (storage) and G” (loss) moduli reported at 2% (w/v). Insets,
transmission electron microscopy of self-assembled peptides and macroscopic gel. For both FGAK and FGAE peptides, G’ >
G”, indicating gel formation. The replacement of K with E alters the self-assembly properties of FG sequences to form different
structures and gels with orders of magnitude varying stiffness.

For the engineered FG sequences, we established that the reference peptide FGAK forms a
hydrogel with a stiffness of 10* Pa across the frequencies tested (Figure 2-2A). To ensure that
the FG sequences were responsible for the self-assembly process, rather than the high density of
A residues, which can promote stable self-assembly®’, we converted F to S (SGAK). With this
substitution, the peptide remained in the aqueous phase and no longer exhibited a dominant
storage modulus (Supplementary Figure 2-3A), suggesting that the F within the designed
peptides provides the necessary hydrophobic interactions for gelation, as for intact FG
nucleoporins™. Reversing the charge via an E (FGAE peptides) revealed that the gel-forming

properties are maintained with stiffness 5-9 KPa at the frequencies tested (Figure 2-2B). To
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determine whether the charge is responsible for maintaining the hydration of the gel, we
compared the material to the solution of neutral FGAS peptides. Without the charge, FGAS
precipitated out of solution (Supplementary Figure 2-3B), indicating that the presence of
charge is essential in maintaining a hydrated network of FG sequences. However, it appeared
that too much charge could prevent gelation, presumably by increasing the solubility, as with the
consensus sequence peptide. Without electrostatic repulsion in the gels, the network collapses
and forms a precipitate. Taken together, our results suggest that the sequence adjacent to the FG

sequence encodes information that impacts self-assembly and substrate binding by FG domains.

Binding of NTF2 is asymmetric in cationic and anionic FG-based gels

To determine whether FG-based peptide gels reconstitute the selective binding properties of
native FG nucleoporins, we selected NTF2 as a model receptor because it contains an essential
tryptophan (W7) that is required for binding FG domains. We replaced W with an A (NTF 2V74
to ablate FG-binding capabilities®’, enabling us to test whether the FG domains are available in
the gel for NTR binding. As cationic native and engineered nucleoporin gels are predicted to

Q7473 , we first determined

bind and facilitate the selective transport of native NTRs such as NTF
whether the positively charged FGAK gel preferentially selected for NTF2 compared to the
NTF2%"* mutant. To prepare gels for selective transport assays, we dissolved FGAK peptides at
2% (w/v) as before and loaded the material into capillaries. Fluorescently labeled NTF2 or

NTF2%"* was then injected into the capillary and sealed to create a 1D diffusion chamber; the

diffusion profile was monitored for up to 5 h at 1-min intervals (Figure 2-3A).
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Figure 2-3: Molecular selectivity of the native transport receptor NTF2 in FGAK and FGAE gels

A) Top, schematic of slab 1D transport system within a sealed capillary, which provides no flux boundary conditions during the
diffusion of fluorescent molecules (yellow stars). Bottom, the interface of the gel is reflected by the increase in fluorescence
signal between the buffer and hydrogel.

B-C) Transport of representative fluorescently labeled NTF2 and NTF2W7A proteins into FGAK and FGAE gels at 5 h. FGAK
is able to preferentially recognize NTF2 over NTF2W7A mutant whereas FGAE gels are unable to.

D) Left, maximum concentration of labeled proteins at the interface. Right, effective diffusion coefficients of labeled proteins.
Error bars are standard deviations of at least three independent replicates. *p<0.05, unpaired Student’s t test.

To quantify the extent to which the gels differentiated between NTF2 and NTF2V"*, we
determined the maximum accumulation of the transport receptors at the gel interface and their
effective diffusion coefficients inside the gel using time-evolving fluorescence profiles. Lower
effective diffusivities and higher accumulation indicate stronger interactions with the gel. For a
detailed description of diffusion coefficient analysis for these time series, refer to the Materials
and Methods and Supplementary Figure 2-1. NTF2 accumulated at higher concentrations
(mean + standard deviation: 96.2 + 15.2 uM) at the gel interface than did the NTF2V* mutant
(63.9 = 8.8 uM) (Figure 2-3B and D). Thus, the FGAK peptide has a binding preference for
NTF2 over the NTF2"’* mutant, and appears capable of recognizing a single hydrophobic
amino-acid difference. While NTF2 displayed increased enrichment at the FGAK gel interface
(Figure 2-3D), its effective diffusivity did not significantly differ from that of the NTF2%V"4
mutant (NTF2, 10.6 + 6.5 pM; NTF2V"* 9.9 + 4.9 uM). This experiment illustrates that the
minimal in vitro system does not fully reconstitute the selective transport observed in the NPC in

vivo, but it enables the characterization of the first step of selective transport in native NPCs,
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namely, the requirements for the initial selective binding to FG-based gels, which is the focus of

this work.

To test whether NTF2 binding is sensitive to charged residues neighboring the FG domain, we
determined whether NTF2’s interaction with FGAE recapitulated the selective properties of
FGAK, despite the reversal of charge. Figure 2-3C and D show that FGAE selects for NTF2
(69.9 +27.1 uM) and NTF2%7* (59.5 + 36.0 uM) equally at the interface, with no significant
difference in diffusion coefficients (NTF2 266.5 + 71.1 uM and NTF2%V"* 342.7 + 91.0 uM).
These results indicate that the FGAE gel is less effective than the FGAK gel at differentiating
between the native and mutant forms of NTF2. The FGAK and FGAE gels exhibit structural
differences at the microscopic level (sheets vs. fibers; Figure 2-2A and B) and the macroscopic
level (insets to Figure 2-2A and B). Therefore, it is possible that due to structural differences,
the FG sequences are not exposed and are unavailable for binding by NTF2 in the FGAE gel. To
test this hypothesis, we determined that Nile Red dye, which fluoresces within hydrophobic
environments, was detected in both FGAK and FGAE gels (Supplementary Figure 2-4): the
uncharged hydrophobic dye interacted with the FG domains within the peptide-based gels
despite the structural variation. These results suggest that K and E may regulate the selective
properties of the FG sequences from a charge interaction perspective, as opposed to simply

altering the microstructure of the gel.
Presence of charge regulates selective recognition by FG domains

Although NTRs such as importin  (Impf) and NTF2 have well-characterized specificity for

particular FG-nup sequences, intact receptors contain multiple binding pockets with varying
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affinities and charge distribution, or require dimerization for function. These factors complicate
the systematic analysis of how charge contributes to FG function. Hence, as a replacement for
complex NTRs in our minimal in vitro model, we designed fluorescent peptide reporters with
defined spatial arrangements of charged and non-polar amino acids to systematically test the
contribution of charge in hydrophobic selectivity (Figure 2-4A). The first two reporter peptides
harbored three F residues, creating a hydrophobic tail for binding to FG sequences, but one
contained an adjacent anionic sequence composed of E residues (termed Hydrophobic (-)), while
the other contained cationic K residues (Hydrophobic (+)). As controls, we engineered two more
reporters in which F residues were converted to hydrophilic asparagine (N) residues, termed
Hydrophilic (- or +); these control peptides should not interact with FG domains. To confirm that
the synthetic hydrophobic reporters interacted with the aromatic phenyl group in FG domains in
the gels independently of their charged domains, we used phenyl-sepharose columns to assay
hydrophobic interactions. This assay was previously employed to isolate intact NTRs from cell
lysates®. Both hydrophobic reporters displayed longer retention times than their hydrophilic
counterparts (Supplementary Figure 2-5), indicating that the hydrophobic reporters interact

with the phenyl groups on the sepharose independent of the displayed charge.
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Figure 2-4: Charge affects hydrophobic molecular recognition in cationic FGAK gels
A) Schematic of the four fluorescent reporters with a charged domain and a hydrophilic (N) or hydrophobic (F) tail.

B) Representative fluorescence images of Hydrophobic (-) and Hydrophilic (-) reporters in the FGAK gel showing the increased
selectivity for Hydrophobic (-) reporters over Hydrophilic (-) reporters

C) Representative fluorescence images of Hydrophobic (+) and Hydrophilic (+) reporters, which contain a cationic tail, into
FGAK gel showing the increased selectivity for Hydrophobic (+) reporters over Hydrophilic (-) reporters. A low-salt condition
(20 mM NaCl) was added for the Hydrophobic (+) reporters to show how electrostatic screening modulates hydrophobic
interactions for Hydrophobic (+) reporters. For panels B and C, error bars are standard deviations of at least three independent
replicates. *p<0.05 and **p<0.01, unpaired Student’s t test.

We used the FGAK gels to investigate whether the two hydrophobic fluorescent reporters
underwent differential uptake into the gel. The cationic FGAK gel interacted with the
Hydrophobic (-) reporters, and accumulated inside the gel. The maximum concentration of
peptide at the interface was ~3-fold higher for the Hydrophobic (-) reporter (64.6 + 12.1 uM)
than the Hydrophilic (-) reporter (207.6 + 57.2 uM) (Figure 2-4B), which does not contain a
hydrophobic tail, suggesting that FG sequences in FGAK recognize reporter F residues when the
reporter is negatively charged. The contribution of hydrophobic interactions is further
corroborated by the strong reduction in the effective diffusion coefficient from 7 pm*/min for
Hydrophilic (-) to <1 um*/min for Hydrophobic (-) (Figure 2-4B), indicating that the
hydrophobic interactions induce tighter binding in the context of electrostatic attraction. We note

that the interactions are so strong that the Hydrophobic (-) reporters essentially do not diffuse
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over the 5-h period analyzed, suggesting that the binding is irreversible. In contrast, when the
reporters contained a cationic tail (Figure 2-4C), the Hydrophobic (+) and Hydrophilic (+)
reporters diffused into the gel with coefficients of 381.0 + 57 m*/min and 2038.0 + 211.8
um?/min, respectively. The Hydrophobic (+) reporters bound 1.5 times above the original bath
concentration at the interface (14.81 £ 0.5 uM), whereas the Hydrophilic (+) reporters
equilibrated (3.6 + 0.3 pM) with no discernible partitioning (Figure 2-4C). Thus, hydrophobic
interactions can occur in electrostatically repelling environments, but the interactions are much
weaker than those detected with the Hydrophobic (-) reporters. Moreover, lowering the salt
concentrations from 200 mM NaCl to 20 mM (to decrease electrostatic screening and to increase
electrostatic repulsion) decreased the accumulation of Hydrophilic (+) reporter at the interface
(11.9 = 1.1 uM), while the diftusion coefficient (732 £ 317.7 umz/min) trended upward (Figure
2-4C), indicating that repulsion weakens the overall strength of the hydrophobic interactions
with the FG domains. These results show that the K residues in FGAK gels distinguish between
two substrates that contain the same hydrophobic domain but with different surrounding charge
types. In particular, K allows for increased binding to hydrophobic domains with neighboring

anionic residues.

Spatial localization of lysine affects FG-mediated self-assembly and binding selectivity

Our analysis of the Nspl repeat consensus sequence (Figure 2-1A and B) suggests that the
conserved location of K within 2-3 amino acids of the FG sequence may be relevant for FG-
mediated molecular recognition. To characterize this relationship, we tested whether placing a K
immediately adjacent to the FG sequence (FGK) or moving it 3 amino acids away (FGAK)

affected the sequence’s selectivity compared to the original arrangement in the FGAK peptide.
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While FGA K peptides readily formed a stiff material and could be tested for selective uptake,
the FGK peptide gel was two orders of magnitude less stiff (Figure 2-5A and B), flowed when
inverted, and dispersed when fluorescent reporters were loaded (data not shown). We therefore
focused our comparison on diffusion and accumulation in FGAK and FGAK gels. The FGAK
gel selectively enriched for the Hydrophobic (-) reporter but failed to uptake the Hydrophobic (+)
reporter to the same degree (Figure 2-4B and C). The effective diffusivity of the Hydrophobic (-
) (0.5 + 0.14 pm?*/min) reporter in the FGA,K gel was an order of magnitude lower than that of
the Hydrophilic (-) reporter (7.9 + 1.7 pm?/min) (Figure 2-5C), showing that the combination of
hydrophobic and electrostatic attraction synergizes for strong binding. However, the maximum
accumulation at the interface of the two anionic reporters was similar (153. 6 £ 29.6 uM for
Hydrophobic (-) vs. 205.7 + 12.2 uM for Hydrophilic (-)) (Figure 2-5C), indicating that the
FGA,K gel is unable to differentiate between the two reporters to the same degree as the original
FGAK gel. For cationic reporters, the Hydrophobic (+) peptide accumulated within the gel (25.8
+ 0.8 uM) and displayed an order of magnitude lower effective diffusivity (444.3 +267.7
um?/min) than the Hydrophilic (+) reporter (6.5 + 1.3 uM and 2902 + 719.8 um*/min,
respectively) (Figure 2-5D). In addition, more Hydrophobic (+) reporter accumulates in FGA,K
gels than in FGAK gels (Figure 2-5D). These data show that placing K within 2 amino acids of
an FG domain, approximately corresponding to the 1 nm Debye length at physiologically
relevant salt concentrations, enables hydrophobic selection of substrates with opposite charge,
while placing K three amino acids away reduces the contribution of electrostatic interactions to
hydrophobic FG-mediated selectivity. As a result, by increasing the distance between charged
residues and FG sequences, the FG sequences become less dependent on the electrostatic profile

surrounding the hydrophobic substrate during selective transport.
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Figure 2-5: Effects of spatial localization of charge on FG-mediated self-assembly and selectivity
Frequency sweeps of (A) FGA2K and (B) FGK gels with G’ (storage) and G” (loss) moduli reported at 2% (w/v).

C) Representative fluorescence images of Hydrophobic (-) and Hydrophilic (-) reporters in a FGA2K gel showing the similarities
between the selectivity of the two reporters.

D) Representative fluorescence images of Hydrophobic (+) and Hydrophilic (+) reporters, which contain a cationic, in a FGA,K
gel showing the ability of FGA,K gels to select for Hydrophobic (+) reporters independent of electrostatic repulsion. Error bars
are standard deviations of at least three independent replicates. *p<0.05 and **p<0.01, unpaired Student’s ¢ test.

