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Abstract

The use of engineered protein systems has become highly prevalent across a wide range of
biological fields. In synthetic biology, engineered proteins and protein systems offer precise
methods for regulation of cellular behavior, enabling high sensitivity, tunability, and temporal
resolution. In bioproduction, proteins are engineered to have enhanced functional properties or
other characteristics that facilitate production, purification, and storage. The work in this
dissertation explores some of this vast landscape through several chapters that discuss the
implementation of optogenetics in Chinese Hamster Ovary (CHO) cells and computationally
guided design and production of higher performing severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) truncations.

In synthetic biology, many genetic, chemical, and environmental approaches have been
developed to modulate cellular pathways to improve titers. However, these methods are often
irreversible or have off-target effects. Development of synthetic biology techniques which are
precise, tunable, and reversible will facilitate temporal regulation of target pathways to maximize
titers and protein quality. In this study, we investigate the use of optogenetics in CHO cells.
Chinese hamster ovary (CHO) cells are widely used for industrial production of
biopharmaceuticals. The light-activated CRISPR-dCas9 effector (LACE) system was first
transiently transfected to express eGFP in a light-inducible manner. Then, a stable system was
tested using lentiviral transduction. Transient transfections resulted in increasing eGFP
expression as a function of LED intensity, and fluorescence decreased once the LACE system

was deactivated.



Optogenetic control of cellular pathways and gene circuits in mammalian cells is a new frontier in
mammalian genetic engineering, and protein engineering has significantly increased the
performance of these systems. As a low-cost, tunable, and reversible input, light is highly adept
at spatiotemporal, orthogonal regulation of cellular behavior, advancing applications such as
protein bioproduction and cultivated meat. However, light is absorbed and scattered as it travels
through media and cells, and the applicability of optogenetics in larger mammalian bioreactors
has not been determined. In this work, we computationally explore the size limit to which
optogenetics can be applied in cylindrical bioreactors at relevant height-to-diameter ratios for
mammalian cell culture. We model the propagation of light using the radiative transfer equation
and consider changes in reactor volume, absorption coefficient, scattering coefficient, and
scattering anisotropy. We observed sufficient light penetration for activation for bioreactor sizes
of up to 80,000 L with maximal cell densities, with decreasing efficiency for larger bioreactors. For
a 100,000 L bioreactor, we determined that lower cell densities of up to 1.5-107 cells/mL can be
supported. We conclude that optogenetics can be applied to bioreactors at an industrial scale and

may be a valuable tool for specific biomanufacturing applications.

Rather than using engineered proteins to regulate cellular behavior, protein engineering can also
be performed to directly modify proteins of interest for enhanced bioproduction. During the SARS-
CoV-2 pandemic, protein engineering has played a major role in Spike protein bioproduction.
Spike is a key protein that mediates viral entry into cells and elicits antibody responses. Its
importance in infection, diagnostics, and vaccinations has created a large demand for purified
Spike for diagnostic, clinical and research applications. Spike is difficult to express, prompting
modifications to the protein and expression platforms to improve vyields. Alternatively, Spike
receptor binding domain (RBD) is commonly expressed with higher titers, though it has lower
sensitivity in serological assays. Engineered Spike proteins for higher stability have greatly

increased expression levels, which is critical for rapid, cost-effective production. We first improve
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transient Spike expression in Chinese hamster ovary (CHO) cells and demonstrate that Spike
titers increase significantly over longer expression periods compared to RBD. Next, we developed
8 Spike truncations in pursuit of a truncation with both high expression and antibody binding.
Truncations were designed such that the RBD sequence was conserved, and truncation points
do not interrupt major secondary structures. Two truncations had higher expression than RBD,
and one truncation had higher affinity to antibodies than did Spike. Binding of one truncation, T1,
to ACE2-Fc was comparable to that of RBD, and N-linked glycosylation profiles resembled those
of RBD and Spike very closely. These results suggest T1 is a promising Spike alternative for use

in various applications.
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Chapter 1: introduction

Engineered protein systems are ubiquitous throughout many biological fields of study. The ability
to tune functional properties or stability of proteins, add entirely new functions, or change the
targets which the engineered proteins modulate has proven to be extremely powerful in
applications such as advancing our knowledge of cell biology, developing synthetic biology
systems, facilitating bioproduction, or understanding protein-protein interactions (PPI) during

pathogenesis!*. The applications of protein engineering are almost limitless.

The ability to engineer proteins relies heavily on the idea that the function of a protein is derived
from its structure, which, in turn, is thought to be determined from its amino acid sequencel®>®.
Many computational tools have leveraged this idea to predict structures of proteins from their
sequence alonel®*!. Recent developments in protein structural prediction, such as AlphaFold2,
AlphaFold-Multimer, and RoseTTAFold2NA, have shown major advancements in the ability to
predict protein, protein complexes, or even protein-nucleic acid complex structuresi?-14,
Alongside computational design of proteins, significant advances in experimental methods have
also accelerated protein engineering. Techniques such as directed evolution have allowed rapid
improvements in protein function, using methods such as surface display™®28. Other library
methods such as deep mutational scanning have also accelerated our understanding of the roles
of single amino acids in proteins®¥. In addition to high-throughput experimentation, the
widespread use of cryogenic electron microscopy has led to the resolution of many more protein
structures®??. Not only can these structures be used directly for analysis, the expansion of protein
databanks has also contributed greatly to the increased accuracy of structural prediction

algorithms such as AlphaFold2.



Our understanding of the cell benefits greatly from the use of engineered proteins, which can
provide specific outputs that provide valuable insights into cellular pathways. For instance,
fluorescent proteins can be conjugated to other proteins to observe their expression and
localization in the cell, which provides information on protein, protein complex, or organelle
function and dynamics?Y. Additional information may also be gained by using biosensor systems,
such as Forster resonance energy transfer systems that provide information on protein
interactions??. These tools can be leveraged to advance our knowledge of cellular behavior,
which is fundamental to all subsequent applications that rely on it, such as biotechnology,

bioproduction, and medicine.

In this dissertation, two applications of protein engineering will be discussed. First, the use of an
optogenetic tool comprised of a clustered regularly interspaced short palindromic repeats
(CRISPR)-based optogenetics system is explored in mammalian cells. Second, the development
of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Spike truncations for higher

titers and antibody binding is discussed.

Synthetic Biology

In the context of synthetic biology, protein engineering enables the development of tools that
specifically and precisely regulate gene circuits, cellular pathways, and protein-protein
interactions. The advent of synthetic biology stems from major developments in molecular biology
technologies, such as polymerase chain reaction, which allows amplification of genes and

generation of mutants through site-directed mutagenesis?®?4. Combined with the concept of



synthetic biological circuits introduced two decades ago?>?%, synthetic biology revolves around

utilizing proteins, gene circuits, or cellular pathways that do not exist in nature.

CRISPR and optogenetics systems are both emerging synthetic biology tools that expand our
ability to manipulate cells. CRISPR was originally used by prokaryotes as an antiviral system and
was first used in synthetic biology as a gene editing tool. Though other gene editing methods
existed previously such as applications of transcription activator-like effector nucleases and zinc
finger nucleases, CRISPR offers higher efficiency and ease of use in many situations?—39,
Optogenetics is another technique that adds to the synthetic biology toolbox. From light-sensitive
cells that convert photon energy to chemical energy, their light-responsive proteins are expressed
recombinantly in cells that are not naturally light-responsive**%?, This enables light induced
regulation of cellular behavior without disrupting other pathways. Many different light-responsive
proteins exist, such as phytochromes, cryptochromes, and light-oxygen-voltage-sensing
domainst. When the light-sensitive proteins are illuminated with their activation wavelengths,
the photon energy is absorbed, and the protein undergoes a conformational change. This leads
to increased or decreased homo/hetero dimerization or oligomerization, and this basic property
of proteins can be used to manipulate vast sets of gene expression or signaling pathways in many

different ways®+-38l,

Properties of optogenetic proteins, such as the kinetics of activation and deactivation, affinities to
binding partners, and stability, can be altered through protein engineering. Controlling the kinetics
of activation and deactivation increases the ease of use, as some systems may require faster
on/off switching, while others may require stable on/off states, with minimal intervention.