Glutamic acid reverses the selectivity of FG domains

Since the K residues in the FGAK gel help FG sequences differentiate between reporters
containing anionic or cationic hydrophobic domains, we next asked whether FG-mediated
recognition could be reversed by including anionic E residues. The selectivity of FGAE gels for
the same class of fluorescent reporters was reversed from that of FGAK gels (Figure 2-6 A-D).
Selectivity was a function of both hydrophobic and electrostatic interactions, as the Hydrophilic
(+) reporters accumulated 3-fold less at the interface (41.8 + 7.1 uM) than did the Hydrophobic
(+) reporters (123.2 £29.32 uM) (Figure 2-6D). Moreover, the diffusion coefficient of the
Hydrophobic (+) reporter (6.6 + 2.6 um*/min) was an order of magnitude lower than that of the

Hydrophilic (+) reporter (160.8 + 32.7 um?*/min) (Figure 2-6D). Conversely, neither the
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Hydrophobic (-) nor the Hydrophilic (-) reporter interacted significantly with the gel; their
similar effective diffusion coefficients (1381.0 + 282.0 um*min and 1451.0 + 223.0 um*/min,
respectively) (Figure 2-6C) show that electrostatic repulsion minimizes hydrophobic interactions
with FG sequences. One general concern in synthesizing anionic peptides is residual TFA
protonating anionic groups such as E. To ensure that the reporters were not neutralized in our
buffering conditions, we synthesized neutral reporter peptides Hydrophilic (n) and Hydrophobic
(n) (Supplementary Figure 2-6). In diffusion experiments with FGAK and FGAE gels, the
neutrally charged reporters aggregated in solution and interacted minimally with the gels
(Supplementary Figure 2-6), indicating that the anionic peptides are not neutralized by the
residual TFA and indeed carry a net negative charge. Taken together, the data in Figure 2-6 and
Supplementary Figure 2-6 suggest that charge proximal to FG sequences can tune hydrophobic
selectivity, and that charge is essential in determining the hydrophobic moieties recognized by

FG sequences.

30



A Hydrophobic (-) B
s I o

C Hydrophobic (-) Il Hydrophilic (-) D Hydrophobic (+) Ml Hydrophilic (+)

[ Hydrophobic (-) 5h - § FGAE [ Hydrophobic (+)

—_— 20+ 2 2
i il 2
b — Hydrophobic (- . 1
== Hydrophilic (-) 104
= i 1
5
R —— T T T
o4
00 0 500 1000 1500 o=

Distance (pm) Distance (ym)

Hydrophobic (-) M Pydrepalls (- ’ ' piydrophobic (+) B Hydrophilic (+)

sh - ] Hydrophobic (- FGAR 1 Hydrophobic (+)

150
ydrophilic () 10009 Hydrophilic (+)
- | FGARIESEES FGAR
il Hydmnhnuc(: - ; — Hydrophabic (+) £100
== Hydrophic () : ~- Hyrophiic (+) ¢
= 400 ol = -
2004
500 0=

1000 1500 E 1000 1500
Dstanoe (prm) Distance {um)

Figure 2-6: E residues reverse the selectivity of FG-based gels, while R-containing gels displays selectivity similar to that of K-

containing gels
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Representative (A) Hydrophobic (-) and (B) Hydrophobic (+) fluorescence images in FGAK gels.

C) Representative fluorescence images of Hydrophobic (-) and Hydrophilic (-) reporters in an FGAE gel with the corresponding
concentration profiles showing the reversal of selective recognition when compared to FGAK gels with the same reporters. In
FGAE gels, anionic reporters do not interact at the gel interface.

D) Representative fluorescence images of Hydrophobic (+) and Hydrophilic (+) reporters in an FGAE gel showing the reversal of
selective recognition when compared to FGAK gels. In FGAE gels, the Hydrophobic (+) reporter binds more significantly at the
interface compared to the Hydrophilic (+) reporter.

E) Representative fluorescence images of Hydrophobic (-) and Hydrophilic (-) reporters in an FGAR gel showing the similarity
of selective recognition to that of FGAK gels.

F) Representative fluorescence images of Hydrophobic (+) and Hydrophilic (+) reporters in an FGAR gel showing the similarity
of selective recognition to that of FGAK gels. Error bars are standard deviations of at least three independent replicates. *p<0.05
and **p<0.01, unpaired Student’s t test.

Amino acid sidechain chemistry is an additional regulator of FG function

Last, we tested how the sidechain chemistry of charged amino acids affects the self-assembly
and molecular recognition of FG sequences. In Nsp1, the predominant cation is K rather than R
(Figure 2-1A), suggesting that the two cations may not function equally. Similarly, E is highly

conserved at position 9, whereas D is not as well conserved throughout the repeats (Figure
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2-1A). To test the importance of sidechain chemistry, we determined that FGAR gels have
uptake properties on the diffusion assay that are similar to those of FGAK gels (Figure 2-6A and
6E). The Hydrophobic (-) reporter accumulated (561.1 + 247.7 uM) and interacted with the
interface of the FGAR gels (0.6 + 0.3 um®/min), while the Hydrophobic (+) reporter did not (7.1
+ 1.1 uM and 403.7 £ 90.2 ptmz/min, respectively) (Figure 2-6E and F). These data suggest that
from an electrostatic standpoint, R is just as capable as K in helping an FG sequence differentiate
between hydrophobic substrates. However, mechanically, FGAR forms gels with an approximate
stiffness of 2000 Pa throughout the frequency sweep (Supplementary Figure 2-7A), 4-fold
more compliant than FGAK gels (Figure 2-2A). The differences in the mechanical properties of
the FGAK and FGAR gels suggest that the K and R residues may predominantly affect the

structural self-assembly of FG domains.

Transmission electron microscopy revealed that FGAR peptides (Supplementary Figure 2-7B)
form different structures than FGAK peptides (Figure 2-2). FGAD did not form a gel at the
standard 2% (w/v), formed no repeating structures (Supplementary Figure 2-7C and S8D), and
inverted when flowed (data not shown), suggesting that the small chemical differences between
E and D transition the material from a selective gel to a viscous solution. Taken together, these
data show that in addition to net charge, amino acid sidechain properties such as their inherent
hydrophobicity, sidechain sterics, and charge distribution all may be important parameters that

determine hydrophobic FG-mediated interactions.

Tryptophan (W) interactions are similarly modulated by electrostatics
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An essential question in the selectivity of FG domains is how generalizable the tunability of
hydrophobic selectivity is to natural aromatic amino acids other than F. In native NTRs such as
NTEF2 and other transport receptors, W is commonly used for the transient hydro'phobic
interactions required for transport. To test whether an electrostatic dependence persists when F is
converted to W, we constructed hydrophobic reporters Hydrophobic (+W) and Hydrophobic (-
W) from the original hydrophobic F reporters (termed +F and —F, respectively, for the remainder
of the manuscript). The W-containing reporters were modulated by electrostatic interactions in a
similar manner to F-containing reporters. The maximum accumulated fluorescence at the
interface and diffusion did not significantly differ between the Hydrophobic -F and -W reporters
(Figure 2-7A). The cationic reporters exhibited similar maximum interface properties, but the
+W reporter showed a slight and non-significant trend toward slower diffusion than the +F
reporter (+F: 479.9 + 217.2 um*/min; +W: 210.5 + 24.6 pm*/min) (Figure 2-7B), indicating that
although both aromatic residues can be modulated by electrostatic interactions, the identity of the
hydrophobic residue has a small effect on transport in the gel. These results reveal that in the
NPC, the phenomenon of electrostatic interactions regulating hydrophobic interactions may be
generalizable to aromatic residues other than F; moreover, selective transport may also be tuned

by the identity of the non-polar amino acid.
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Figure 2-7: Electrostatic interactions modify hydrophobic recognition of W-containing reporters in FGAK gels

Comparison of (A) Hydrophobic (-F), (B) Hydrophobic (-W), (C) Hydrophobic (+F), and (D) Hydrophobic (+W) reporters in
FGAK gels with representative fluorescence images and corresponding concentration profiles show that replacing F with W does
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not alter hydrophobic molecular recognition for FGAK gels. Error bars are standard deviations of at least three independent
replicates. No significant differences were detected via Student’s t test.

Discussion

The current investigation demonstrates how the environment surrounding FG sequences tunes
the hydrophobic interactions necessary for correct molecular recognition of hydrophobic
substrates. Here, we have explicitly shown how the presence, placement, and type of charged
amino acid are all essential parameters for FG function in gels. Translating concepts that are well
established in the peptide field enabled us to establish how even simplified variants of the Nsp1
consensus sequence can encode complex molecular recognition. The data reported here support
previous theoretical predictions that electrostatic interactions may be an important regulator of
NPC selectivity”® as well as sequence observations that the bias in the net charge of NTRs may
be important in transport through the NPC’*. Moreover, recent reports on how charge influences

71,88

interactions with hydrophobic surfaces’ *° emphasize that the interplay between electrostatics

and hydrophobicity may be fundamental for various biological functions such as molecular

recognition and DNA packing®*°.

For the nuclear pore field, the current investigation shifts the spotlight from how hydrophobic
effects determine NPC selectivity to how electrostatics contribute to this selectivity ****'. The
results described here provide insight into how individual hydrophobic FG sequences may
distinguish a particular subset of hydrophobic substrates using a combination of electrostatic and
hydrophobic domains that are in close proximity to each other (Figure 2-8). The closer the
charged residues are to FG sequences, the greater the influence of charge on FG self-assembly

(Figure 2-8A) and recognition of diffusing substrates (Figure 2-8B). As the charged residue is
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situated greater than the theoretical Debye length at physiological conditions, the hydrophobic

and electrostatic motifs are able to act independently for molecular recognition.
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Figure 2-8: Schematic of the influence of electrostatics on hydrophobic interactions mediated by FG domains

A) Complementary charge and hydrophobic interactions enable the strongest interactions (dotted lines) between a substrate and

FG domains. Modulating charge types and the presence of hydrophobic domains can tune interactions from strong binding to free

diffusion within the gel and in in vivo systems. B) At physiologically relevant salt concentrations, electrostatic interactions
typically have a range of ~1 nm (Debye length), which determines how much a charged residue influences the FG sequence’s
recognition of and binding to hydrophobic substrates. When charged residues are moved further away from the FG sequence,
electrostatics less significantly impact FG-mediated self-assembly and selective transport.

We recognize that although the study of engineered peptides can answer questions on how
hydrophobic interactions are affected by the precise placement of charged amino acids, short-
peptide gels do not recapitulate all of the unique facilitated diffusion properties of intact FG

nucleoporins. This disconnect likely arises from structural differences, as short peptides form

fibers and rods (Figure 2-2 and Supplementary Figure 2-7) that are not the dominant structures

observed or predicted in the native nuclear pore’®*?. Moreover, the interactions between
diffusing reporter peptides and the self-assembled gel may cause structural changes in the gel

and also alter the diffusivity of the reporter, which has also been reported for Impp in native
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NPCs”. Nevertheless, the current investigation of peptides provides strong evidence (Figure 2-4
through Figure 2-6) that charge is an essential regulator of transport through the NPC by tuning
the essential first step of recognizing specific hydrophobic substrates. Moreover, engineered FG-
containing peptides do capture the interplay between hydrophobic and electrostatic interactions
at single amino-acid resolution (Figure 2-5), which is not possible with currently available in

vivo techniques.

Our results build on previous studies of intact nucleoporins containing multiple repeats of FG
domains where charge primarily plays a structural role in the cohesion of the self-assembled
matrix’%. Our results also support recent work in which Impp was recognized to have varying
binding capacities with synthetic FG-containing polyacrylamide gels depending on the charged
state of the material’*. We believe that our strategy, which was inspired and informed by peptide
engineering, is a useful approach that complements other well-established methods used to

19,36
C

understand the selective transport mechanism of NPCs, such as the in vivo minimal NP , gel

5242595 and binding interactions with surface-

and selectivity analysis of individual nucleoporins
grafted nucleoporin films*****®. We expect that this rational approach from the peptide field,

which focuses on conserved repeating sequences, can be extended to other biological gel systems
such as mucus, byssal threads, and cartilage, where complex disordered proteins based on repeat
units and reversible crosslinking constitute a significant proportion of the material and dictate its

function®!".
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Supplementary Figures
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Supplementary Figure 2-1: Quantification of fluorescence signal as a function of fluorophore concentration

Fluorescence signal is approximately linear up to 50 uM and saturates by 100 pM in buffer and gel conditions. Dashed lines
represent the theoretical linear response of fluorescence as a function of concentration. The gels and buffer calibration curves
overlap in their associations. All concentrations are reported according to the experimental curve developed and represent lower
values of the actual concentrations for values >100 uM.
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Supplementary Figure 2-2: Analytical process for calculating effective diffusion coefficients

Examples are given for A) NTF2 diffusion into FGAK, B) W7A diffusion into FGAK, C) NTF2 diffusion into FGAE, and D)
W7A diffusion into FGAE to show the reliability of the analytical process across multiple gels. The first column represents the
region of the concentration profile where the fitting is implemented. The second column contains the actual data (circles) vs. fit
(solid line) at four evenly spaced time points. The third column contains the error of the fit as a function of iterated effective
diffusion coefficients.
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Supplementary Figure 2-3: Verification of F as essential amino acid for self-assembly in FGAK peptides

A) Frequency sweep of the F—S substitution (FGAK — SGAK) to determine the effect of F on the self-assembly of peptides.
The elastic modulus (G) and loss modulus (G™) are reported. Note that the measured values are below the sensitivity of the
rheometer using the specified cone-plate geometry due to the viscous nature of SGAK peptide solutions. B) Precipitated FGAS

peptides in 20 mM NaCl, 20 mM HEPES [pH 7] after gentle centrifugation.

Supplementary Figure 2-4: Verification of hydrophobic domain availability in FG peptide gels

A) Transport of Nile Red into FGAK and FGAE gels after 0 h and 3 h of incubation. Fluorescence indicates that the dye is able to
access hydrophobic environments created by FG domains within the gels. Images are of representative gels from three

independent replicates.

39



Nomalized Anionic Reporters

1.5m
—-o—- Hydrophilic (-)

—a— Hydrophobic (-)

Normalized Fluorescence
(Ex 492/Em 512)

Fractions

Nomnalized Cationic Reporters

1.5+
—-o—- Hydrophilic (+)

—a— Hydrophobic (+)

Normalized Fluorescence
(Ex 492/Em 512)

Fractions

Supplementary Figure 2-5: Fractionation of hydrophilic reporters and their hydrophobic counterparts in phenyl-sepharose
columns

Fluorescence signals from each fraction were collected and normalized to the signal with the highest in.tensity of emission. For

both cationic and anionic reporters, the hydrophobic reporters eluted later. This increased retention time reflects stronger binding
to phenyl-sepharose beads.
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Supplementary Figure 2-6: Diffusion of neutrally charged Hydrophilic (n) and Hydrophobic (n) reporters into cationic FGAK and
anionic FGAE gels. Purely neutral reporters interact minimally with the FGAK and FGAE gels regardless of overall
hydrophobicity.
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Supplementary Figure 2-7: Affect of amino acid sidechain chemistry on self-assembly and mechanical properties of FG-
containing peptides.

A) Frequency sweep of FGAR gel with G’ (storage) and G (loss) moduli reported at 2% (w/v) showing the stable self-assembled
martrix is maintained when converting from K to R.

B) Corresponding image from transmission electron microscopy showing the structural variation of FGAR peptide self-assembly
when compared to that of FGAK peptides.
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C) Frequency sweep of FGAD peptide solution with G’ (storage) and G” (loss) moduli reported at 2% (w/v) showing that FGAD
does not form a gel.

D) Corresponding image from transmission electron microscopy showing the amorphous structure of FGAD peptide aggregates.
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Chapter 3 Tryptophan Regulates Hydrophobic Selectivity of

Nucleoporins

In the NPC, phenylalanines are essential in regulating the selective transport of molecules
between the nucleus and the cytoplasm™. Within nucleoporin sequences, however, other
hydrophobic aromatic amino acids are present such as tyrosine and tryptophan. For nuclear
transport receptors, it is already well established that tryptophan is essential for efficient nuclear
pore transport®’. Yet, despite the frequent presence of such amino acids in nucleoporins, whether
tyrosine and tryptophan contribute to the selective properties of intact NPCs is unknown. One
reason for this disparity in analysis is perhaps the easily identifiable repeating FSFG, FG, and
GLFG sequences. For tryptophan and tyrosine, no such repeating sequence has been classified.
Isolated experiments replacing phenylalanines with tyrosines in nucleoporin gels reveal that
qualitatively, hydrophobic selectivity is maintained’. However, it is unclear why phenylalanines
are the predominant hydrophobic amino acid in nucleoporins. Here, we take a systematic
approach to understand how substitutions between phenylalanine, tryptophan, and tyrosine affect

the self-assembly of nucleoporin-like proteins as well as the selective recognition of the resultant

gel.

Materials and Methods

Nucleoporin Sequence Analysis:

All protein sequences annotated as nucleoporins were exported from National Center for
Biotechnology Information (NCBI). From these sequences, 22860 were identified to contain

FG sequences and are designated FG nucleoporins. A python script was written to analyze
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the frequency and location of phenylalanine, tryptophan, and tyrosine for all FG

nucleoporin sequences.

Peptide and Gel Preparation:

Unless specified otherwise, all chemicals were obtained from Sigma Aldrich (St. Louis, MO,
USA). Peptides were prepared by MIT’s Koch Institute Biopolymers and Proteomics Facility
(Cambridge, MA, USA) and Boston Open Labs LLC (Cambridge, MA, USA). All peptides were
HPLC purified unless specified otherwise, desalted using reverse phase HPLC with 0.05%
trifluoroacetic acid (TFA), and lyophilized after synthesis with >95% purity. For fluorescent
reporter peptides, CyS NHS ester (Lumiprobe; Hallandale Beach, FL, USA) was covalently

linked to the N-terminal end.

Fluorescent peptides were diluted into 200 mM NaCl with 20 mM HEPES [pH 7] at 0.4 uM final
concentration for diffusion experiments. Gel peptides were all dissolved in 20 mM NaCl, 20 mM
HEPES [pH 7] at 2% (w/v). To facilitate solubilization and gel formation, peptides were

vortexed for 30 s and briefly sonicated in a bath sonicator (Branson 2510) to reduce aggregation.

Capillary Diffusion Assay and Analysis:

Borosilicate square capillaries (1.5 inch) with 9 mm cross sectional width (Catalog # 8290,
Vitrocom; Mountain Lakes, NJ, USA) were loaded by piercing pre-made hydrogels. Ten-
micromolar solutions (200 mM NaCl, 20 mM HEPES [pH 7]) of fluorescent peptides were
injected into the capillary and sealed with a 1:1:1 (by weight) mixture of Vaseline, lanolin, and

paraffin. Time lapses of peptide diffusion were taken at 1-min intervals for up to 3 h on an
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AxioObserver D.1 with a EC Plan-Neofluar 1.25x/0.03 WD=3.9 and Hamamatsu C11440-22CU
camera. All fluorescence profiles were obtained by averaging the fluorescence intensities across
the width of the capillary in MatLab (MathWorks; Natick, MA, USA). Normalized concentration
profiles were obtained by normalizing fluorescence intensities to the bath concentration of the
capillary at the initial time point. All data represent at least three independent replicates.

Student’s ¢ test was applied to determine p-values between experimental conditions.

Effective diffusion rates were fit by minimizing the squared error of a simulated concentration
timecourse in a region of the capillary on the gel side of the interface over a 100-min window.
To achieve this fit, we numerically solved the diffusion equation for the concentration of probe c:

dc(x,t) D 2%c(x,t)
at dx2

using MatLab’s pdepe function (MathWorks; Natick, MA). The initial condition c(x,0) was set
by the concentration profile at the first timepoint, and the boundary conditions ¢(0,?) and ¢(L,¢)
(for a fit over length L) were similarly determined by the concentration profiles at the edges of
the region of interest. The D that minimized the squared difference between the simulated and
actual concentration profiles was the value reported; minimization of error took place iteratively
using a modified gradient descent algorithm. The window from 150-250 min was generally used
for fitting, but for particularly fast-diffusing probes (D>1000 um?*/min), windows of 50-150 min
or 30-130 min were used. The earlier time period allowed for the fitting to take place before the

steady state or pseudo-steady state was reached, which was crucial for precise fitting.

Rheological Testing:

45



Rheological tests were performed on an Anton Paar MCR 302 Rheometer in a cone-plate
geometry with a 25-mm diameter, 1° cone angle, and 51-um truncation. The temperature was
maintained at 25 °C and evaporation was controlled with an H,O-filled solvent trap. To identify
the linear regime, amplitude sweeps were conducted at @ = 10 rad/s from yo = 0.01% to 100%
strain. In the linear regime, frequency sweeps were conducted using the previously determined

strain amplitude from ® = 100 rad/s to 0.1 rad/s.

Results

A fundamental question that can be asked is if the tryptophans and tyrosines are present at the
same frequency as phenylalanine. To approach this question, we identified all FG-containing
nucleoporins that are recorded in the NIH protein database across all eukaryotic organisms.
Using the protein sequences, we next identified for each FG nucleoporin, how many tryptophans,
tyrosines, and phenylalanines are in each protein sequence. As seen in Figure 3-1,
phenylalanines are present in the highest amount, with at least 50% of the FG nucleoporins
containing 50 or more phenylalanines. In contrast, there are typically a maximum of 50 tyrosines
or tryptophans, each, in the nucleoporin sequences. These findings reflect the bias in

understanding the role of phenylalanines due to its high propensity in the nucleoporin sequences.
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Figure 3-1: Distribution of FG nucleoporins based on the presence of phenylalanine, tryptophan, or tyrosine counts in the amino
acid sequence. Phenylalanines are present in the highest amounts in FG nucleoporins, followed closely by tyrosine and lastly

tryptophan.

To further characterize the contribution of these aromatic amino acids, we examined the spatial
distribution along the protein sequence. We found that the spatial distribution of aromatic amino
acids is non-uniform across nucleoporin sequences. Although overall, the number of
phenylalanines outstrips tryptophan and tyrosine, phenylalanines are predominantly at the N-
terminal region of nucleoporins, which are at the central regions of the nuclear pore complex.
Tryptophans and tyrosine dominate the C-terminal regions, which are closer to the nuclear pore
wall. Since the selectivity of NPCs is maintained throughout the entire channel (from center to
periphery), it suggests that the presence of tryptophan and tyrosine should also act as regulators
of hydrophobic selective transport. Previous structural analyses of intact NPCs revealed that the

self-assembled matrix within the channel is not uniform'%'"!

. Typically, the central plug of the
channel is denser than the matrix nearer to the nuclear pore wall. The structural disparities
suggest that the passage of molecules through the NPC may take different routes'°>'%. The

variation in hydrophobic amino acid distribution suggests that in addition to structural changes,

the various aromatic acids may have a significant role in molecular recognition of NTRs.
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Figure 3-2: Spatial distribution of phenylalanine, tryptophan, and tyrosine residues across FG nucleoporin sequences (N to C
terminal). Phenylalanines dominate at the N-terminal region at the center of NPCs whereas tryptophans and tyrosine are more
prevalent at the C-terminal region along the NPC wall.

To systematically test the role of tryptophan and tyrosine in self-assembly and selective
molecular recognition, we used short well-defined peptides that contain the essential components
of FG nucleoporins as described in the previous chapter. We based the design of synthetic
peptides on the consensus sequence identified in Nspl, the essential FG nucleoporin found in S.
cerevisiae'™. We synthesized FSFGAKAAKAFSFG as the reference peptide for all
experimental comparisons and constructed two new gel-forming peptides
WSWGAKAAKAWSWG and YSYGAKAAKAYSYG to test the role of tryptophan and

tyrosine, respectively, in self-assembly and selective molecular recognition.

Phenylalanine and Tryptophan allow for self-assembly

For self-assembly assays, we dissolved the peptides at 2% (w/v) concentration in 20 mM NaCl,
20 mM HEPES [pH 7] and allowed for gels to form over 24 hours. FGAK and WGAK peptides
formed gels with comparable stiffness (Figure 3-3A and B) whereas YGAK formed a gel that
was at least three orders of magnitude less stiff in the frequency and strain regimes tested

(Figure 3-3C). The tyrosine gels also flowed immediately when inverted, suggesting that the
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self-assembled peptides had weak and unstable interactions. These experiments revealed that the
choice of aromatic amino acid has a significant effect on the self-assembly properties of the
hydrophobic domains. A small addition of a hydroxyl group to convert phenylalanine to tyrosine
changes a stiff gel to a viscoelastic fluid that flows immediately when inverted. As tryptophan
and tyrosine are the dominant aromatic residues at the C-terminal regions of FG nucleoporins
(Figure 3-2), it implies that perhaps the self-assembled network near the wall of the nuclear pore
is less cohesive and densely packed compared to the central region. Indeed, electron microscopy

images have revealed previously that the central channel of the nuclear pore is more densely

packed compared to the outer regions of the complex'?*!",
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Figure 3-3: Frequency response of (A) FGAK, (B) WGAK, and (C) YGAK gels, revealing that FGAK and WGAK form gels that
are four orders of magnitude stiffer than YGAK. These results suggest that phenylalanine and tryptophan are stronger regulators
of hydrophobic self-assembly. Note, measurements for YGAK are below the sensitivity values for the rheometer.

As the choice of hydrophobic amino acid appears to regulate the molecular selectivity required
for self-assembly, perhaps the choice between aromatic residues also determines the molecular
selectivity for recognizing diffusing substrates. For the characterization of molecular recognition
and its relation to transporting molecules, we only compared FGAK and WGAK gels as YGAK
peptides did not form a stable self-assembled matrix. To determine how phenylalanine and

tryptophan may defer in hydrophobic interactions, we analyzed how a hydrophobic fluorescent
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dye diffuses into each of the FGAK and WGAK gels. As many fluorophores quench in the

105106 "\ve opted for far-red dyes that were previously experimentally

presence of tryptophan
verified to be more photostable in tryptophan-containing environments. For the series of
transport experiments, we used Cy5 as it is neutrally charged. To test for interactions, we used
the same diffusion chamber setup as described before in the previous chapter. Briefly, the FGAK
and WGAK gels were formed and loaded into borosilicate capillaries. The fluorescent dye was
injected into the capillary and the 1-D diffusion chamber was sealed on both ends by solidified

wax. Diffusion was monitored for three hours at one-minute time intervals and concentration

profiles were measured.

As seen in Figure 3-4, CyS5 interacted significantly with the FGAK and WGAK gels, with Cy5
binding at the interface and an effective diffusion coefficient of 43.7 + 8.4 um*/min in FGAK
gels and 1.2 + 0.4 pm*/min in WGAK gels (Table 3-1). Diffusion of Cy5 was slower in WGAK
gels compared to FGAK gels, suggesting that the interactions between Cy5 and indole groups is
stronger compared to Cy5 and phenyl groups. From the analysis of CyS5 diffusion coefficients,
tryptophan may have different molecular selectivity properties compared to phenylalanine

despite similar mechanical properties of the gel.
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Figure 3-4: Cy5 reporters diffusing into FGAK (left) or WGAK (right) gels over five hours. The five-hour timepoints reveal that
Cys5 is able to diffuse significantly further into FGAK than WGAK, suggesting that phenylalanine and tryptophan have different
selectivities to the same hydrophobic substrates.

Table 3-1: Effective diffusion coefficient values of Cy5 into FGAK and WGAK gels when unmodified (Cy5 row) or modified by
cationic residues (Hydrophilic (+)) or anionic residues (Hydrophilic (-)). The addition of cationic residues reduces interactions
with the cationic FGAK and WGAK gels to increase the effective diffusivity of Cy5 despite the increase in molecular weight
whereas addition of complementary anionic charges reduces the effective diffusivity.