Optogenetic systems typically have activation and deactivation times from the order of



milliseconds to seconds, and these can be increased or decreased through truncations or
mutationst®4%, Binding affinities to binding partners can be regulated as well, such as through
protein modifications that influence the binding interface®!. Finally, stability of proteins can be
increased by performing stabilizing mutations, or adding degrons, which promote protein

degradation through proteasomal and autophagy pathways®2,

In the LACE system, the light-sensitive proteins cryptochrome 2 (CRY2) and CRY2-interacting
bHLH 1(CIB) and the CRISPR Cas9 protein have been engineered to enhance transcription
regulation®®, Full-length CRY2 and its truncation have been fused to four tandem copies of
Herpes Simplex Viral Protein 16 activation domain (VP64), which activates transcription from a
minimal promoter®. For CIB, the N-terminal region of the protein (CIBN) was fused to catalytically
deactivated Cas9 (dCas9), with the permutation dCas9-CIBN, CIBN-dCas9, or CIBN-dCas9-
CIBN. The combination of full-length CRY2 fused to VP64 and CIBN-dCas9-CIBN led to the
highest dynamic range, which is the ratio of expression level following activation to the expression
level in the dark, inactivated state*¥l, The mechanism of the LACE system for transcription

activation will be described in detail in Chapter 2.

While the LACE system has been tested in HEK293T cells for mammalian cells, the applicability
of the LACE system in other cell lines is unclear. The structure and function of proteins are
dependent on the cell type and species, as protein folding is affected by the presence of
chaperones, post-translational modifications, and other factors in the local environment“>-5%, The
functionality of the system also depends on the transcription factors that are present in the host,
which may influence the extent to which leaky expression in the dark may occur and extent to

which activation occurs. The utility of the LACE system could be expanded to bioproduction if its



functionality is preserved in a model organism for bioproduction such as Chinese Hamster Ovary

(CHO) cells, and if the light propagates sufficiently in industrial-scale systems®-54,

Bioproduction

The second application of protein engineering covered in this dissertation is the design of protein
truncations for bioproduction of SARS-CoV-2 Spike protein®. SARS-CoV-2 is an RNA virus that
is decorated on its surface with the Spike membrane glycoprotein. The importance of Spike stems
from its ability to cause viral infection of the cell. Spike is comprised of the S1 and S2 subunits,
which are responsible for binding to the host receptor angiotensin converting enzyme 2 (ACE2)
and for membrane fusion for entry into the cell, respectively. The COVID-19 pandemic has
highlighted the critical need for rapid, large-scale, cost-effective production of proteins from the
high demand of Spike. Spike production is essential for protein-based vaccines, diagnostic assays
such as serology assays, and research efforts utilizing purified Spike to understand viral

processes such as infection and immune system evasion(®6-58l,

Spike is a difficult protein to express, which may at least in part be caused by its large size and
complex structure®®-61 arger proteins have higher metabolic burden for expression, and both its
size and complexity may lead to higher probability for incomplete folding or misfolding, which
redirects proteins to degradation pathways. Its complex structure, including the formation of
disulfide bonds, post-translational modifications through N-linked and O-linked glycosylation, and
trimerization, may also increase the propensity for incorrect structures to form®©2¢3_|n particular,
glycosylation is an important characteristic that has been shown to increase binding affinity of the

receptor binding domain (RBD) of Spike to ACE2[*. Glycans also modulate the RBD



conformational dynamics, balancing the availability of the RBD for interaction with ACE2 and

potential recognition from the host immune system[©56],

Given these characteristics of Spike, several engineering efforts have been undertaken to
improve its expression levels in various hosts. First, Spike is a membrane protein, but high
expression is favored by soluble, secreted proteins, and obviating the need to extract proteins
from cell lysates facilitates purification processes. To create soluble Spike, the transmembrane
domain has been removed, and secretion tags have been added onto the N-terminus of the
protein. To retain the ability of the protein to trimerize without the transmembrane domain, a
trimerization domain may be added to the C-terminus®®"%8. To produce the prefusion form of
Spike, which is the form prior to cleavage at a furin site, the furin site may also be mutated to

prevent cleavage. For purification of Spike, a C-terminal affinity tag can be utilized®®.,

Next, mutations have been introduced in Spike to increase expression. Namely, the goal is to
increase Spike stability such that protein degradation is reduced, and titers are subsequently
increased. These mutations must be performed such that interactions with binding partners such
as ACE2 and antibodies are not affected. A popular method to increase Spike stability is to
introduce two proline substitutions for loop stabilization, which was previously effective for Middle
East respiratory syndrome coronavirus and SARS-CoV-1F87%71  Prolines have constrained
dihedral angles compared to other amino acids, and its introduction can increase the stability of

a protein fold by reducing the conformational entropy of the backbonel["273,

Apart from mutations, the amino acid sequence can also be modified through truncations.
Expressing truncations instead of a full-length protein have the potential to increase titers by

6



reducing the metabolic burden to create additional peptide chains, simplifying the folding and
post-translational modification procedure, and eliminating regions of protein that may be
contributing to its inherent difficulty for expression. For Spike, the RBD is an important region that
mediates interactions with ACE2 and is targeted by many antibodies. Thus, the RBD alone has
been expressed with a secretion tag and purification tag, which has led to titers that are an order
of magnitude greater than that of Spike®”). One drawback, however, is that the RBD has weaker

binding to antibodies.

The RBD alone is less biologically relevant, as it does not exist in nature, but studies utilizing RBD
are still incredibly useful for understanding interactions mechanisms, and purified RBD is useful
as an antigen. Truncations have not been as extensively explored as stabilizing mutations. In
Chapter 4, we discuss the design, expression, and characterization of 8 Spike truncations in
pursuit of a truncation that has high expression like RBD and high binding to antibodies like full-

length Spike.
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Chapter 2. Transient light-activated gene expression in Chinese hamster

ovary cells

Introduction

Chinese hamster ovary (CHO) cells are a major industrial workhorse for mammalian glycoprotein
production. Improving protein yields through regulation of gene expression is a major focus of
CHO cell engineering¥. Reversible and scalable control of gene expression would represent a
major step forward in CHO cell engineering, yet mature methods typically rely on constitutive
regulation or on chemical induction that cannot be easily reversed unless the media is replaced?.
For instance, sodium butyrate is a highly utilized chemical in industrial CHO cell cultures to
increase specific productivity®. However, the increase in specific productivity is often
accompanied by a decrease in cell viability™. Removing sodium butyrate towards the end of the
culture duration may improve viability while retaining the benefits of increased specific
productivity®™, but media replacement is economically disadvantageous in large bioreactors. A
system in which stimuli are easily removed would allow greater control over the entire culture

period, which is crucial given the dynamic nature of production cultures.

Recently developed systems, such as the light-activated CRISPR-dCas9 effector (LACE), enable
regulation of gene expression with a tunable and easily reversed mechanism!®l. Briefly, the LACE
system relies on light-activated dimerization of CRY2 and CIBN. CRY2 is a light-sensitive protein
which undergoes a conformational change upon excitation with 450nm light. Here, CRY2 is fused
to VP64 as CRY2-VP64. VP64 is a viral transactivation domain that activates expression from a
minimal CMV promoter. CIBN binds to the activated form of CRY2. In this system, CIBN is fused
to dCas9 as CIBN-dCas9-CibN and integrated into a CRISPR dCas-9 system. The guide RNA

(gRNA) localizes the CIBN-dCas9-CIBN complex to a minimal CMV promoter. Upon light-
17



activated dimerization of CRY2 and CIBN, VP64 is recruited to the minimal CMV promoter,
activating the expression of a target gene. Once the light is removed, CRY2 and CIBN dissociate,
and gene expression is turned off. This is a modular system in which light can be used to regulate

the expression of any transgene of interest (Fig 1).

CRY2 VP64 | sy
CIBN CIBN
CRY2 VP64
sgRNA sgRNA
Transcription
450 nm activation
light y
m—
Target Gene Target Gene
<
Minimal CMV Minimal CMV
dCas9 promoter dCas9 promoter

Figure 1. Schematic of LACE system. The LACE system relies on light-activated dimerization
of CRY2 and CIBN (blue). CIBN is fused to dCas9 and targeted to the minimal CMV promoter
using a synthetic gRNA sequence. CRY2 is fused to VP64 so that it activates transcription

following light activation and dimerization with CIBN.

Here, we use this previously described LACE system to control gene expression in CHO cells.
We show that transient light-activated expression of enhanced green fluorescent protein (eGFP)
is possible through transient transfection of a four-plasmid system, and this system is tunable.
However, only a small percentage of cells received adequate amounts of all four plasmids, and
the transient nature of the system limits its utility for CHO cell engineering applications. We

therefore tested stable expression relying on lentiviral transduction. This system did not result in
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light-activated expression of eGFP, suggesting additional modifications are required for stable

light-activated gene expression.