Reporter FGAK: D (pm”/min) WGAK: D (p,mzlmin)
Cy5 437+ 84 1.2+04

Hydrophilic (+) 69.7 + 28.4 24.2+10.5

Hydrophilic (-) 1.9+0.4 05+04

As CyS5 is able to interact with the hydrophobic groups in the peptide gels, we next asked
whether modifying the charge of CyS5 reporters affects hydrophobic selectivity. To determine
whether the charge modulates binding effects of the hydrophobic Cy5 dye, Cy5 was appended to
an N-terminal region of a net +7 or -7 charged peptide sequence (termed Hydrophilic (+) and
Hydrophilic (-) reporters, respectively). Using the same 1-D diffusion chamber system as
described in Chapter 2, we monitored the concentration profiles as they the reporters diffused
into FGAK and WGAK gels. Here, we found that for the FGAK gels, the addition of cationic
charges to Cy5 increased the diffusivity of the Cy5 reporter from 43.7 + 8.4 um*/min to 69.7 +
28.4 umzfmin whereas the addition of anionic charges decreased the diffusivity down to 1.9 + 0.4
pm*/min. Similarly, for the WGAK gel, the addition of repulsive cationic charge increased the

diffusivity of the Cy5 reporter from 1.2 + 0.4 pm*/min up to 24.2 + 10.5 pm?/min whereas
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attractive anionic charges reduced the diffusion coefficient down to 0.5 + 0.4 um?/min. These
results showed that charge modulates the molecular selectivity of phenylalanine and tryptophan
to a hydrophobic substrate such as Cy5. Moreover, reporters in the WGAK gels have a
consistently lower diffusion coefficient when compared to that of FGAK gels, suggesting that the
interactions between CyS and indole groups is once again stronger than interactions between Cy5
and phenyl groups. Taken together, these results with the Cy5-based reporters show that
hydrophobic interactions between Cy5 and the tryptophan or phenylalanine containing gels are
tunable by the presence of nearby charge residues. Although we show how hydrophobic
interactions with Cy5 can be modulated by electrostatics, Cy5 is not a substrate that is typically
selected for by native NPCs. Within in vivo systems, NPCs select for NTRs that typically contain

tryptophan, phenylalanine, or isoleucine as the non-polar binding residues to FG nucleoporins.

A S TAEAEAEAEAEAEAEANANAN

Hydrophilic (-) FGAK Hydrophilic (-) WGAK

Figure 3-5: Charge regulates the hydrophobic interactions between Cy5 and phenyl groups (FGAK) or indole groups (WGAK).
Complementary charge increases the binding of Cy5 at the interface of both gels (A) whereas charge repulsion minimizes the
interactions and allows for diffusion of Cy5 into the gel (B). The sequence of the charged reporter is indicated in each
52ubfigure. Star symbol refers to the fluorescent Cy5 dye.

To determine how well the FGAK and WGAK gels select for more physiologically relevant

residues, fluorescent reporters containing a hydrophobic tail of phenylalanine were synthesized
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as described in Chapter 2. Briefly, the asparagines (N) are converted to phenylalanines (F) to
form Hydrophobic (+F) and Hydrophobic (-F) reporters (sequence structure in Figure 3-6). In
Chapter 2, we showed that FGAK gels are able to select for hydrophobic F-containing reporters
based on the charge profile of the substrate. We discovered that complementary charge between
Hydrophobic (-F) and FGAK gels resulted in complete retention at the interface while
electrostatic repulsion minimized hydrophobic interactions between Hydrophobic (+F) reporters
and the gel. Electrostatic repulsion between Hydrophobic (+F) reporter and gel peptides was
sufficiently strong to allow for diffusion of Hydrophobic (+F) throughout the gel matrix. In this
section, we asked if WGAK gels could also discriminate the two phenylalanine-containing
reporters based on the presence of charge interactions. In Figure 3-6 and Table 3-2, we found
that FGAK and WGAK gels have similar selectivity for the Hydrophobic (+W) and Hydrophobic
(-W) reporters. In both cases, when the reporter contains complementary charge to the gel, the
diffusion coefficient is the smallest whereas electrostatic repulsion lessens the interaction with
the gel matrix and allows for greater diffusivity. These results suggest that tryptophan has the
same regulatory potential as phenylalanines in intact NPCs when the substrates contain phenyl

groups.
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Figure 3-6: Representative images of Hydrophobic (-F) and Hydrophobic (+F) reporters into FGAK or WGAK over five hours.
The images reveal that electrostatic attraction between the gel and the reporter allows for strong interactions at the interface (A)
while electrostatic repulsion minimizes the hydrophobic interactions and allows for diffusion into the gel (B). These results
suggest that hydrophobic selectivity is maintained even when phenylalanines are substituted with tryptophans in the gel-forming
peptides.

Table 3-2: Diffusion coefficient values of Cy5 reporters containing physiologically relevant phenylalanines to facilitate
hydrophobic interactions with FGAK or WGAK gels. The diffusion coefficient values show that the hydrophobic interactions
with phenyl groups can be modulated by the presence of charge repulsion (Hydrophobic (+F)) or electrostatic attraction
(Hydrophobic (-F)) to increase or decrease diffusivity, respectively.

Reporter FGAK: D (nm”/min) WGAK: Degr (pm*/min)
Hydrophobic (+F) 58%£1.7 3.3+1.6
Hydrophobic (-F) 1.4+0.4 0.3+0.2

To broaden the perspective further, we next asked if FGAK and WGAK gels are also able to
select for reporters containing other hydrophobic residues in a similar manner. In this section, we
replaced phenylalanines in the Hydrophobic (+F) and Hydrophobic (-F) reporters with
tryptophan (W; Figure 3-7) as W is a residue essential in NTR transport such as NTF2?'. As

seen in Figure 3-7, all four reporters interact at the interface with minimal diffusion into either
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FGAK or WGAK gels. The quantification of diffusion coefficients (Table 3-3) revealed that the
interactions with tryptophan reporters are significantly strong enough that charge is no longer a
major determinant in the molecular recognition capabilities of FGAK and WGAK gels. These
results suggest that the choice of phenylalanine or tryptophan does not have a major impact on
the selective properties on the self-assembled gel. However, from the transporting substrate
perspective, the choice of tryptophan appears to minimize the impact that charge has on
molecular recognition and suggests another design parameter in which to tailor the rate of

selective transport across intact NPCs.
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Figure 3-7: Representative time series of A) Hydrophobic (-W) and B) Hydrophobic (+W) reporters into FGAK and WGAK gels
over the course of five hours. In all four scenarios, the tryptophan reporters interact strongly at the gel interface, suggesting that
the tryptophan interactions are influenced less by the presence of charge.

Table 3-3: Diffusion coefficient values of Cy5 reporters containing physiologically relevant tryptophans to facilitate hydrophobic
interactions with FGAK or WGAK gels. The diffusion coefficient values show that the hydrophobic interactions with indole
groups is less sensitive to the presence of charge repulsion (Hydrophobic (+W)) or electrostatic attraction (Hydrophobic (-W))..

Reporter FGAK: D¢ (umzlmin) WGAK: D (pmzlmin)

Hydrophobic (+W) 25+1.6 1.6 0.2
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Hydrophobic (-W) 0.5+0.1 Estimated <0.2. Below limit
of analysis.

Discussion

Hydrophobic exclusion mediated by FG domains is a well-established theory for how NPCs
are able to control the selective passage of proteins and RNA across the nuclear
membrane®. The selectivity is largely attributed to the presence of phenylalanines whereas
other non-polar amino acids such as tryptophan and tyrosines have largely been ignored.
Despite individual experiments showing that replacement of phenylalanines with tyrosine
also allow for hydrophobic selectivity®, there has been no systematic dissection of the
functional differences between phenyalanine, tryptophan, and tyrosine that would explain
the strong bias towards phenylalanine. Here, we show how tryptophan can replace
phenylalanine to produce self-assembled structure with similar mechanical and selective
properties. Tyrosine, although close in molecular structure to phenylalanine, does not
facilitate self-assembly as well and perhaps is not as stringent compared to phenylalanine
and tryptophan. However, as previous experiments showed that tyrosine does have
selective function?, it suggests that tyrosine may play a supporting role in maintaining

selectivity in intact NPCs.

Altogether, these results suggest that tryptophan and tyrosine, although not as prevalent
within NPCs, may play a significant role in governing the selective properties of the
channel. Moreover, the discrepancies in molecular recognition between phenylalanine,
tryptopan, and tyrosine are predicted to be an additional parameter in modulating the
spatial transport routes of proteins through the complex. Future analysis into the binding

kinetics and structure of phenylalanine-, tryptophan-, and tyrosine-based gels will provide
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insight into why phenylalanine is the preferred aromatic amino acid within FG nucleoporin

sequences.
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Chapter 4 Saliva and Salivary Mucin MUCSB Inhibit

Transformation of Cavity-causing Streptococcus mutans

In the oral cavity, a key defensive mechanism against microbial infection is saliva'”!'% The
human body naturally produces copious amounts of the viscoelastic fluid, which hydrates wet
epithelial surfaces. A key constituent of saliva is the secreted glycoprotein known as mucins.
These megadalton polymers, such as MUCSB, are highly glycosylated and give saliva its unique
lubricating properties''""!'2. Recent studies also show that MUC5B prevents biofilm formation of

. . : 1
key cavity-causing bacteria, such as Streptococcus mutans'®'".

Although mucins are recognized to be an essential regulator of biofilm formation, how they
interfere in other virulence traits is still uncharacterized. In the oral cavity, S. mutans has the
ability to form tenacious plaques and resist environmental stressors''*''¢. These attributes are
considered S. mutans’ major virulence traits and allow for persistent colonization. Investigations
into these pathways revealed that S. mutans virulence is linked to competence pathways''>!!"! 18
which allow for uptake of foreign genetic elements. As MUCS5B has been shown to inhibit
biofilm formation of S. mutans''?, we hypothesize that MUC5B should also influence natural
transformation of S. mutans. Here, we show that MUCS5B lowers rates of S. mutans
transformation, whereas a commonly used mimetic, carboxymethylcellulose (CMC), is unable to
recapitulate the properties. Moreover, we show that inhibition by MUCS5B is robust to changes in
extracellular concentrations of DNA and quorum sensing molecules that activate competence

pathways. Last, we show that these inhibitory effects in MUCSB translate to native salivary

conditions.
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Materials and Methods

Strains and Reagents:

The bacterial strain Streptococcus mutans UA159 was kindly given as a gift by Dan Smith
(Forsyth Institute). For general propagation and storage, UA159 was cultured and maintained in
Todd-Hewitt (TH, BD 249240) at 37C with 5% CO-. Plasmid DNA pVA838 (ATCC 37160) for
transformation assays was purchased from ATCC and maintained in E. coli DH5a (BD LB

medium, 10 ug/ml chloramphenicol). All TH media was used within seven days of autoclaving.

Horizontal Gene Transfer Assay:

For all gene transfer assays, unless specified separately, UA159 cultures were grown overnight
in 50% TH media at 37C, 5% CO under static conditions. The next morning, cultures were
diluted 1:20 into the 25% TH media in 100 uL volumes in 96-well plates and cultured statically
for 2 hours. pVA838 (1.2 pg/ml unless otherwise noted) was added and gently mixed into the
solution and allowed to incubate for an additional two hours before serially diluting 1:10 in
phosphate bufter saline (PBS). For transformants, dilutions were plated on selective TH agar
plates (10 pg/ml erythromycin). For total population counts, serial dilutions were plated on non-
selective TH agar plates. All data presented are biological replicates with standard deviations

reported for error bars.

For biofilm promoting conditions, media was supplemented with 1% (w/v) sucrose. During the
serial dilution process, the planktonic phase was gently pipetted and separated. The attached
biofilm was washed three times by 100 ul of sterile PBS. Biofilms were then detached by

vigorous scraping with a pipette tip for 30 seconds and mixing prior to serial dilution.
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For comparing media conditions, two alternate media conditions were used. For nutrient rich
media conditions, UA159 was cultured in TH supplemented with 5% yeast extract (THYE) or

TH alone for both overnight and gene transfer assays.

When testing the inhibitory effects of MUCS5B, 0.5% (w/v) MUCSB was dissolved overnight in

the appropriate THYE, TH, or 25% TH at 4° C, shaking, to disperse the polymer.

Saliva Collection:

Submandibular saliva was collected from 8 informed consenting volunteers using a custom
vacuum pump setup as described previously''®. To prevent suction of parotid gland secretions,
cotton pads were placed between the molars and cheeks. To collect the submandibular
secretions, the vacuum line was placed underneath the tongue. The collection vessel was placed
on ice during this process to prevent degradation of proteins. For whole saliva testing,
submandibular saliva was aliquoted into 1 mL volumes and snap frozen in liquid nitrogen and
stored at -80C. Protocols involving the use of human subjects were approved by Massachusetts

Institute of Technology’s Committee on the Use of Humans as Experimental Subjects.

MUCSB Purification:

After collection, saliva was diluted with 5.5 M NaCl, such that the final salt concentration was
0.16 M. Antibacterial agents and protease inhibitors were then added at the appropriate final
concentrations: 0.04% (w/v) sodium azide, benzamidine HCI (5§ mM), dibromoacetophenone (1

mM), phenylmethylsulfonyl fluoride (1 mM), and EDTA (5 mM, pH 7). For solubilization,
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saliva solutions were gently stirred overnight at 4C. For storage, saliva was snap frozen in liquid
nitrogen in 50 mL volumes before being placed at -80C. To remove cellular debris, saliva was
thawed at 4C and centrifuged at 3,800g for 10 minutes in a swinging-bucket centrifuge. MUC5B
was then purified by fast protein liquid chromatography on a Bio-Rad NGC equipped with an

XK 50 column packed with 2 L of Sepharose CL-2B resin (GE HealthCare Biosciences).