Results

LACE activity in CHO cells using transient transfection

We first tested the LACE system in CHO-DG44 (DG44) cells using transient transfection and
eGFP as a reporter for expression. The percent of eGFP-positive cells varies with gate position
(Appendix A Fig A-1A). At high gate thresholds, the percent of eGFP-positive cells is higher for
the activated LACE system and clearly separated from the dark state. This separation decreases
as we lower the gating threshold, similar to previous studies using the LACE system in HEK 293T
cells . Interestingly, at much lower gate thresholds, the activated LACE system has slightly lower
percent eGFP-positive cells. This may be because cells that receive the plasmid encoding eGFP
but not all four plasmids required for light activation are capable of low-level eGFP expression
that is photobleached by the LEDs used for LACE activation. Given that gating on percent eGFP-
positive cells using a high threshold could result in analyzing a very small number of cells in the
dark state (<10 cells), we considered mean fluorescence intensity (MFI) as an alternative
measure. LACE cells consistently had a higher MFI for cells in the light, regardless of the gate
threshold (Appendix A Fig A-1B). Gating for subsequent experiments was performed such that
>99.9% of untransfected cells were excluded. This ensures that the most LACE cells are captured

for analysis.

Since the minimal CMV promoter can result in leaky transcription, we determined the background
level of eGFP expression by transfecting only the plasmid encoding eGFP (8x gRNA eGFP).
Background MFI of eGFP signal was slightly lower than that of the full four-plasmid LACE system

without light activation. Following light activation for 24 hours, eGFP expression was measured
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by flow cytometry. We observed an approximately 4-fold increase in MFI for the population of

cells that were gated positive for eGFP expression (Fig 2A).
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Figure 2. Transient light-active gene expression in CHO cells. The LACE system was used

to express eGFP in CHO cells in a light-activated manner. (A) DG44 cells were transfected with
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LACE plasmids. Mean fluorescence intensity (MFI) of eGFP signal was measured by flow
cytometry with (blue) and without (black) 24 hours of light activation with 465 nm light using 1 s
pulses at 0.067 Hz pulse frequency and 9.8 mW/cm? intensity. eGFP only (negative control)
represents the background fluorescence of cells (dashed line). (B) Tunability of eGFP expression
was measured by altering LED intensity. MFI of eGFP signal from DG44 cells was measured by
flow cytometry following 24 hours of light activation at the indicated intensity. A fit of the data was
performed assuming Michaelis-Menten kinetics. (C) Reversibility of eGFP expression was
measured by monitoring eGFP MFI from DG44 and mRNA levels from CHO-K1 cells after turning
off light activation. MFI and mRNA were measured by flow cytometry and qRT-PCR, respectively,
at 0 and 24 hours after light activation was terminated. (D) CHO-K1 cells were transfected with
the indicated plasmids. Cells transfected with LACE plasmids were either exposed to light or kept
in the dark. MFI of eGFP signal was measured at the indicated times. Data from (A) and (B)
represent the mean values of five and three independent experiments, respectively. Data from
(C) represent the mean values of three technical replicates in an experiment. Error bars represent
standard error of the mean. Background fluorescence is indicated with a dashed line and the
upper limit of the 95% confidence interval for negative control samples. P values were calculated

with a paired two-tailed T-test.

Once we confirmed that the LACE system functions in CHO cells, we sought to test tunability,
reversibility, and duration of light-activation. We tested whether eGFP expression could be tuned
in CHO cells using light intensity. We varied light intensity while keeping pulse width and
frequency constant. We observed saturating behavior in which more than 80% of maximum MFI
of eGFP signal was achieved with only 50% of the maximum light intensity possible (Fig 2B). We
also showed that the system is reversible in CHO cells. MFI of eGFP fluorescence and relative
eGFP mRNA levels significantly decrease when light activation is terminated (Fig 2C and

Appendix A Fig A-2). Using an exponential decay fit of flow cytometry data, the protein half-life of
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eGFP intensity was calculated to be ~14.9 hours. This is within the range of commonly reported
values in the literaturel”®. Together, our results show that the LACE system is tunable and
reversible in CHO cells. We next tested how long light activation could be maintained in CHO
cells using transient transfection. CHO-K1 cells were transfected with the LACE plasmids and
subjected to light activation for the indicated times post-transfection or kept in the dark. MFI of
eGFP signal was measured by flow cytometry. The decay in MFI of eGFP signal for the LACE
system following light activation (light) mirrored the decay by constitutively active eGFP (pCDNA-
eGFP). We observed a peak MFI of eGFP signal at 84 hours post-transfection, which was a 6-
fold increase compared to control cells kept in the dark. While the signal was still moderately high
and well above control cells kept in the dark at 132 hours post-transfection, at 180 hours post-
transfection the signal was indistinguishable from control cells kept in the dark (Fig 2D). Another
flow cytometer was used to collect the data in Fig 2D, resulting in eGFP intensities which are an
order of magnitude lower compared to other data in Figure 2. As the units of fluorescence intensity
are arbitrary, flow cytometer acquisition parameters were adjusted to ensure that fluorescence
intensity values were within the linear range of detection for both instruments. Together, our
results show that the LACE system is tunable and reversible in CHO cells, with light-activated

expression viable for up to 5 days post-transfection.

LACE activity in CHO cells using stable lentiviral transduction

Many applications in CHO cells require the generation of stable cell lines and cultures that last
more than one week®!%, Transient systems are becoming more popular but given the decay of
the LACE signal following transfection (Fig 2D), LACE activity would only be accessible in the first
five days post-transfection. Moreover, transient transfection of the LACE plasmids would result in
only a small percentage of the cells receiving all four plasmids required for LACE activity. For
example, even with a transfection efficiency as high as 90%, only 66% (0.94) of cells would receive

four plasmids of an equimolar mixture. In these cases, stable expression of LACE components

22



would be desirable. We therefore cloned the LACE components into a lentiviral expression system
using Gibson Assembly (Appendix A Fig A-3). Each component was introduced to DG44 by serial
transduction. We then split cells into two samples with one sample cultured in the dark and the
other sample activated with light for 24 hours. While we did not observe significant light-activation,
a small population of cells (~0.1%) had increased fluorescence following light activation (Fig 3A).
To test whether this result was cell-line dependent, we tested transient transfection and serial
transfection in CHO-K1 cells. Very similar results were obtained for CHO-K1, with robust transient
light-activated expression of eGFP (data not shown), but low signal-to-noise for stably integrated
cells (Fig 3B). We hypothesized that the population of light-responsive cells was very small
because only a small percentage of them received and appropriately expressed all four plasmids
using serial transduction. We therefore sorted single CHO-K1 cells in the top 0.1% of fluorescence
intensity following light activation to further characterize their response to light. Clones were
allowed to recover and expand for more than two weeks before analysis. Surprisingly, light
activation of the sorted clones resulted in the same MFI of eGFP signal as the clones without light
activation. This almost perfect 1:1 relationship between dark and light for the stably-transduced
clones stands in contrast to the approximately 4-fold change in MFI for the transient system and

indicates that the sorted clones are not light-responsive (Fig 3C).
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Figure 3. Lentiviral transduction does not result in stable light-activated gene expression.
(A) DG44 and (B) CHO-K1 cells serially transduced with lentiviral vectors encoding the LACE
system were incubated in the dark or with light activation for 24 hours. Fluorescence intensity of
cells was measured by flow cytometry. (C) Cells in the top 0.1% of fluorescence from (B) were
single-cell sorted and expanded. The surviving clonal populations were incubated in the dark or
with light activation for 24 hours. Fluorescence intensity of cells was measured by flow cytometry.

Transient transfection data from Fig 2A is included as a reference for robust light activation.

Given the absence of light-activation in the lentiviral system, we sought to determine if each of
the lentiviral constructs retained activity. We therefore tested the lentiviral plasmids in a transient

transfection setting for responsiveness to light activation. Each of the lentiviral constructs except
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for the eGFP-encoding construct was tested in combination with the transient transfection-based
LACE plasmids. When only one lentiviral construct was included, we observed between 2- and
6-fold increases in MFI of eGFP signal following light activation. The lentiviral construct encoding
the gRNA resulted in a light-activated MFI similar to that of the signal of cells left in the dark for
other combinations, suggesting that this construct may not be functional. However, in experiments
in which two lentiviral constructs were used in tandem with two transient transfection-based LACE
plasmids, we still observed robust 4-fold light activation. Interestingly, MFI of eGFP signal for cells
kept in the dark increased as we added more lentiviral constructs to the transient transfection.
This increase in background fluorescence was not always accompanied with proportional
increases in signal following light activation, suggesting that diminishing signal-to-noise ratio for
the lentiviral system limits its utility (Fig 4A). We were not able to test the lentiviral construct
encoding eGFP in the transient transfection system because of its intrinsic fluorescence observed

during transient transfection scenarios such as lentiviral packaging (Fig 4B).
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Figure 4. Lentiviral constructs function in a transient setting. (A) The indicated combinations
of transient (T) and lentiviral (L) LACE plasmids were transiently transfected into CHO cells and
incubated in the dark or with light activation. MFI of eGFP signal was measured by flow cytometry
after 24 hours of light activation. The 8xgRNA eGFP lentiviral construct was not tested because
of its intrinsic eGFP expression in a transient setting (see (B)). (B) eGFP expression of the 8x
gRNA eGFP lentiviral construct. CHO cells were transfected with the lentiviral or transient 8x

gRNA eGFP construct. eGFP and bright field images were taken 24 hours post-transfection.

Discussion

Here we test the LACE system for light-activated gene expression in CHO cells. We find that
transient transfection of LACE plasmids results in tunable and reversible light-activated gene
expression that can last approximately five days (Fig 2). The deactivation of the LACE system is
dependent on the half-life of the protein being expressed because the time scale for LACE
component interaction is much smaller than the time scale for protein degradation. Additionally,
eGFP mRNA degradation is much faster compared to protein degradation (Fig 2). Therefore, in
this experiment, protein half-life dictates the off-time of the LACE system and if desired, the rate
of reversion of the system into the dark state can be increased by using destabilized proteins.
High transfection efficiencies are necessary (>95%) because this system relies on co-transfection
of four separate plasmids. Moreover, this transient system would not allow for applications
involving stable cell lines, or experiments spanning more than one week. We therefore tested the
LACE system in lentiviral constructs. We found that the lentiviral LACE system had low signal-to-
noise that limited its application (Figs 3 and 4). We allowed clones to recover for at least two
weeks to allow them to relax back into the dark state, but it is still possible that the previous light
activation required to sort individual clones created an epigenetic memory that increases the

background fluorescence of these clones, even in a prolonged dark state!. Identifying cells that
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include all four components of the LACE system using antibiotic selection markers and fewer

constructs could be used to circumvent this potential technical barrier.

We hypothesize that the lentiviral LACE system exhibits low signal-to-noise because of increased
intrinsic background eGFP expression from the minimal CMV promoter. Our observations of high
eGFP expression in lentiviral LACE clones compared to transiently-transfected LACE cells in
the dark state (Fig 3C) and high eGFP expression from the 8x gRNA eGFP lentiviral construct
compared to the transient plasmid in a transfection setting (Fig 4B) support this hypothesis.
Although the LACE expression constructs were expected to behave similarly between the
transient and stable settings since the original promoters were also cloned into the lentiviral
vectors (Appendix A Fig A-3), it is possible that other regulatory elements of the lentiviral vectors
that were also integrated into the cells caused an increase in expression levels in the dark. In this
case, a lentiviral system may not be a viable option as a stable LACE system. While less efficient
than lentiviral transduction, transient transfection and stable cell line generation via antibiotic
selection is another approach. This approach is also more widely accepted than lentiviral
transduction for industrial therapeutic protein production. Alternatively, incorporating mammalian
origins of replication into all LACE plasmids could allow for episomal plasmid maintenance

following transient transfection(*2,

Conclusion

In summary, transient light-activated gene expression in CHO cells is tunable and reversible using
the LACE system. While stable expression of LACE components would expand their utility,
lentiviral transduction of LACE components resulted in increased background and a low signal-
to-noise ratio. Other approaches to stable expression of LACE components, such as antibiotic

selection of transfected LACE plasmids, could overcome this technical challenge.
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Methods

Plasmids

pcDNA3.1-CRY2FL-VP64, pcDNA3.1-CibN-dCas9-CibN, pGL3-Basic-8x-gRNA-eGFP, and
gRNA-eGFP-Reporter were gifted from Charles Gersbach (Addgene plasmid # 60554, 60553,
60718, and 60719, respectively). These plasmids were used directly for transient transfection.
Lentiviral vectors were constructed from PCR amplification of the LACE components. CRY2FL-
VP64 was amplified with primers 1 and 2, CibN-dCas9-CibN with primers 3 and 4, and gRNA-
eGFP-Reporter with primers 5 and 6. A synthesized eGFP-IRES-mTagBFP2 fragment was PCR-
amplified with primers 7 and 8 (Table 1). mTagBFP2 was introduced so that LACE system
activation could be monitored once eGFP was replaced with another gene of interest. PCR-
amplified fragments were cloned using Gibson Assembly into pFUGW vectors, gifted from Isei
Tanidal*®! (Addgene plasmid # 61460), which were digested with Pacl (New England Biolabs) and
EcoRI-HF (New England Biolabs). Diagrams of the transient and lentiviral LACE plasmids are

shown in Appendix A Fig A-3.

Table 1. Primer sequences for generation of lentiviral vectors

Primer 1 5’-cagagatccagtttggttaatcgcetgcttcgcgatgtacggg-3’

Primer 2 5’-gattatcgataagcttgatatcgtcaagaagcgtagtccggaacgtcgtacg-3’
Primer 3 5’-cagagatccagtttggttaatcgcgatgtacgggccagatatacgce-3’

Primer 4 5’-gattatcgataagcttgatatcgcagtcgaggctgatcagcggtitaaacttaagt-3’
Primer 5 5’-cagagatccagtttggttaatggcgattaagttgggtaacgccaggg-3’
Primer 6 5’-gctccatgtttttctaggtcgaacaaaagctggagctccaccgeg-3’

Primer 7 5’-cagagatccagtttggttaattaagcgccgggcetcgagaaac-3’

Primer 8 5’-gattatcgataagcttgatatcgcattaagcttgtgccccagtttgctag-3'
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Cells

CHO-K1 cells (ATCC-No. CCL-61) were maintained in IMDM (Gibco) supplemented with 10%
FBS (Gibco) and 1% penicillin/streptomycin (Lonza). CHO-DG44 cells* were maintained in
IMDM supplemented with 10% FBS, 1% penicillin/streptomycin, 13.6 mg/L hypoxanthine (Alfa
Aesar), and 3.9 mg/L thymidine (Sigma). HEK293T cells (ATCC-No. CRL-11268) were
maintained in DMEM (Gibco) supplemented with 10% FBS and 1% penicillin/streptomycin. Cells
were cultured in a humidified incubator at 37 °C and 5% CO.. Cell density and viability were

measured using trypan blue and an automated cell counter (TC20, Bio-Rad).

Transient transfection

At 24 hours before transfection, cells were seeded in 12-well plates at a density 0.12 x 108 cells
per well. To introduce the LACE system, cells were transfected with 206 ng pcDNA3.1-CRY2FL-
VP64, 294 ng pcDNA3.1-CibN-dCas9-CibN, 100 ng pGL3-Basic-8x-gRNA-eGFP, and 400 ng
gRNA-eGFP-Reporter. Transfections were performed using PolyJet DNA In Vitro Transfection

Reagent (SignaGen Laboratories) with a PolyJet/DNA ratio of 2.

Lentiviral packaging and transduction

Lentivirus was packaged in HEK293T cells using sodium phosphate co-transfection of 3.5 ug
transgene, 1.8 ug gag/pol-, 1.25 ug vsv-g-, and 0.5 pg rsv-rev-expressing plasmids®, Medium
exchange was performed 6-12 post-transfection. Medium containing lentivirus was harvested 48-
60 hours post-transfection via centrifugation at 1000 rpm for 10 minutes and filtration through 0.45

pum syringe filters. Packaged lentivirus was stored at -80 °C until further use.

29



For transduction, cells were plated on 12-well plates at a density 0.12 x 10° cells per well and
transduced serially with the LACE system components. Cell culture medium was replaced by 250
pL medium containing CRY2FL-VP64 lentivirus and 250 pL fresh medium. After 1 hour, 500 pL
fresh medium was added. The following day, cells were passaged back to a density of 0.12 x 10°
cells per well to prepare for the next transduction. CIBN-dCas9-CIBN, gRNA-eGFP-Reporter, and

8x-gRNA-eGFP-IRES-BFP were then individually transduced in this manner.

Light activation

24 hours post-transfection, cells were activated via 8mm LEDs (465 nm, L.C. LED). LEDs were
mounted on a breadboard, and intensities and pulse frequencies were regulated using an Arduino
Uno microcontroller. For all experiments, cells were illuminated with 1-second pulses of light, with
a pulse frequency of 0.067 Hz. Unless otherwise specified, LED intensities were 9.8 mW/cm?2.
LED intensities were measured using an optical power meter (1931-C, Newport). Samples in the

dark were wrapped in aluminum foil to ensure isolation from light.