Results

Prior to assaying the effect MUCSB has on transformation rates, we first established protocols
that maximized the competent fraction of S. mutans populations. Previous reports suggested that
modifying nutrient composition and yeast extract percentages regulate competency. Here, we
used standard Todd-Hewitt yeast extract (THYE) as the baseline, and explored how removal of
yeast extract (100%TH) and dilution of nutrients (25%TH) affected transformation rates. As
readout of successful genetic uptake, we used the shuttle vector pVA838 that confers
erythromycin resistance. As seen in Figure 4-1A, we found that the 25%TH condition promotes
the highest transformation rates. Since 25%TH maximized the population of transformable S.

mutans, all further transformation assays were performed in 25%TH unless otherwise stated.
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Figure 4-1: MUCS5B suppresses S. mutans transformation in the biofilm state

A) Identification of maximal transformation rates in rich 100%THYE media, 100%TH media, and nutrient-limited 25%TH
showing that transformation is upregulated in lower nutrient conditions. N=3, * indicates p < 0.05, ** indicates p < 0.01.

B) Normalized transformation rates of S. mutans 25%THS supplemented with either 0.5% (w/v) CMC (25%THS:C) or
MUCS5B (25%THS:M), showing inhibition of transformation by MUC5B only. Each independent biological experiment is
normalized to the respective media-only condition. N = 3, * indicates p < 0.05, ** indicates p < 0.01.

C) Normalized transformation rates of S. mutans for the biofilm population fraction showing that transformation is inhibited in
the biofilm subpopulation.

D) Normalized transformation rates of S. mutans for the planktonic population fraction showing that transformation is inhibited
in the planktonic subpopulation.

E) Fraction of surface-attached S. mutans populations in 25%THS when supplemented with 0.5% (w/v) CMC (25%THS:C) or
0.5% (w/v) MUC5B (25%THS:M) showing that biofilm formation is inhibited by MUCS5B, which may lead to inhibition of
transformation.

With the established media conditions, we first tested if MUCS5B affected natural transformation
rates of S. mutans in biofilms. Sugars, such as sucrose, are known to enhance S. mutans surface

attachment and biofilm formation to dental enamel. To promote biofilm formation, we
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supplemented 25% TH with 1% sucrose (25%THS) and compared transformation rates of'S.
mutans between MUCS5B (25%THS:M) and media-only conditions. We found that MUCS5B
(0.5% w/v) suppressed transformation by 96% in the entire culture when compared to the
untreated culture (Figure 4-1B). Further examination of the breakdown of transformed
populations revealed that MUCS5B inhibited transformation in both biofilm and planktonic

subpopulations (Figure 4-1C and D).

To understand if inhibition was specific to MUC5B, we examined if another polymer recreated
similar effects. We chose carboxymethylcellulose (CMC) for comparison, as it is an anionic
polymer commonly used in salivary mimetics''*'?'. Using 0.5% (w/v) CMC (25%THS:C), we
find that transformation rates of S. mutans are not inhibited (Figure 4-1C). The comparison with
CMC suggested that physical polymer networks alone are not sufficient to inhibit transformation
in biofilm-forming conditions. A possibility for the difference in transformation rates is due to
MUCS5B preventing biofilm formation. As biofilm formation is linked to increased competence

7122 any inhibition of biofilm formation correlates with decreased transformation.

of S. mutans
We showed that in MUCS5B conditions (Figure 4-1E), the biofilm population is only 10% of the
total population, as opposed to in media and CMC conditions, where the biofilm fraction consists

of over 60% of the total population. These results reveal that MUC5B inhibits transformation,

whereas a salivary mimetic such as CMC is unable to.
To determine if MUCSB inhibits transformation independent of biofilm formation, we tested for

transformation rates in conditions that decouple the effects of biofilm formation and competence.

Therefore, we used 25%TH, which we previously showed to have the highest transformation
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rates (Figure 4-1A) and does not contain sucrose for biofilm formation. With MUC5B
(25%TH:M), we found that transformation rates were lowered by 96% compared to the wildtype
rates (Figure 4-2A), without affecting total population counts (Figure 4-2B). To ensure that the
suppression of transformation rates was due to MUCSB and not by DNA degradation from
residual nucleases, we heat-treated the mucin solution to inactivate any residue nucleases during
the purification process (Supplementary Figure 4-1). Again, we found the same inhibitory
strength as before (Figure 4-2B and C). These experiments reveal that MUCS5B was able to
inhibit transformation of S. mutans through mechanisms other than disruption of biofilm

formation.
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Figure 4-2: MUCSB inhibits S. mutans transformation in planktonic-only conditions and is robust to changes in extracellular
DNA and CSP

A) Normalized transformation rates of S. mutans in 25%TH and 25%TH:M, showing that transformation inhibition is not
dependent on biofilm induction. Each independent biological experiment was normalized to its respective media-only
condition. N = 3, * indicates p < 0.05, ** indicates p < 0.01.

B) Total colony forming units (CFU) in 25%TH, 25%TH:C, and 25%TH:M conditions showing that CMC and MUC5B do not
affect total population counts. N=3 independent experiments.

C) Normalized transformation rates of S. mutans in 25%TH and 25%TH:M where MUC5B has been heat-treated. Inhibition of
transformation is still maintained, showing that residual nuclease activity is not the inhibitory mechanism. Each independent
biological experiment was normalized to its respective media-only condition. N=3, ** indicates p< 0.01.

D) Normalized transformation rates of S. mutans in 25%TH and 25%TH:C, showing that CMC has some inhibitory effect
against transformation. Each independent biological experiment was normalized to its respective media-only condition. N =
3, * indicates p < 0.05, ** indicates p < 0.01.

E) Normalized transformation rates of S. mutans in rich 100%THYE, 100%TH, and 25%TH all supplemented with 0.5%
MUCS3SB to show that inhibition of transformation by MUCSB is condition dependent.

F) Normalized transformation rates of S. mutans in 25%TH and 25%TH:M supplemented with either 0.3 pg/ml pVA838 or 5
pg/ml pVA838 showing that inhibition by MUCS5B is independent of DNA concentration. Each biological replicate is
normalized to the 0.3 pg/ml condition in 25%TH media only. N = 3, ** indicates p< 0.01 between comparisons of same
DNA concentrations.
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G) Normalized transformation rates of S. mutans in 25%TH and 25%TH:M supplemented with either 0 uM CSP or | pM CSP
showing that inhibition by MUC5B is independent of CSP concentration. Each biological replicate is normalized to the 0
uM condition in 25%TH media only. N = 3, * indicates p< 0.05.

To investigate how MUCS5B inhibits transformation of S. mutans in the planktonic state, we
explored how polymer entanglement and biochemical signaling affects transformation rates.
Previous research has shown that diffusion of plasmid DNA is restricted in mucin environments

due to polymer entanglement'*

. The physical hindrance may be sufficient to account for lack of
DNA uptake by S. mutans. We confirmed via gel electrophoresis that MUCS5B entangled with
pVAS838 to prevent DNA migration. pVA838 is identified and recovered only when MUCS5B is
digested enzymatically by pronase (Supplementary Figure 4-2). To determine if polymer
entanglement is sufficient to prevent transformation, we tested if the anionic polymer CMC
recapitulates the inhibitory response in planktonic conditions. As seen in Figure 4-2D, CMC was
only able to inhibit transformation rates by 83%. This result suggests that in planktonic
conditions, polymer entanglement affects transformation rates. However, in biofilm conditions
with sucrose, addition of CMC is unable to inhibit transformation (Figure 4-2B), suggesting that

polymer network entanglement is not sufficient to prevent transformation in every condition.

This suggests that mucins may be inhibiting transformation by multiple mechanisms.

Biochemical cues from the environment are essential regulators of S. mutans competence. By
modulating the nutrient composition of the media MUCS5B is dissolved in, we determined how
significant biochemical signaling by MUCS5B influences the suppression of transformation. In
rich Todd-Hewitt media with yeast extract added (THYE), we found that MUCS5B is only able to
suppress transformation rates by 60%. In Todd-Hewitt (TH) only, transformation rates were

suppressed by 80%, and in nutrient-limited 25% Todd-Hewitt media (25% TH), we found the
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greatest suppression with nearly 98% inhibition (Figure 4-2E). These results show that MUC5B

inhibit transformation of S. mutans in a nutrient-dependent manner.

As environmental factors determine how effective MUCS5B is at inhibiting transformation, we
examined two parameters that are known to upregulate transformation rates: exogenous DNA
and competence stimulating peptide (CSP) concentrations''"***!2*_To dissect how
environmental concentrations of DNA affect transformation rates in the presence of MUCSB, we
titrated in 0.3 or 5.0 png/mL of pVAS838. Without MUC5B, we found that the 0.3 pg/mL and 5.0
png/ml have comparable transformation rates, suggesting that 0.3 pg/ml of DNA was sufficient to
saturate the transformation rates of S. mutans in the media conditions tested. With MUCS5B, the
increase in DNA concentration was unable to recover the wildtype transformation rates (Figure
4-2F), indicating MUCS5B inhibited transformation across varying concentrations of DNA. We
next examined if transformation rates could be increased in the presence of MUCS5B by
supplying CSP exogenously. CSP is a peptide produced by the comCDE pathway, which is an

122124 ‘Exogenous addition of CSP is known to

essential inducer of competence in complex media
significantly promote competence of S. mutans. As seen in Figure 4-2G, we found that in the
media-only conditions, the addition of 1 uM CSP was able to increase transformation rates by
15-fold. However, in the presence of MUCS5B, the addition of CSP was unable to recover the

wildtype transformation rates of the media-only conditions. These assays reveal that changes in

DNA and CSP concentration do not affect MUC5B inhibition of S. mutans transformation.

With MUCSB alone significantly reducing the rate of S. mutans transformation in both

planktonic and biofilm-inducing conditions, we next asked if MUC5B-based suppression
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translates in the context of native saliva. To test the role of saliva on S. mutans transformation,
we heat-treated the saliva to inactivate nucleases and sterilize the solution (Supplementary
Figure 4-3A and B). We expected that MUCS5B in saliva is stable in this treatment as Muc5b
alone was still able to inhibit transformation after being heat-treated (Figure 4-2C). Again, we
first tested whether saliva inhibited transformation in the presence sucrose, which promotes both
biofilm formation and competence. As seen in Figure 4-3A, even when 1% sucrose was added,
transformation rates were inhibited by 99%. Analyzing the breakdown of sessile and planktonic
populations, we found that that whole saliva was able to inhibit gene transfer rates in both
populations (Figure 4-3B and C). Moreover, the inhibition by saliva also appeared to be
independent of biofilm formation, as S. mutans is able to form robust biofilms in the presence of
saliva (Figure 4-3D). The biofilm formation in the presence of saliva can be attributed to
constituents such as agglutinins, which have previously been shown to promote biofilm

formation despite the presence of MUC5B'".
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Figure 4-3: S. mutans natural transformation is inhibited by native saliva in biofilm-forming conditions. The inhibition is seen in
the total population (A) as well as the biofilm (B) and planktonic (C) fractions. In saliva conditions, biofilm formation is not
prevented, suggesting that transformation inhibitory effects by saliva are independent of biofilm pathways
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To further characterize the inhibitory properties of saliva, we systematically tested whether
saliva prevented gene transfer when biofilm formation and competence are decoupled in 25%
TH. In these planktonic cultures of S. mutans, we found that saliva was able to inhibit
transformation rates by 99% (Figure 4-4A). We confirmed that the inhibition was not due to loss
of pVAS838 from nuclease-mediated degradation as DNA could be recovered after 2 hours of
incubation with heat-treated saliva (Supplementary Figure 4-3B). Moreover, the inhibition by
saliva also appeared robust to exogenous addition of DNA and quorum sensing molecule CSP
(Figure 4-4B-C), similar to what was observed before with MUC5B alone. These results
indicate that for biofilm and planktonic phase S. mutans, the results from MUC5B can be

translated to native saliva conditions as well.
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Figure 4-4: Inhibition of S. mutans transformation occurs in non-biofilm forming conditions (A) and is independent of DNA (B)
and CSP (C) concentrations, suggesting that all the effects observed in MUC5B conditions translate to native saliva conditions.

Discussion

Oral health is primarily determined by host-microbial interactions. Here, we show that MUC5B
inhibits rates of gene transfer for the cavity causing S. mutans without affecting overall microbial
population counts. Moreover, we identify that the inhibition is robust to perturbations in DNA
concentrations and exogenous addition of CSP. This work reveals that MUCS5B may have a

significant impact on the physiology of S. mutans and that such inhibitory processes remain
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intact in the native salivary context. A possible mechanism for the robust inhibition by MUC5B
is the glycan composition that is displayed on the protein backbone. Recent work has shown that
S. mutans competence can be regulated by carbohydrate transport systems such as the
phosphoenulpyruvate:sugar phosphotransferase system (PTS) system'>. Although the direct link
between glycan metabolism and competence pathways has not been established, the glycans on
MUCS5B may modulate the energy-sensing and metabolic pathways to downregulate stress
responses, such as biofilm formation and competence. Further studies to examine how individual
mucin-based glycans affect the physiology and genetic response of S. mutans will be needed to

fully characterize the mechanisms that govern the competence.

Supplementary Figures

A B

Supplementary Figure 4-1: Gel images showing residual nuclease activity of purified MUC5B. A) From left to right, gel
electrophoresis of NEB 1 kb ladder (1), pVA838 in 25%TH for 0 and 2 hour incubations (2 and 3), 25%TH + 0.5% MUCS5B for
0 and 2 hour incubations (4 and 5), and a pVA838-only control (6). MUC5B solutions are digested with 1 mg/ml pronase to
break down MUCS5B polymers and release pVA838 for electrophoresis. B) Same description as before where lanes 4 and 5
contain heat-treated MUCS5B (95°C for 5 minutes).
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Supplementary Figure 4-2: Gel image showing how intact MUCSB prevents migration of DNA during gel electrophoresis. From
left to right, gel electrophoresis of NEB 1 kb ladder, pV A838 in 25%TH for 0 and 2 hour incubations and 25%TH + 0.5%
MUCSB for 0 and 2 hour incubations.

A B

CFUs/mL

25% TH +50% No
+ 1% suc Saliva S. Mutans

Supplementary Figure 4-3: Heat-treatment of saliva sterilizes the solution (A) and inactivates the nucleases (B). In the gel (B),
the lanes from left to right are 1 kb NEB ladder, 0 hour incubation of pV A838 in 25%TH, 2 hour incubation of pVA838 in
25%TH, 0 hour incubation of pVA838 in 25%TH:S, and 2 hour incubation of pVA838 in 25%TH:S.
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Chapter 5 Gastric and Intestinal Mucins and Mucus Modulate

Conjugation Rates for Commensal Bacteria

The large intestine houses the majority of our gut microbiota. Recent investigations into the
interactions of gut flora with host cells has revealed a complex dynamic that influences immune

139132 "and overall health''***"** With the tremendous

response'**'?° brain function
associations of gut flora to overall health and wellbeing, there is a significant push to use
microbes as potential therapeutics to treat diseases with unmet clinical needs. Current examples
include delivering fecal matter transplants (FMTSs) to cure recurring Clostridium difficile
infections, using microbes to modulate immune responses in diabetes, and also affecting
neurological diseases such as autism, Parkinson’s and Alzheimer’s with bacteria. With the
advent of using microbes as novel therapeutics, readouts have typically focused on the clinical
efficacy of treatment and the ability of the microbes to engraft for long-term colonization.
However, what is not well characterized is how these microbes influence the dynamics of the

innate host microbiota and how long-term colonization affects the physiology of these artificially

introduced microbes.

Of particular interest is whether the microbes used in treatments are able to undergo HGT and
acquire virulence or antibiotic resistance genes. In the large intestine, which houses the majority
of the gut microbiome, the high density of microbes and large surface area provides a unique
environment where events such as conjugation are likely to happen'*®. Conjugation between
microbes can be divided into several categories based on the genetic mechanisms employed. To
date, several classes of genetically mobilizable elements have been identified such as the F-

plasmid, IncP plasmid groups, and IncQ as examples. For more in depth reviews on the types
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and mechanisms, refer to the review by Lanka ef al'*°. From in vitro experiments using E. coli,
conjugation typically acquires adherence to a surface (such as in biofilms) for stable formation of
sex pili between two microbes"’. Based on these in vitro assays and genomic analysis of spread
of virulence and antibiotic genes, it’s postulated that that conjugation occurs at a significant rate

within the gut and contributes to issues such as antibiotic resistance development.

Despite the significant results from in vitro assays and genome analysis, it is still unclear as to
how well this translates to conjugation frequencies in the native context of mucosal linings. One
drawback of the in vitro system is that conjugation occurs on a dehydrated agar surface'*® instead
of the aqueous condition of a mucus hydrogel. This dehydrated surface allows for stable pili
formation between acceptors and donors, which may not be possible in the mucus environment.
Here, we first delve into asking fundamental questions as to how Muc5ac (gastric) and Muc2
(intestinal) are able to affect conjugation rates between two lab strains of E. coli. We identify that
both Muc5ac and Muc?2 are able to inhibit conjugation rates by >20-fold whereas a synthetic
mimic such as CMC is unable to inhibit this process. Moreover, the inhibitory properties are also
found to translate to mucus obtained from the gastric and intestinal lining. We then broadened
the comparisons to test how bacteria such as Lactobacillus reuteri, a probiotic strain typically
found in dairy products can conjugate with E. coli in a mucin environment. Here, we showed that
conjugation rates are not inhibited in Muc2 and can be upregulated by >100 fold in the presence
of intestinal mucus. Altogether, these results reveal how the mucus environment acts as potent

regulator of microbial processes such as conjugation.
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Materials and Methods

Strains and Reagents:

Unless otherwise specified, all reagents were obtained from Sigma Aldrich. E. coli strain
OverExpressC41(DE3)pLysS was obtained from Lucigen Corporation (Wisconsin, USA). E.
coli strain S17A carrying pSC189-KanR plasmid was a gift from Nicole Kavanaugh. Strain

Lactobacillus reuteri 6475 was obtained from ATCC.

Conjugation assay:

Overnight cultures of E. coli were grown in 5 mL Luria-Bertani (LB) broth at 37° C, 225
rpm. For conjugation assays, S17A (donor strain) was mixed 1:20 ratio with
OverExpressC41(DE3)pLysS (acceptor strain; Lucigen) in LB and diluted 1:100 into 100 uL
of fresh LB in 96-well plates. Conjugation was allowed to occur for five hours at 37°Cin a
static environment. For E. coli to L. reuteri conjugation assays, both strains were cultured
overnight at 37° C in Brain Heart Infusion (BHI, Dibco). Conjugation assays were carried

out as described above but mating was allowed to occur for 24 hours.

For estimating conjugation events, serial dilutions of the co-culture were plated onto LB
agar plates containing 50 pg/ml kanamycin and 30 pg/ml chloramphenicol and incubated
overnight at 37° C. For total colony forming unit population counts, the co-culture was
plated on LB agar plates containing only 30 pg/ml chloramphenicol to select for acceptor

cells.

Muc2 and Muc5ac purification from porcine stomachs and small intestines:
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Gastric mucus was obtained from porcine stomachs whereas intestinal mucus was
obtained from porcine small intestines. Muc5ac and Muc2 were purified as described
previously 139 minus the CsCl gradient. For conjugation assays, Muc5ac and Muc2 were

dissolved overnight in LB at 0.5% (w/v) concentrations with constant shaking at 4° C.

Porcine gastric and intestinal mucus isolation:

Frozen porcine stomachs and small intestines were thawed for up to 48 hours. Mucus was
scraped from stomach and small intestinal linings and immediately flash frozen in liquid
nitrogen. For conjugation experiments, mucus was thawed at room temperature and
diluted to 12.5% (v/v) in sterile LB. To sterilize, the LB-mucus solution was heat-treated at

95° C for 20 minutes.

Results
Within the gastrointestinal tract, many serotypes of E. coli can colonize the mucosal lining'*.
Generally, E. coli is viewed as a benign inhabitant of the gut and may even produce beneficial

effects'!

. However, certain serotypes such as the enteropathogenic E. coli (EPEC) and
enterotoxigenic E. coli (ETEC) are pathogens that can cause illnesses such as diarrhea'*>. These
are typically transmitted through fecal contact or contaminated water and food. E. coli are also a
species of bacteria that are able to undergo high rates of conjugation to transfer both virulence
and antibiotic resistance genes in vitro. For our model system, we use S17\ E. coli carrying the
pSC189-KanR plasmid as the donor and C41-pLysS-CmR cells as the acceptor. As the donor
conjugates with the acceptor, S17A cells will transfer the kanamycin resistance cassette to C41

cells to produce a strain that is resistant to both kanamycin and chloramphenicol. This allowed

for double selection during serial dilution and plating to analyze the frequency of conjugation
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within a bacterial population. To replicate the three-dimensional environment of the mucosal
lining, we allowed for conjugation to occur in liquid media (as opposed to on surfaces of agar
plates) over 5 hours. To test how the presence of mucins affected conjugation rates, we
supplemented the liquid culture with 0.5% (w/v) of either Muc5ac or Muc2. In the liquid culture,
E. coli conjugated at an average frequency of 20 events per million cells (Figure 5-1). In the
presence of Muc5ac and Muc2, the conjugation frequency was below the detection limit of the
assay, showing that the Muc5ac and Muc? inhibit conjugation by at least an order of magnitude.
To determine if the inhibition was due to the presence of polymer-like structures, we also tested
conjugation rates in the presence of CMC, a common mucin mimetic. In the presence of CMC,
the conjugation rate doubled on average compared to wildtype rates alone (Figure 5-1).
Moreover, the changes in the conjugation rates are due to conjugation events and not change in
microbial populations, as shown in Figure 5-1. These changes suggest that the physical presence
of polymers is unable to explain the inhibitory effects of mucin. Since CMC is unable to prevent
the conjugation, perhaps mucins exhibit unique biochemical properties that inhibit the

conjugation pathways.
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Figure 5-1: E. coli conjugation is inhibited in the presence of mucins Muc5ac and Muc2 but upregulated for a synthetic analog
CMC. These changes in conjugation are not due to changes in the total population counts (right).

To determine if the inhibitory effects still hold in native mucus samples, we took fresh mucus
scrapings from pig stomachs and intestines, sterilized through brief heat treatment, and diluted to
12.5% concentrations in media such that the resultant fluid was easily pipettable for serial
dilution. Using the same five-hour conjugation period, we showed that PGM (Figure 5-2) and
PIM (Figure 5-3) were able to inhibit £. coli to E. coli conjugation of antibiotic resistance genes
by an order of magnitude without affecting the total population counts. These results revealed
that at the concentrations of mucus tested, both pig gastric mucus (containing Muc5ac) and pig
intestinal mucus (containing Muc2) were able to inhibit the conjugation events between various

strains of E. coli without affecting the overall microbial populations.
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Figure 5-2: £. coli conjugation in pig gastric mucus (PGM) is inhibited by an order of magnitude without affecting total
population counts.
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Figure 5-3: E. coli conjugation in pig intestinal mucus (PIM) is inhibited by an order of magnitude without affecting total
population counts.

Changes in conjugations rates in mucus are dependent on microbial species

Although E. coli represents a useful model for understanding how microbes are able to conjugate
in the presence of mucin polymers or native mucus, it is unclear how generalizable these results
are. As microbes are being explored for probiotics and therapeutic purposes, it is essential that
the dynamics of gene transfer in the intestine are well understood before such microbes are mass
deployed for consumption. One well established probiotic is Lactobacillus reuteri, which is a

143-145

microbe used to manage the immune system and maintain healthy gut . Various strains are
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used in probiotic formulations and yogurt cultures. Through constant ingestion, L. reuteri can
maintain a stable population within the gut but does not engraft well long term. Although L.
reuteri is used so widely commercially, there is limited data on the rates of genetic transfer
between other microbial species present in the gut and its role in dissemination of antibiotic
resistance genes. Here, we directly examine the rate a donor cell such as E. coli S17\ is able to
confer antibiotic resistance to L. reuteri within the mucus environment. To test the rate of
conjugation between the two microbial species, we use a similar method compared to before.
Here, to promote L. reuteri growth, we use BHI as the culturing medium and allow for
conjugation to occur over 24 hours. As can be seen in Figure 5-4, we find that Muc?2 slightly
raises the conjugation rates between E. coli and L. reuteri (not significant). Although the
upregulation is minor, the total population of L. reuteri is higher in the presence of Muc2,
indicating that overall, the absolute number of antibiotic-resistant L. reuteri in the culture is
higher. Using the same analysis for PIM, we again find that the conjugation frequency increases
(Figure 5-5) without significantly changing total population. However, in this case, we find that
the increase in conjugation is approximately an order of magnitude higher, indicating that some
factors in mucus may be significantly increasing the propensity of E. coli to conjugate with L.
reuteri. Although these tests are implemented in a diluted mucus condition, these assays reveal
that mucins and whole mucus do exhibit the ability to both inhibit and promote conjugation

between various microbial species.
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Figure 5-4: E. coli conjugation with L. reuteri in Muc2 shows a slight increase in conjugation in the presence of Muc2 over the
BHI only conditions (left). Muc2 also appears to promote the growth of L. reuteri (right) compared to BHI only conditions,
suggesting that the absolute conjugation events may be significantly higher in Muc2 conditions.

Discussion

These results show that the mucosal environment has dramatic impacts on rates of genetic
exchange between microbial species. Previous research has revealed that the bacteriophages
residing in the gut mucosa are a significant source of transduction'*®. Here, we reveal that in
various mucosal sites, transformation and conjugation mechanisms can be both inhibited and
regulated based on the species involved. Within the oral cavity, S. mutans transformation is
inhibited by the presence of salivary mucin MUC5B and native saliva. In the gastrointestinal
tract, £. coli to E. coli conjugation is inhibited by both Muc5ac and Muc2 as well as by PGM and
PIM samples. However, for E. coli to L. reuteri conjugation, Muc2 and PIM appear to promote
conjugation. Although the mechanism is not known, we speculate that since L. reuteri displays
surface agglutinins that help with anchorage to mucins and other proteins present in mucus'*"'*,
this may provide a stable environment for pili formation and bridging between two motile
species of bacteria. Continuing with this logic, it stands to reason that conjugation rates between

bacteria in a mucosal setting will be dramatically different for motile and immotile bacteria.

Since the mechanisms for how mucus and mucins promote or inhibit conjugation is unknown,
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further work is needed to understand multispecies dynamics and introduction of foreign microbes

as part of therapies.
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Figure 5-5: £. coli conjugation with L. reuteri in PIM revealed that mucus increases the rate of conjugation between the two
strains of bacteria (left) without significant differences in the overall population of L. reuteri (right).

81



Chapter 6 Structure and function relationship of glycans on mucins

Mucins consist of two major components: the protein backbone and the dense glycosylation of
sugars. The protein backbone can be divided into several general domains: the proline-threonine-
serine (PTS) domain where glycans are conjugated to and the hydrophobic domains and cysteine
knots that promote gelation'". The complex oligosaccharides added to the PTS domains
contribute up to 90% of the molecular weight of mucin and are believed to provide the major

functions of mucins>'®

. Without the contribution of glycans, naked mucin (apo-mucin) is
insoluble in water and no longer has the anti-biofilm forming functions. Moreover, all lubricating
and hydrating properties of mucins are no longer detected. Although these experiments reveal
that glycan composition as a whole is essential for the overall function of a mucin glycoprotein,
it is unclear how each individual glycan contributes to the function. For instance, how much

redundancy is there in the glycan function covered by various carbohydrates? What structures of

glycans confer the unique anti-virulence properties of mucins?