Flow cytometry
Cells were trypsinized (Gibco) and resuspended in culture medium. Following centrifugation at
300 rcf for 5 minutes at 4 °C, supernatants were discarded, and cell pellets were resuspended in

cold DPBS containing 1% FBS. A 488 nm laser was used for all flow cytometry analysis.

BD FACSCanto Il was used to analyze LACE system activity over 180 hours. CytoFLEX S Flow

Cytometer was used for all other analytical cytometry experiments. Gating for eGFP-positive cells

were performed such that >99.9% of untransfected cells were excluded.
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Astrios MoFlo EQ was used to sort single cells. Following the activation of serially transduced
cells, cells were activated with 465 nm light for 24 hours. Cells with eGFP fluorescence intensities
in the top 0.1% of the population were sorted into 96-well plates containing cell culture medium.
Surviving colonies were scaled up to 12-well cultures before light-activation and flow cytometry

analysis.

qRT-PCR

RNA was extracted from LACE cells activated for 24 hours and from LACE cells that were
activated, then deactivated for 24 hours, using Quick-RNA Miniprep Kit (Zymo Research). 400ng
of RNA were used to produce cDNA using iScript cDNA Synthesis Kit (Bio-Rad). gPCR reactions
were set up using iTaq Universal SYBR Green Supermix (Bio-Rad) and samples were run on a
Roche LightCycler 480. Relative quantifications were determined using the Delta-Delta Ct
Method™¢l. As the control gene, Actin was amplified using primers 9 and 10, and eGFP was

amplified using primers 11 and 12 (Table 2).

Table 2. Primer sequences for gRT-PCR

Primer 9 5'-gtcgtaccactggcattgtg-3'
Primer 10 5’-agggcaacatagcacagctt-3’
Primer 11 5’-gacaaccactacctgagcac-3’
Primer 12 5’-caggaccatgtgatcgcg-3’

Fitting eGFP MFI vs LED intensity and determining the half-life of eGFP

Production of eGFP was modeled assuming a saturation production rate model with first-order

degradation and a constant term for low expression that is observed in the dark:
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dlG] kL (1)
dt k2+L_k3[G]+k4

[G] is the mean fluorescence intensity of eGFP, L is the intensity of LED light, k; and k, are
constants describing the saturation, k5 is the degradation rate constant, and k, is the constant for
constitutive expression. To fit the parameter scan for eGFP MFI vs. LED intensity, the steady-

state solution was used:

Lo

The equation was fit using fitnim in MATLAB, yielding k; = 144 v ky = 2. 13 k3 =1.01¢71,

and k, = 5.35 % F is fluorescence intensity of eGFP in arbitrary units.

To calculate protein half-life, the time-dependent equation was solved after setting L = 0 to apply

the effect of turning the LEDs off:

(6] =+ (1631 = ) e

3)

[Go] is the fluorescence intensity of eGFP at the time the LEDs are turned off. Fitting this

expression, it was found that k; = 15. 0000 £ , k, =1.0000 F, k3 =1.2581t~, and k, =
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6.2724 % The degradation rate constant, k5, is similar between both fits performed. The half-life

was then calculated with first order degradation kinetics:

In2 (3)

Using k3 values from the LED intensity and reversibility experiments, half-life of eGFP was

determined to be an average of 14.9 hours.
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Chapter 3: Computational evaluation of light propagation in cylindrical

bioreactors for optogenetic mammalian cell cultures

Introduction

Electromagnetic radiation in the visible range regulates cellular behavior in organisms that utilize
light, such as plants, algae, and bacteria, as well as eyes in animals. The responsiveness to light
is caused by opsins, which absorb photon energy and undergo conformational changes. In
optogenetics and other light-inducible synthetic biology systems, opsins that homo/hetero-
dimerize, oligomerize, or undergo conformational changes upon light activation are used to
control gene expression or protein activity. Optogenetics has enabled advancements in a variety
of fields®?3, such as regulating and understanding cell motility in cell biology™, regulating specific
pathways such as autophagy in cellular engineering®, or restoring vision in a blind patient in a
biomedical application®®. The spatiotemporal control and ease of use that optogenetics offers are

clear advantages that have been demonstrated at a small scale in mammalian cell culture.

While the applications of optogenetics continue to expand, industrial applications will rely on
bioreactors capable of transmitting light, or photobioreactors. Yet, as light travels through media
and cells, its intensity decreases through absorption and scattering. Thus, understanding the
design constraints of such photobioreactors is critical to establishing the feasibility of optogenetic
approaches in industrial applications. In other bioproduction systems such as algae and
cyanobacteria, cellular growth in photobioreactors has been studied, taking into consideration the
attenuation of light in the bioreactor through absorption and scattering-'%. On small scales,
optogenetics in model organisms such as Saccharomyces cerevisiae and Escherichia coli have
also been performed on milliliter and liter scales to increase production!14, However,
propagation of light in mammalian bioreactors has not yet been evaluated. Given that reactor
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geometry heavily differs between microbial and mammalian bioreactors, it is critical to explore
light transmission specific to typical mammalian bioreactor designs. Microbial photobioreactors
often employ flat panel or tubular geometries to overcome limitations in light propagation, but
mammalian cells often require cylindrical bioreactors with a limited range of tolerated aspect ratios
for optimal cell growth or bioproduction>71, If optogenetics is compatible with such reactor
design, this technology may be useful for new biomanufacturing areas in which reactor design is
still ongoing, including cultivated meat. This field is also constrained by considerably lower cost
targets. Light-inducible systems could be far more economical than chemically-induced systems,
which have added costs of the chemicals and potentially higher media costs if media exchange

is required to remove the chemicals 1618191,

Here, we use computer simulations to explore light propagation in bioreactors with parameters
tuned to mammalian cultures and bioreactor geometry. We find numerical solutions to the
radiative transfer equation (RTE) and assess relevant ranges of absorption coefficients, scattering
coefficients, scattering anisotropy, and reactor height-to-diameter ratios for mammalian cells. We
determine that optogenetic systems are applicable to industrial scale bioreactors with high

efficiencies up to 80,000 L.

Results

Paramter scans on reactor size and optical parameters
To model light propagation through a bioreactor, we simulated a cylinder filled with medium, with
light emitted inwards from the walls of the cylinder (Fig. 1A). As light travels through the medium,

which includes the cells, its intensity is decreased through absorption and scattering (Fig. 1B).
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Figure 1. Light is attenuated through absorption and scattering as it travels through a bioreactor.
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(A) Cells dispersed in a well-mixed cylindrical bioreactor. (B) Radiation is absorbed, scattered, or

transmitted while traveling through media containing cells.

First, we investigated the effects of the absorption coefficient, x, scattering coefficient, o, and
scattering anisotropy, g, on the intensity profile across a 100,000 L reactor, which is the order of
magnitude size for the largest commercial bioreactors (Fig. 2). Incident radiation of 7.958 W/m?.sr
was used for all simulations. We note that changing g also affects o, when calculating from eq.
4, but for the purpose of observing the sensitivity of the intensity profile on g, o, was held constant
while scanning g. While scanning the values of one parameter, the others were kept at more

transparent values such that the changes in intensity distribution from the parameter being
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scanned are more apparent. The range in values used for absorption and scattering coefficients
were chosen such that they spanned values attained at minimum and maximum cell
concentrations. Scattering anisotropy is known to be very high for mammalian cell suspensions,

but lower values that tissues may have were also explored?°-22],
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Figure 2. Light propagation over various x, g, and g. (A) Parameter scan over k with constant o,
and g. (B) Parameter scan over g with constant x and g. (C) Parameter scan over g with
constant k and g5. (D) Average intensity as a function of k with constant o5 and g. (E) Average
intensity as a function of g, with constant k and g. (F) Average intensity as a function of g with
constant k and a,. When parameters were held constant, they were set to xk =0.1m™?, g, =

200m~1, and g = 0.98.

The parameter scan through relevant k values indicated that absorption had a strong effect on
light attenuation (Fig. 2A and 2D). As k increased, the intensity distribution shifted from mostly
maximal throughout the reactor to mostly 0. In contrast, increases in g did not noticeably impact
light propagation until the maximum value of 2000 m™* was used (Fig. 2B and 2E). Although
scattering coefficients were high, the high scattering anisotropy may alleviate decreases in
intensity along the radial direction by scattering the radiation strongly in the forward direction.
Indeed, scanning lower scattering anisotropy values caused lower intensities in the center of the
reactor by redirecting the radiation away from the radial path (Fig. 2C and 2F). This indicates that
o, was not negligible, even at the intermediate value of 200 m™ that was used in the anisotropy
sweep, as changing anisotropy would not impact the intensity distribution if o, was too low.
Rather, strong scattering occurred but simply in the forward direction, and decreasing the
scattering anisotropy had a very strong effect on the light intensity distribution. The change in
intensity distribution from changing the scattering anisotropy is only attributed to scattering, and

not absorption.