To understand the structure function relationship of glycan composition, attempts to catalogue
the individual glycan types have revealed over 100 structures®’. As the synthesis of these glycans
in vivo is highly stochastic, each mucin protein is a unique glycoform. The complex regulation
of mucin production has so far made it intractable to understand what the structure-function
relationship of each glycan and mucin monomer is. However, significant progress has been made
for roles of sugar monomers such as fucose and sialic acid, especially in the context of gut
microbiome. For instance, pathogens such as Salmonella enterica and Vibrio cholera, the
presence and release of sialic acids from mucins provides a nutrient a source that gives these

pathogens a competitive edge over the normal gut flora'**'*’. Other microbes such as
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Bacteroides thetaiotamicron, one of the primary colonizers of the gut, are pivotal in establishing
a normal microbiome"'"'**. B. thetaiotamicron display a wide repertoire of digestive enzymes
that breakdown complex polysaccharides. The release of such sugars allows for utilization by
beneficial bacteria such as B. fragilis, which helps promote a healthy gut microbiome'**. For
infants especially, the presence of B. thetaiotamicron is essential for the establishment of a
healthy microbiota to modulate immune response and protect against opportunistic pathogens.
The concerted action between mucin glycans and microbial colonizers suggest that in depth

investigations between the two components should be conducted.

With over 100 glycans identified, it is essential to understand what the functional capabilities are
of the individual glycans. Iterative synthesis of each glycan for comprehensive analysis is
technologically challenging, so a directed approach for systematic analysis needs to be
implemented. Here, we describe a method that involves identifying what overlapping glycans
exist in other parts of the body that may facilitate the same functions as mucin glycans.
Preferably these are also secreted glycans or glycoproteins that are present in the gastrointestinal
tract and have roles in microbiota and immune modulation. The primary candidate that fits these
requirements is the class of sugars called human milk oligosaccharides (HMOs). HMOs are
complex glycans found in human breast milk. By definition, these glycans are not metabolized
by the infant and instead are processed by various microbes within the gastrointestinal tract.
HMOs have garnered significant attention due to their multi-faceted functions. From controlling
immune response in the blood stream to acting as decoy binding sites for pathogenic microbes,

HMOs are key regulators of infant health and help establish the infant microbiota'** ">’
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Table 6-1: Table of the most prevalent HMOs that are similar in structure to identified mucin glycans.

05-1.5 g/L

1.2-1.7 g/L H-epitopes

0.3-1.0 g/L Le-

0.01-0.2 g/L Les

0.1-0.2 g/L Les

03-05g/L

0.1-0.3 g/L

0.03-02g/L

b |01-06g/L

NeuAcZ-lacto-N-tetraose |0.2-0.6g/L

Structurally, HMOs also overlap significantly with mucins glycans. HMOs use lactose as the
core sugar for creating complex glycans while mucins use GalNac attached to a serine or
threonine. The terminal structures of the glycans are highly similar, with branched galactose and
GlcNac chains terminated with either sialic acid or Fuc. Although the genetic and enzymatic
regulation of HMO production is still not well-defined, the monosaccharides used in the
synthesis pathways are the same for mucin glycans. Again, since these processes are stochastic,
within a healthy mother’s breast milk, over 100 glycan varieties have also been identified"**. To
narrow the scope of the proposed glycans to a manageable number, we rank sort the HMOs by
similarity to previously identified mucin glycans and the yield in breast milk. Using this
strategy, we find that the nine most commonly found HMOs have striking structural similarity to

glycans previously identified on Muc2 (Table 6-1).
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As the most common HMOs are available commercially, it is feasible to test how the addition of
single types of HMOs are able to induce microbial responses. An assay commonly implemented
is biofilm inhibition of various pathogenic bacteria. For HMO analysis, future experiments in
Pseudomonas aeruginosa biofilm formation is suggested. Pseudomonas aeruginosa is a key

180 In cases of

player in chronic lung infections, particularly in cases for cystic fibrosis patients
chronic infection, P. aeruginosa forms robust biofilms that are robust to antibiotic treatment.
Moreover, in long-term infections, P. aeruginosa is recognized to outcompete other microbes in
the same environment through release of toxic molecules and its Type VI secretion systems®.
Previous results in the context of native mucins have shown that intact glycosylated mucins are
able to significantly impair biofilm formation of P. aeruginosa as well as disperse established
biofilms. Using similar experimental setups, the parallel experiments using HMOs can be
implemented to determine how well the individual glycans contribute. By using the identified

HMOs, the structure-function relationship between mucin glycan identity and microbial response

can be elucidated.

Table 6-2: Estimation of effective concentrations of HMOs in comparisons to glycan composition found on intestinal mucins. For
the same protective function, it is estimated that 3-8 mM of HMOs is required for any therapeutic or prophylactic effect whereas
only 0.4 — 2 mM of mucin glycans (when linked to polymers) is needed.

Average MW of
mucins
(+glycans)

2.84-6.8 MW of mucin | 500,000 Da
| g/L protein

~3-8mM Estimated 05-2g/L
concentrations
of mucins

(w/v)

Putative 2000-3000
glycosylation
sites

Molar ~04-2mM
concentration
of glycans
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Once the candidate HMOs are identified, one question that can be asked is why does the human
body expend the energy to create complex mucin glycoproteins when individual HMOS are
sufficient for a protective effect. A major difference between the polymer structure and free
floating glycans is the role of avidity. Avidity changes the binding kinetics of molecules by
increasing the probability of substrate binding. One way to accomplish this is to locally
increasing the effective concentration of substrates by providing multiple binding sites (such as
in the case of mucin glycans). By using orders of magnitude estimations for the production of
HMOs and mucin glycans, we calculate 3.0-8.0 mM of HMOs is required for a protective effect.
However, in the mucin context, only 0.4-2.0 mM of glycans is required for the same protective
potential (Table 6-2). This suggests that avidity may play a major role in maximizing therapeutic
effects of glycans even when overall concentrations are up to an order of magnitude lower. To
test if avidity does minimize the concentration of HMOs required, I propose that individual
HMOs can be conjugated to a base polymer (Figure 6-1). Moreover, this process will also
determine whether or not covalently linked glycans have a different functional role compared to

free-floating soluble glycans that can be metabolized by microbes. -
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Figure 6-1: For testing the efficacy of HMOs as a protective substance, HMOs can be linked to inert polymer backbones to
increase the avidity of interactions. These synthetic mucin polymers can be designed to contain a single HMO (homopolymer) to
target single microbial pathways or mixtures of HMOs (heteropolymers) to broaden the functional specificity of the synthetic
mucin.

These proposed experiments should link two fields that currently operate independently. A few
reviews tangentially comment on the structural similarity between HMOs and mucin glycans, but
again, no systematic analysis of the glycans has been implemented. As glycan synthesis
technologies continue to advance, it becomes much more feasible for high throughput iterative
testing of these glycans to determine their therapeutic and protective potential against invading
microbial species. The experiments provided here provide the foundation for screening 10-20
glycans that have a strong potential to regulate microbial function, whether it be biofilm

inhibition, quorum sensing inhibition, or tailored growth of beneficial bacteria.
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Chapter 7 Synthesis of Mucin Mimetics to Understand Function of

Glycosylated Sugars

In the previous chapter, we discussed an approach to understand the role of complex HMO and
mucin glycans in protecting against specific microbes such as P. aeruginosa. To accomplish
these tasks, it is necessary to establish methods to synthesize and test synthetic mucins, which
will be discussed in the current chapter. For synthetic mucins, we identified several criteria that
need to be satisfied for an ideal polymer base:
1) The polymer backbone must be sufficiently long to mimic the protein backbone length of
mucins.
2) The glycosylation method must be covalent and not susceptible to enzymatic degradation.
3) The glycosylation must be uniform and relatively dense.
4) The final glycopolymer should exhibit a net negative charge to mimic the charge of
mucins.
From the glycan perspective, one possible library of glycans that can be used for synthesis and
testing are the HMOs previously identified in Chapter 6. However, there are several issues with
this approach. Primarily, HMOs, although available commercially, are prohibitively expensive
for routine synthesis testing of prototypes. Moreover, even if individual HMOs are identified for
specific protective effects, it is unclear if a subset of the glycan is sufficient or if the entirety of

the HMOs is required for correct function.

An approach to circumvent these challenges is based on the assumption that the entire complex
glycan is not necessary for the functional properties of the sugars. Since the glycans are densely

packed on the protein backbone of mucins>'?, it stands to reason that there are geometric
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constraints to what is available for binding by microbial cell surface proteins or free floating
enzymes. Because of steric limitations, the argument can be made that only the terminal sugars
are freely available for binding. The different structural conformations merely change the
kinetics and affinity for binding, but at sufficiently high densities of glycosylation, low affinity
effects can be overcome. Using this perspective, we can attach monosaccharides to the polymer
backbone to understand how individual sugars are able to change the physiological response of
microbes. Here, we screen four monosaccharides glucose, galactose, fucose, and mannose to test
for inhibition of S. mutans biofilm inhibition. We identify glucose and galactose as the strongest
inhibitors of biofilm formation and that this inhibition is independent on polymer backbone
length. Moreover, we discover the glucose-containing polymers are able to inhibit additional
virulence traits such as natural transformation, a property previously identified to be specific to

MUCS5B in Chapter 4.

Materials and Methods

Strains and Reagents:

Unless otherwise stated, all reagents are obtained from Sigma Aldrich. The bacterial strain
Streptococcus mutans UA159 was kindly given as a gift by Dan Smith (Forsyth Institute). For
general propagation and storage, UA159 was cultured and maintained in Todd-Hewitt (TH, BD
249240) at 37C with 5% CO,. Plasmid DNA pVA838 (ATCC 37160) for transformation assays
was purchased from ATCC and maintained in E. coli DH5a (BD LB medium, 10 ug/ml

chloramphenicol). All TH media was used within seven days of autoclaving.

Synthesis of glycosylamines:
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The aldehyde group of reducing sugars is converted to a primary amine via the standard
Kochetkov reaction. Briefly, reducing sugars are incubated with ammonia bicarbonate at a 1:40
w/w ratio for four days at room temperature (Kochetkov amination). Liquid containing
solubilized sugars is aspirated and collected. Excess ammonia is removed via repeated
lyophilization until weight stabilizes. Glycosylamines are used fresh for conjugation to CMC

backbones.

Glycosylamine conjugation to CMC:

Prior to conjugation, 90 kDa or 250 kDa CMC is dissolved overnight at 10 mg/ml
concentrations. The effective molar concentrations of carboxyl groups are estimated based on the
reported degrees of substitution (D.S. = 1.2). HoBt and EDC are added at a 1:1:1 molar ratio to
the carboxyl groups and solubilized for up to 30 minutes, stirring. Once fully dissolved,
glycosylamines are added at a 2:1 molar ratio to estimated carboxyl groups and stirred for 30
minutes at room temperature. Once reaction is completed, solution is diluted 10-fold with milliQ
water to stop reactions. Residual glycosylamines and reactants are removed by dialyzation using
a 10 kDa cutoff membrane. Dialyzed glycosylated CMC is lyophilized and stored at room

temperature in a desiccation chamber.

Horizontal Gene Transfer Assay:

For all gene transfer assays, unless specified separately, UA159 cultures were grown overnight
in 50% TH media at 37C, 5% CO; under static conditions. The next morning, cultures were
diluted 1:20 into the 25% TH media in 100 uL volumes in 96-well plates and cultured statically

for 2 hours. pVA838 (1.2 ug/ml unless otherwise noted) was added and gently mixed into the
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solution and allowed to incubate for an additional two hours before serially diluting 1:10 in
phosphate buffer saline (PBS). For transformants, dilutions were plated on selective TH agar
plates (10 ug/ml erythromycin). For total population counts, serial dilutions were plated on non-
selective TH agar plates. All data presented are biological replicates with standard deviations

reported for error bars.

Biofilm inhibition assay:

For all biofilm inhibition assays, unless specified separétely, UAT159 cultures were grown
overnight in 50% TH media at 37C, 5% CO, under static conditions. The next morning, cultures
were diluted 1:20 into the 25% TH media containing 1% (w/v) sterile sucrose in 100 uL volumes
in 96-well plates and cultured statically for 4 hours. During the serial dilution process, the
planktonic phase was gently pipetted and separated. The attached biofilm was washed three
times by 100 ul of sterile PBS. Biofilms were then detached by vigorous scraping with a pipette

tip for 30 seconds and mixing prior to serial dilution.

Results

To satisfy the above criteria, the choice of the polymer backbone is essential for the
glycopolymer synthesis process. Of the various polymers considered, carboxymethylcellulose
(CMC) was designated the ideal choice. The carboxylation provides a net negative charge that is
reminiscent of intact mucins, the polymer can be produced at various lengths, has tunable density
of glycosylation sites, and functionally, is relatively inert when tested against microbes.
Specifically, the carboxyl groups on CMC polymers also provide glycosylation sites through
EDC-HODT reactions with aminated substrates. Reducing sugars such as glucose, galactose,

fucose, and mannose can have their aldehyde groups converted to a free amine by the well-
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known Kochetkov reaction. Moreover, CMC comes in multiple molecular weights, ranging from
30 kDa to >700 kDa depending on the cellulose source. For each molecular weight category,
generally the degree of carboxylation ranges from 0.7 to 1.2 per glucose monomer, which allows
for tunability in both the hydrophilicity as well as degree of glycosylation. For the complete

synthesis procedure, refer to Material and Methods.

For the first library of glycopolymers, we used the following monosaccharides: glucose,
galactose, mannose, and fucose (termed Glc-CMC, Gal-CMC, Man-CMC, and Fuc-CMC,
respectively, for the glycopolymer notation). Using glucose as the proxy for all testing purposes,
we used glucose oxidation assays to detect the extent of labeling. With this absorbance assay, we
determine that per milligram of glucose-CMC, the concentration of labeled glucose is about 0.1
mg, which is 10% of the molecular weight (data not shown). These results reveal that not all
possible carboxyl groups are glycosylated with the monosaccharide of choice. Assuming that all
the glycoslation densities are consistent for each of the tested sugars, we then tested the

functionality of the glycopolymers.

To demonstrate the idea that the terminal sugar monomers are sufficient in regulating microbial
function, we used biofilm formation of S. mutans as a functional readout. With the previously
designed assays from Chapter 4, we tested for biofilm inhibition of these glycopolymers
compared to the original CMC polymer alone. As seen in Figure 7-1, CMC alone did not have
an inhibitory effect whereas each of the glycosylated polymers significant prevents biofilm
foramtion. Of the glycopolymers tested, Glc-CMC had the strongest inhibitory effects against

biofilm formation, followed by Gal-CMC, Fuc-CMC, and finally Man-CMC with the weakest
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effect. This assay shows that the glycosylation of monosaccharides to CMC significantly

changes the function of the polymer and inhibits biofilm formation of S. mutans by at least 4-fold

difference.
0.4~
r=
E5 o
m -
s 8
23
(] 0.2-
; 5
=m
fﬂ'g; S 044 .
* * *
0.0- 4

CMC

Media only
Glucose-CMCH
Galactose-CMC=

Fucose-CMC

Mannose-CMC

Figure 7-1: Covalent linkage of monosaccharides to CMC produces novel inhibitory functions for CMC. Attachment of glucose
and galactose produces the strongest inhibitory effects against biofilm formation of S. mutans whereas addition of mannose has
the weakest effect, suggesting that the choice of monosaccharide is essential in determining the function of the glycopolymer.

To further identify that the grafted glycans are an essential regulator of function, we compared
Glc-CMC to unglycosylated CMC with free-floating glucose in the environment. This test
determines if glucose alone is sufficient for the inhibitory response or if glucose must be in its
grafted form on the CMC. The results, as seen in Figure 7-2, revealed that the grafted form of
glucose on CMC induced a dramatically different physiological response compared to the free-
floating form. Glc-CMC inhibited biofilm formation as before but when CMC was physically
separate from glucose, the inhibitory effects were not maintained, even when glucose was added
at 1% (w/v) concentrations. These results suggest that glycans linked to mucins may exhibit
different biological functions in their grafted form compared to their free-floating form in

solution. A possible explanation for the difference in function is the ability of microbes to
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metabolize monosaccharides in its soluble form. When covalently linked to CMC, glucose is
unable to be metabolized by S. mutans. This is evidenced by the fact that the addition of Glc-
CMC to the media did not enhance growth of S. mutans, which suggests that Gle-CMC is not a
nutrient source (Figure 7-3). Although Glc-CMC cannot be metabolized by S. mutans, glucose
may still act as a biochemical signal to alter S. mutans physiology. As an example to support this
hypothesis that covalently linked forms of glycans and free glycans exhibit disparate functions,
there are reported bacteria blooms of opportunistic pathogens upon cleavage of sialic acid and
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Figure 7-2: Inhibitory effects of Gle-CMC rely on the covalently linked glucose to CMC. When glucose is added to unaltered
CMC, no inhibitory effects are observed even when glucose is added to 1% (w/v). These results suggest that the covalently linked
form of glucose induces different physiological responses in S. mutans compared to unconjugated glucose.
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Figure 7-3: Growth rate of S. mutans in media only conditions and media supplemented with Glc-CMC are not significantly
different, suggesting that Glc-CMC is not acting as an additional nutrient source for S. mutans.

The last parameter investigated in these studies is to understand if polymer length also affects the
function of the resultant glycopolymer. Mucin polymers are typically thousands of amino acids
long with many repeating subsequences where glycosylation occurs. A major question in the
field is to understand what the relevance of having such long polymers is. One suggested
reasoning is that the long polymer formation allows for structural stability of the mucus hydrogel
by allowing for processes such as entanglement to occur'’. To investigate the role of polymer
length on function, we chose two polymer lengths: 90 kDa CMC and 250 kDa CMC. Using the
same process as before and same molar ratios for glycan grafting, glucose was glycosylated onto
the CMC backbone. In comparisons for testing the biofilm inhibitory properties of CMC, it was
found that both 90 kDa Glc-CMC and 250 kDa Glc-CMC have similar inhibitory effects (Figure
7-2 and Figure 7-4). From a functional perspective, these two polymers are not significantly
different. However, the two different lengths of CMC are known to have varying degrees of
viscosity at the same weight percent formulations. These results suggest that the functional

component of glycan-grafted CMC can be independent from the mechanical properties. With
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these two independent design parameters, materials can be developed that have the same

biological effects, but dramatically different viscoelastic profiles.
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Figure 7-4: Longer polymer lengths (250 kDa) of CMC have the same inhibitory effects as 70 kDa CMC (Figure 7-2) against S.
mutans biofilm formation when glycosylated with glucose.

Discussion

With these particular polymers, there are several future areas that can be explored. An immediate
application is that these polymers can be developed as prebiotics or therapeutics for the
prevention and treatment of chronic infections. We have in vitro proof of concept results for
inhibiting plaque formation of S. mutans, but these polymers can be applied for other
opportunistic biofilm-formers such as P. aeruginosa, S. aureus, and C. albicans. Moreover, in
assaying how S. mutans responds to the presence of these glycosylated polymers, we found that
not only is biofilm formation altered, other virulence related pathways such as competence in S.
mutans is strongly inhibited (Figure 7-5). Altogether, these results suggest that the glycosylation
of simple monosaccharides to a polymer backbone can impact multiple metabolic pathways of
microbes and act as a broad-spectrum inhibitor of virulence traits without affecting cell

populations.
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Figure 7-5: Inhibition of S. mutans natural transformation in the presence of Glc-CMC is significantly stronger compared to
CMC alone, suggesting that the covalently bound glucose to CMC provides new biological function for the glycopolymer.

Alternatively, these synthetic glycosylated polymers allow for systematic analysis of which
grafted sugars are functionally relevant. These polymers represent a simple toolkit in which
biochemical pathways can be investigated to understand which microbial cell surface receptors
are activated or inhibited by mucin-like glycans. A possible master regulator is the
phosphotransferase system (PTS), which is specific for the translocation of sugars across
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bacterial membranes ™ . These two-component systems are essential for not only metabolizing

nutrients, but are also implicated in the control and expression of virulence systems in

1621164 The PTS system revolves around using phosphoenolpyruvate (PEP) as an energy

bacteria
source. First discovered in E. coli, the PTS system has been identified in almost all bacterial
species to date. In general, the PTS consists of two components: the intracellular Enzyme I (EI)
and HPr, which are the main drivers in phosphorylation and downstream signaling, and Enzyme
II (EII) as the cell surface transporter that is responsible for carbon source recognition'®. In E.
coli, at least fifteen EIl enzymes have been identified and are responsible for a wide range of
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carbohydrates . The EII cell surface transporters and sensors can be categorized into four major

families depending on their specificities to saccharides. Phosporylation of EIIA subunits dictates
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what carbohydrates the bacteria preferentially react to and govern the overall genetic expression
profile and physiology of the bacteria. The phosphorylation pathways of carbohydrate
metabolism follow a tiered approach, with glucose generally being the preferred catabolite'*"'¢,
As such, we expect that the response of opportunistic pathogens is highly dependent on the type
of saccharides exposed on the polymer backbone. For instance, one hypothesis is that the

glucose-conjugated CMC polymers may induce responses from the broadest range of bacterial

species due to glucose being a major catabolite-repressor.

As carbohydrate sensing dictates the metabolic response of bacteria, the presence and absence of
sugars determines the virulence profile of pathogenic bacteria'®. In several bacterial species,
expression of virulence genes is controlled by carbohydrate catabolite repression. For
Clostridium difficile, which secretes colitis- and diarrhea-inducing exotoxins, the presence of
monosaccharides inhibits expression of fox4 and toxB genes'®. In the cavity causing bacteria,
Streptococcus mutans, mutants without the EIIABC transporter exhibit higher levels of the

virulence gene fructose hydrolase'®

. These observations suggest that by providing bacteria with
the correct carbohydrate signals, the expression of virulence genes may be modulated or
inhibited. Taken together, our approach of using simplified glycopolymers to test the structure-
function relationship of monosaccharides is a powerful tool to understanding how mucin glycans
are able to provide the broad spectrum protective effects. This work provides the basis for

systematic analysis of both simple glycans as well as complex oligosaccharides such as HMOs

(Chapter 6) for understanding how grafted glycans affect microbial physiology and metabolism.
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Chapter 8 Conclusion and Future Directions

This thesis details novel methods to understand the heuristic design principles for self-
assembling polymers and how they relate to functional properties of biological hydrogels. In
Chapters 2 and 3, I developed a peptide-based approach to analyze two fundamental questions in
nuclear pore biology. In Chapter 2, I determined whether the presence of charge affects the
molecular selectivity of essential hydrophobic FG domains and how localization of charge
affects selective function. In Chapter 3, I analyzed the preferential bias for phenylalanines in the
hydrophobic domains of nucleoporin sequences and determine how substitution with other
natural aromatic amino acids such as tryptophan and tyrosine affect nuclear transport function. In
both cases, I reduced the complexity of native nucleoporin sequences from >1000 amino acids to
14-amino acid peptides. Although I identified how charge, spatial localization of charge, and
choice of aromatic residues all affect the selective properties of FG-based sequences, there are
several limitations with this approach. Primarily, these short peptide-based gels do not
recapitulate the selective properties of intact nucleoporin gels****. A major reason for this
discrepancy is that the short peptides formed into fibers and rods that are not typically seen in
long polymer self-assemblies. To circumvent these challenges, a possible approach is to utilize
the 14-amino acid sequences identified in Chapter 2 and create longer peptides that contain
multiple repeats of those sequences. Since the original Nsp1 sequence contains approximately 16
repeats, we can create a library of FGAK peptide variants containing the original single repeat, 2
repeats, 4 repeats, 8 repeats, and 16 repeats. As the repeat numbers increase, we expect that
polymer entanglement will play a more important role in self-assembly. With these structural
rearrangements, the longer polymers will allow for saturation of gel formation and exhibit

hydrophobic exclusion typically seen in native nucleoporin gels.
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In Chapters 4 and 3, I identified two new functions of mucins and correlated their effect to native
mucus samples. In Chapter 4, I described how salivary mucin MUCSB inhibits natural
transformation of S. mutans and showed this effect translates to native saliva. In Chapter 5, |
showed how Muc5ac and Muc2 can be potent modulators of conjugation between commensal
bacteria. Between two E. coli strains, both Muc5ac and Muc2 inhibited HGT and prevented the
spread of antibiotic resistance genes. Moreover, these results were translatable to native porcing
gastric mucus as well as porcine intestinal mucin, suggesting that Muc5ac and Muc?2 are critical
in the inhibitory response. However, for other probiotics such as L. reuteri, Muc2 and intestinal
mucus appeared to upregulate conjugation rates. The discrepancies between the various species
suggest that there are strain-specific effects that need to be elucidated. For instance, L. reuteri is
canonically considered a non-motile bacteria and also displays surface agglutinins that allow for
binding to mucins and self-aggregation'**. E. coli, on the other hand, is highly motile in mucins
and mucus and is not known to aggregate using the same mechanisms. The disparities in the
phenotypic response between L. reuteri and E. coli suggest that the ability of the bacteria to
stably colonize in a mucosal environment determines the rate at which the species can conjugate.
Future experiments that investigate the mechanisms of horizontal gene transfer in the context of
mucins is required. For instance, for S. mutans, it is not clear whether mucin glycans are the
causative agent, and if so, which bacterial pathways are modulated by the glycans. For
conjugation between E. coli and other gut microbes, it is essential to understand if motility is a
major factor in altering the conjugation rates in a mucosal environement, or cell-surface adhesins

to mucin polymers is the dominant effect.
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In Chapters 6 and 7, I developed strategies to simplify complex mucin glycoproteins down to
glycopolymers that contain a single type of glycan as opposed to the hundreds typically
identified on native mucins. In Chapter 6, [ described an approach inspired by HMO research, a
field that historically has little crosstalk with mucin analysis. By analyzing the overlapping
glycan structures, | identified approximately 10-20 glycans that overlap structurally between
HMO and mucin glycans. These overlapping glycans suggest that certain complex saccharides
have conserved protective functions and should be investigated further. In Chapter 7, I developed
methods to generate glycopolymers containing single monosaccharides. Based on assumptions
regarding steric hindrance and monosaccharide identities in mucin glycans, I created a library of
glycopolymers that have strong inhibitory affects against biofilm formation of cavity-causing S.
mutans bacteria. [ showed that the inhibition is independent on polymer length and is dependent
on sugar identity and the covalent linkage to the polymer. Although these glycopolymers showed
that grafting of glycans onto the polymer backbone are essential for controlling virulence of S.
mutans, there are several limitations to this approach. Primarily, quality control of the synthestis
process is challenging. CMC is a polymer derived from plant-based material and is highly
disperse in polymer length and carboxylation uniformity. Since the starting material is
heterogeneous, controlling glycosylation density and purity remains a challenge. For future
work, identification of a base polymer that has a low polydispersity index and well-characterized
chemistries that allow for uniform glycosylation is necessary. Once the library of second-
generation glycopolymers is synthesized, systematic analysis of microbial response using RNA-
seq should provide directions as to how covalently bound sugars are able to induce microbial
responses. As stated in Chapter 7, a likely universal pathway that mucins are activating is the

PTS pathways. By binding to the EIIA cell surface receptors, mucin and HMO glycans may be
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upregulating the catabolic repression pathways to inhibit bacterial virulence traits. However, PTS
pathways are only present on bacteria. Eukarytic microbes such as C. albicans also exhibit lower
virulence profiles in mucins, suggesting that mucins may be activating multiple pathways that

affect both prokaryotic and eukaryotic organisms.

Altogether, I lay the groundwork for establishing what parameters are essential in governing the
function of polymers in biological hydrogels. The focus here has been on polymers found in
NPCs and mucus, but this approach can be generalized to other biological hydrogels. Another
biological hydrogel that contains proteins with multiple repeating amino acid sequences is the
cuticle of mussel byssal threads. The proteins within cuticles contain subunits enriched in
tyrosines that can be chemically modified to form covalent linkages. These linkages help byssal
thread resist large cyclic strains and adhere to wet surfaces in the ocean'®"""°_ Although the
repeat peptides have been identified, it’s unclear exactly how the exact sequence affects the
function of the resultant hydrogel. Other hydrogels that can be examined in such a way are the
polysaccharide-based biofilm gels. Tuning polymer length, charge distribution, and compositions
of the polysaccharides should provide heuristic principles for understanding how each polymer

contributes to mechanical stability and selective protection against environmental stressors.
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