Mammalian cell bioreactors are utilized at a wide range of sizes and aspect ratios*>". The

surface areato volume ratio of a cylinder decreases as

1+2n
n

— where n is the height to radius aspect
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ratio and r is the radius. For this system, in which the light is emitted inwards from the reactor
walls, the average intensity of light in the reactor is expected to decrease as the reactor size
increases. We first observed the effect of reactor size and height-to-diameter (HD) ratio on
intensity, using the maximum cell density 2-10% cellss/m® and absorption and scattering

coefficients at that cell density (Fig. 3).
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Figure 3. Light propagation vs HD ratios and volume. (A) Average intensity in the reactor as a
function of reactor volume for three different HD ratios. (B-D) Slices of the 3D radial intensity

distributions for (B) 1,000, (C) 10,000, and (D) 100,000 L reactors.

As reactor volume increased, the volume average intensity decreased. The HD ratio also affected
the average intensity, where larger HD ratios, which yield a higher surface area to volume ratio,
had higher average intensity, as expected. Overall, however, the aspect ratios in the range of
interest have little effect on the average intensity in the relevant range for mammalian cell culture,

where in a well-mixed reactor, cells sample all regions in the reactor equally.
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Threshold analysis for sufficient light activation

As a metric for sufficient light-activation, we used the light intensity at which 90% of maximal
expression was obtained in previous work, which corresponds to 50 W/m?223l, For the 1,000 L and
larger bioreactors, the average intensity was below the threshold of 50 W/m?, which indicates that
there may be insufficient activation. For these cases, we inspected slices of the 3D radial intensity
distributions for the bioreactor with 2:1 HD ratio (Fig. 3B-3D). For the larger reactors, most reactor
volumes had near-zero intensity, but positions near the boundaries still had high intensity. Under
this constraint, we now consider that in many optogenetic applications®32324 cells are not
required to be constantly illuminated, but are sufficiently activated following short pulses of light
followed by extended periods in the dark. Short millisecond to second pulses of light followed by
seconds or minutes in the dark are sufficient for activation because the timescale for the
optogenetic proteins to deactivate through conformational changes and dissociation are longer,
with half-lives on the order of seconds to minutes?®.. Therefore, reactors that have a lower average
intensity than the required intensity may still be able to activate cells if regions near the boundary
meeting the threshold intensity are sufficiently large. As an order-of-magnitude estimate, we
considered a case in which 1% of time spent under illumination is sufficient for activation’®, In
the context of a bioreactor with constant illumination, if a cell occupies a region of the reactor with
the threshold intensity for 1% of the time, the cell is adequately activated. Then, assuming a well-
mixed system, the volume fraction of the reactor achieving threshold intensity is equal to the time-
averaged probability that a cell will experience that intensity. Thus, for the larger bioreactors,
reactor volume fractions achieving threshold intensity were calculated (Fig. 4A). The 2:1 HD ratio
is considered as a representative case, and the other aspect ratios are expected to yield similar

results as the intensity distributions were similar (Fig. 3A).
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Figure 4. Volume fractions achieving threshold intensity for 2:1 HD ratio reactors. (A) Volume
fractions achieving threshold intensity at maximum cell density. (B) Average intensity as a function
of cell density. (C) Volume fractions achieving threshold intensity as a function of cell density.
Maximum cell density was taken to be 2:107 cells/mL. Dashed lines indicate threshold volume

fraction and threshold average intensity for a well-mixed system.

The 1,000 L and 10,000 L reactors now met the threshold for adequate activation, as more than
1% of the reactor volumes had intensities > 50 W/m?. The 100,000 L bioreactor did not meet the
volume fraction threshold. Thus, for the largest of industrial bioreactors with the highest cell
densities, there was a decrease in the dynamic range for light activation. Linearly interpolating as
a first approximation, the largest reactor size that met the volume fraction threshold for light
activation with maximum cell culture density occurred at approximately 80,000 L for the

parameters tested.

Finally, we explored the effects of increasing cell density. As cell density increases, absorption
and scattering increase proportionally, as given in eg. 3 and eq. 5. Considering the range of cell
density from 0 cells/mL — 2:107 cells/mL, the effects of cell growth on the intensity profile in the

100,000 L bioreactor were explored through simultaneous increases in k and g5. As cell density
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was increased, k and g, were recalculated from a, and a; and the average intensities inside the
reactor were calculated (Fig. 4B). From the parameter scan, we determined that the highest
density of cells that can be sufficiently activated in a 100,000 L bioreactor is approximately 75%

of maximum density, or 1.5-107 cells/mL (Fig. 4C).

Discussion

Our data suggest that light-inducible systems are viable in large-scale mammalian suspension
culture bioreactors. The average intensity drops quickly as reactor size or cell density increases,
but only short pulses of light are required for robust light-activation. This allows the high intensities
near the boundaries of the reactor to sufficiently activate cells, even when the average intensity

within the overall volume is low.

In general, absorption dramatically limits light propagation as the absorption coefficient or cell
density increases. However, scattering does not have as large an effect, even though scattering
coefficients of mammalian cells are very high. The lower effect of scattering on the intensity
distribution is due to the scattering anisotropy also being high. High scattering anisotropy causes
most of the radiation to be forward scattered, mitigating the attenuation of radiation in the radial
direction of the reactor. The effects of scattering became more evident when the scattering
anisotropy was decreased, which rapidly decreased the intensity throughout the volume (Fig. 2C).
Future directions include experimental corroboration of these simulations, which can be achieved
from sophisticated experimental setups that can discern light attenuation from absorption and
scattering. Examples include utilizing an integrating sphere and measuring thin samples such that

multiple scattering events do not occur, 12629
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Sparging was not considered in this work, but the presence of bubbles will increase scattering.
Scattering from bubbles will require careful and more intensive computation for several reasons.
First, the scattering depends on the bubble distribution throughout the reactor, which may not be
as uniformly dispersed as the cellsE%. Bubble breakage and coalescence may contribute to
changing bubble size distributions as bubbles travel upwards along the reactor height®Y.
Modelling bubbles as distinct phases may be required, given the larger bubble sizes and
potentially changing size distributions as the bubbles travel upwards through the reactor®2. The
bubble size distribution also affects scattering, where scattering is affected by the width of the
size distribution and cannot be calculated solely from the mean bubble size?°3334, The sparging
rate will also affect the size and total bubble volume in the reactor. The intricacy in reactor design
and variability that scattering may have across different bioreactor designs suggests a need to
focus on specific bioreactor designs for computing scattering phenomena, where for specific
reactor designs, scaling analysis no longer straightforward as many parameters such as aspect
ratio are not constant across reactor size. Perhaps a specific line of reactors, such as Ambr
bioreactors, could be used as a case study for investigating light propagation with a defined set

of reactor geometries and operational constraintst®,

The maximum reactor size that can support optogenetics based on the geometry and parameters
used in this work is approximately 80,000 L, but other elements that may be present in a real
reactor may be utilized to further enable optogenetics. For instance, bioreactors are often
equipped with impellers, and LEDs may be mounted on the impeller shaft, such that illumination
occurs from the center of the reactor, as well as from the reactor walls. Baffles may also be added
to the geometry, which increases the surface area available for LED integration without increasing
the volume. Finally, LED intensities can be increased, though care must be taken to avoid
phototoxicity to the cells®”.. Phototoxicity studies on the intensities and pulse frequencies at which

optogenetics becomes cytotoxic for model organisms would contribute valuable information for
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optogenetics and determine the extent to which optogenetics could be scaled up for cultures
allowing less light penetration, such as suspension cells with lower scattering anisotropy or
tissues on scaffolds for cultivated meat applications, or for other systems that similarly inhibit light

propagation.

Simulations in this work explore maximal mammalian bioreactor sizes, which are several orders
of magnitudes larger than photobioreactors for algae and cyanobacteria 1%, Larger reactors
can be supported by optogenetics because sufficient activation only requires illumination
comprising a small fraction of overall time, such as 1% (Fig. 4). We speculate that lower
illumination fractions are sufficient for optogenetics because less photon energy is required to
saturate single gene circuits or signaling pathways, whereas light-dependent cell growth may

require more energy in algal and cyanobacterial systems.

The extent to which light propagates through mammalian suspension cultures heavily depends
on the wavelength of the incident radiation. The simulations performed in this work use parameter
values assuming blue light at approximately 450 nm. Blue light optogenetics systems are the most
widely used, but systems utilizing other wavelengths are also gaining popularity. In particular, red
light optogenetics is promising because mammalian cells have lower absorption and scattering
for red light, which would increase the penetration of red light through larger systems [20:26],
Absorption and scattering generally decrease as the wavelength increase to the infrared region,
and the results in this work may be interpreted as conclusions from conservative calculations. As
the use of higher wavelength optogenetics systems increases, further scaleup will become
feasible in mammalian suspension cultures or enable deeper penetration of light into tissues, such

as in cultivated meat applications.
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Conclusion

We demonstrate that light propagates sufficiently in large bioreactors of mammalian suspension
cultures. While we did observe the limits of optogenetic activation in the largest scales of industrial
bioreactors, modifications to the lighting conditions and bioreactor geometries may extend the
limits of optogenetics into volumes of higher orders of magnitudes. Future efforts to model more
realistic mammalian bioreactor setups, including sparging, impellers, and baffles, will improve the
accuracy of results. Ultimately, such simulations can be used to inform new photobioreactor

design in growing industries requiring innovation to lower production costs of complex products.

Methods

Simulating radiation transfer in absorbing and scattering media
Computations were performed using COMSOL Multiphysics 5.5. Light propagation was modeled
using Radiation in Absorbing Scattering Medium (RASM) physics in 3D. To model the propagation

of radiation through absorbing, scattering medium, the RTE can be used, which takes the form:

4T

Q- V1) = ~ (e + o)1) + - f 1)@, Q)dQ (1)
0

where Q is the solid angle, I is intensity, k is the absorption coefficient, o, is the scattering

coefficient, and ¢ is the scattering phase function.
Optical properties are highly wavelength-dependent. In this work we focus on values pertinent to

blue light radiation, which has wavelengths of approximately 450 nm - 500 nm and is commonly

used in mammalian light-inducible systems[23:24:38:39],
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The angular space in eqg. 1 was discretized using the discrete ordinates method:

41T N
s ' ' i _ 9 Td(s s
Ebf 1)@, Q)dO —4n;wjlj¢(sj,sl). 2)

In eq. 2, the S6 level-symmetric even quadrature set and a linear discretization of the radiative
intensity were used. Incident radiation was set to 7.958 W/m?-sr, which yields 100 W/m?, an order
of magnitude of light intensities often used in optogenetics?3243840 The radiation was emitted
inwards from all boundaries of the domain. Bubbles were not considered, and internal

components such as impellers and shafts were also omitted from the simulations.

Calculation of absorption and scattering coefficients

The values of absorption and scattering coefficients used in this work are based on available data
on mammalian cells in the literature®, Detailed calculations of parameters are available in
Appendix B. Given the high optical transparency of PBS, the mass absorption coefficient a, of

mammalian cells is estimated from the absorption coefficient x and the cell number density p.:

Gq =" @)

2
a,=2-10713 % is used in this work, and this value of «, is used again in eq. 3 to calculate « for

various cell densities. Given culture medium also has a low absorption coefficient, calculations
for the absorption coefficient as a function of cell density were also performed assuming negligible
contributions from media®Y. An underlying assumption made for optically transparent media is

the media is free of serum and phenol red, which is typically the case in industrial bioreactors.
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For scattering, we use a reduced scattering coefficient of 2 m™ and a scattering anisotropy g of

0.98[2%, The scattering coefficient was calculated as:

T (4)
Og 1— g
From eq. 4, the mass scattering coefficient a, is subsequently calculated:
O-S
ag =—. 5
* P ®)

2
as = 10‘10% is used in this work. Similarly to «a,, this a value is reused in eq. 5 to calculate o,

for various cell densities. Scattering coefficients were also assumed to be unaffected by culture

medial*.

Calculation of the scattering phase function

The scattering phase function was calculated using the Henyey-Greenstein function!2%21;

ool (1-9%
K- 2gu ©
1+g°—2gu,

where g is the anisotropy factor, y, is the cosine of the scattering angle, and K is defined as the

following to normalize the phase function:
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Eq. 6 and eq. 7 were substituted into eq. 1 to calculate radiative transfer.
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Chapter 4: Production of novel SARS-CoV-2 Spike truncations in

Chinese hamster ovary cells leads to high expression and binding to

antibodies

Introduction

The emergence of coronavirus infectious disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has resulted in over 764 million infections
and 6.9 million deaths globally since November 2019. Major aspects of containing this global
pandemic are surveillance (large-scale and rapid asymptomatic testing) and herd immunity
(immunity achieved in a large portion of the population with protective antibodies resulting from
vaccination or natural infection). Many of these containment efforts require generating large
amounts of viral glycoproteins. Consequently, the COVID-19 pandemic has highlighted the critical
need for rapid, scalable, and cost-effective production of recombinant glycoproteins for use as
antigens in diagnostic kits, research reagents, and even the active pharmaceutical ingredient in

protein-based vaccines.

For SARS-CoV-2, diagnosis and vaccination strategies involve scalable production of the Spike
glycoprotein. Spike is the structural protein responsible for protecting the viral genome and for
entry into cells. Spike contains the S1 and S2 domains, which mediate host receptor binding and
membrane fusion, respectively . The receptor binding domain (RBD) of Spike lies within the S1
domain (Fig. 1A). Spike is a major antigen and the primary target for antibody binding.
Consequently, immunoassays to assess immunity of individuals or a community require a SARS-
CoV-2 antigen, most commonly the Spike protein. Protein-based SARS-CoV-2 vaccines also rely

on delivering Spike protein with adjuvant for immunization 2.
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A major limitation to scaling these approaches is generating Spike protein at high titers in a cost-
effective manner. Several forms of full-length Spike have been produced in mammalian cell lines,
including modifications to increase stability and expression, but titers remain at a low range of
approximately 5-30 mg/L, with one report of 150 mg/L B-5.. A possible alternative is to express the
Spike RBD, which can have expression levels of an order of magnitude higher than those of
Spike, but is less sensitive than Spike in serological assays Fl. This suggests that RBD may not
have the same activity as Spike for such applications. Mutational scanning has been performed
on RBD, which resulted in higher expression and stability 7. Rational structure-based
approaches have also been used to improve stability of full-length Spike “. Nonetheless,
identifying sequence-independent methods to increase expression is essential for comparisons

with existing variants.

In this work, we transiently express Spike and RBD in Chinese hamster ovary (CHO) cells. To
find high expressing and antibody binding forms of Spike, we also design and express 8
truncations of Spike, which include the RBD and additional residues. Two of these truncations
express at high levels. Using simulation and experimentation, we find that one of the high-
producing truncations also has more structural similarity to full-length Spike than the other and
has higher binding to anti-Spike antibodies. The N-linked glycosylation profiles present on T1 are
similar to those of full-length Spike and RBD. Taken together, these truncations may provide an
additional avenue for lower cost production of COVID-19 biologics with improved expression and

antibody binding.
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Results

Expression and purification of Spike and RBD

We first compared the expression of Spike and RBD in ExpiCHO-S cells transfected in 96-well
format. Spike and RBD were expressed with N-terminal secretion signals and C-terminal 6x His
tags for downstream purification (Fig. 1A). We also replaced the previously tested secretion signal
with an alternative secretion signal to determine whether it affects expression and secretion of

Spike and RBD (Spike-1, Spike-2, RBD-1, and RBD-2, Fig. 1B).
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Figure 1. Transient Spike and RBD production in CHO cells. (A) Diagram of full-length Spike

(1257 aa) and RBD (244 aa) constructs. Residues are labeled starting from the beginning of the

secretion signal. (B) Western blot and (C) densitometry comparing two secretion signals for Spike

and RBD. (D) Ratio of band intensities of supernatants and lysates. (E) Western blot and (F)
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densitometry on Spike expression time course. (G) Western blot and (H) densitometry on RBD
expression time course. Abbreviations: aa (amino acids); untransfected (UT); standard (std);

viable cell density (VCD).

Relative amounts of Spike and RBD in the supernatant and cell lysate were determined by
western blot 5 days post-transfection (Fig. 1B and 1C). Spike had significantly lower expression
than RBD and was particularly less abundant in the supernatant. Comparison of ratios of
supernatants over lysates also showed that Spike is significantly retained in the cells compared
to RBD (Fig. 1D). Both the expression and supernatant/lysate ratio remained the same for Spike
and RBD with either signal sequence, indicating that low expression and high retention of Spike
in the cells may be due to the protein sequence itself, and not a consequence of the tag used. All
following experiments were performed with Spike-1 and RBD-1, hereafter referred to as Spike

and RBD, respectively.

Next, cultures were scaled up to 25 mL and a time course experiment was performed to determine
the optimal harvest time for maximum titers. Cells were transfected with plasmids encoding Spike
and RBD, and a sample of the supernatant was collected every 24 hours over 10 days. Western
blots were performed on the supernatants and band intensities were plotted over time (Fig. 1E-
H). Spike concentration in the supernatant increased steadily until 7 days post-transfection, after
which time it remained stable (Fig. 1E and 1F). In comparison, RBD concentration in the
supernatant peaked at day 3, then decreased (Fig. 1G and 1H). From these results, Spike and

RBD harvests were determined to be 7 and 3 days post-transfection, respectively.

To produce large quantities of Spike and RBD for purification and downstream analysis, 150 mL
of supernatants were prepared from pooled 25 mL cultures. Crude titers of Spike and RBD were

measured using sandwich ELISAs on filtered crude, yielding 14 mg/L and 54 mg/L, respectively
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(Fig. A-1). The crude supernatants were purified through FPLC (Fig. 2 and A-2). For purification
of Spike, SDS-PAGE revealed bands in elution fractions E3, E4, and E5 (Fig. 2A), which were
confirmed by western blot to include immunoreactive bands consistent with full-length Spike (Fig.
2B). For RBD, SDS-PAGE (Fig. 2C) and western blot (Fig. 2D) showed bands in elution fractions
E3, E4, and E7. FPLC-purified samples were dialyzed using PBS and concentrated through

centrifugal filter units. E3 fractions of both proteins were used for subsequent experiments.
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Figure 2. Purification of Spike and RBD. (A) SDS-PAGE and (B) western blot on Spike fractions.
(C) SDS-PAGE and (D) western blot on RBD fractions. FT samples were collected during sample
loading onto the column. FT and wash samples were pooled from multiple fractions at equal

volumes. Abbreviations: flow-through (FT); elution (E); standard (std).

Novel truncations to improve protein titers

Given the difficulty in expressing full-length Spike but its higher sensitivity in serological assays
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Bl we sought to determine whether other truncations that are larger than the RBD could be highly
expressed and maintain high sensitivity. We developed eight truncations, T1-T8, by adding
increments of approximately 50 amino acids on the N- or C-terminal ends of RBD (Fig. 3A). We
also expressed the full S1 subunit of Spike. Secretion signals and 6x His tags were added to N-

and C-termini, respectively.
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Figure 3. Expression of Spike truncations. (A) Construct diagram of Spike truncations. Residue
numbers are relative to the position within full-length Spike, including the secretion tag. (B)
Western blot and (C) densitometry on truncations for lysates and supernatants. (D) Ratio of band
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intensities of supernatants over lysates. (E) Western blot and (F) densitometry of T1 expression
over time. (G) Western blot and (H) densitometry of T4 expression over time. Abbreviations:

untransfected (UT); standard (std); viable cell density (VCD).

We first screened the truncations for expression levels. Cells were transfected in 96-well format,
and lysates and supernatants were analyzed by western blot 5 days post-transfection (Fig. 3B).
T1 and T4 had the highest expression, as well as the highest supernatant/lysate signals (Fig. 3C
and 3D). In particular, T1 had even higher expression and relative secretion than RBD did. Given
that S1 has previously been studied ¥, T1 and T4 were selected for scaleup and purification. To
determine optimal harvest dates for T1 and T4, and expression time course was performed as
previously described for Spike and RBD. For T1, western blot and densitometry (Fig. 3E and 3F)
showed that expression peaked 3 days post-transfection with a single band. For T4, expression
peaked after 4 days post-transfection, with degradation bands also increasing after this point (Fig
3G and 3H). Therefore, T1 and T4 harvest dates were determined to be 3 and 4 days post-

transfection, respectively.

For purification, transfections with T1 and T4 were performed in 150 mL cultures and samples
were purified through FPLC (Fig. 4 and S3). SDS-PAGE revealed two bands for T1, one of which
was determined to be T1 through western blot (Fig. 4A and 4B). To remove the impurity, T1 was
dialyzed and repurified. For T4, three bands were detected: one band at 70 kDa, one band at 50
kDa, and one band at slightly below 50 kDa (Fig. 4C). Western blot detected bands in both the 70
kDa and 50 kDa regions (Fig. 4D), indicating two forms of T4. The impurity was removed through
dialysis and repurification. Pure T1 and T4 were obtained in this manner and prepared for further
characterization through dialysis and spin column concentration. The bands detected for T1 and
T4 through western blot were cut out of an SDS-PAGE gel and submitted for proteomic analysis.

Coverage for T1 and T4 were high (Fig. S4), and the two bands of T4 on the SDS-PAGE gel
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suggest different post-translational modifications. Quantifying crude titers, we found that T1 and
T4 expressed at 130 mg/L and 73 mg/L, respectively, which are higher than our RBD titers (Fig.
S5). For further characterization and binding assays, concentrations of purified samples were
determined using Sandwich ELISAs and SDS-PAGE densitometry (Fig. S6).
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Figure 4. Purification of T1 and T4. (A) SDS-PAGE and (B) western blot on T1 fractions from
crude purification and repurification. (C) SDS-PAGE and (D) western blot on T4 fractions from
crude purification and repurification. FT and wash samples were pooled from multiple fractions at

equal volumes. Abbreviations: flow-through (FT); elution (E).

Binding sensitivities against antibodies

The activities of the CHO-expressed proteins were evaluated via indirect ELISAs with antibodies
raised against full-length Spike. First, the monoclonal antibody CR3022 was tested, which binds
to the receptor binding domain of Spikel®. Serial dilutions of CR3022 were incubated with Spike,
RBD, T1, and T4 (Fig. 5A). Binding sensitivities were compared by taking the areas under the
curves (Fig. 5B). To compare with another recombinant source of Spike, Sf9 insect cell-expressed

Spike was also used in the assays.
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Figure 5. Binding assays of Spike truncations with anti-Spike antibodies. (A) Absorbance as a
function of dilution factor of CR3022. (B) AUC calculated from (A). (C) Absorbance as a function
of dilution factor of an anti-Spike polyclonal antibody (PADb). (D) AUC calculated from (C). (E)
Absorbance against dilution factor of a rabbit normal IgG antibody. (F) AUC calculated from (E).
Error bars represent + SD of technical triplicates. p-values were calculated using a one-way
ANOVA followed by Tukey’s Test. * indicates p <5x1072, ** p <5x10°3, *** p <5x104, **** p <5x10°

5, and ***** p <5x10°. Abbreviations: area under curve (AUC); ns (not significant).

CHO-expressed Spike had higher binding to CR3022 than Sf9-expressed Spike. This may be due
to differences in folding or glycosylation between the CHO- and insect-expressed proteins. Among
the CHO-expressed proteins, T1 had higher binding to CR3022 than RBD did and is comparable
to the performance of Spike. T4 had lower signal but still outperformed Sf9-expressed Spike.
Next, serial dilutions of a polyclonal antibody raised against full-length Spike were tested (Fig. 5C
and 5D). Given that PAbs may recognize multiple binding epitopes in a protein, larger forms of
Spike were expected to have higher performance. Strikingly, however, T1 and T4 had very high
signal across dilutions of the antibody, and T1 outperformed full-length CHO-expressed Spike.
The increased sensitivities were not due to non-specific binding of T1 and T4 to rabbit antibodies,

since a control rabbit IgG did not produce significant signal (Fig. 5E and 5F).

Structural characterization of truncations

To determine whether structural similarities are maintained between the truncations and the
relevant regions of Spike, structures of T1 and T4 were predicted using MD. Snapshots of
simulated structures of RBD, T1, and T4 at 0 ns and 100 ns simulation times are shown (Fig. 6A-
D). The RBD portion of all structures remained stable during this time. T1 and T4 showed similarly
stable secondary structures in the additional residues at the bottom of the structure. The more

flexible turn features curled in and stabilized over the course of the trajectory. To quantify this
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behavior, the root mean squared deviation (RMSD) of the whole structures and RBD subdomains
for each truncation were evaluated (Fig. 6E and 6F). These RMSD plots show deviation relative
to initial structures and provide further evidence that the RBD subdomains are stable or reach a
stable structure early in the simulation trajectory. The T1 and T4 RMSD plots show more
conformational change, likely due to the flexibility of the turn features observed in the snapshots.
An interesting observation is that the RBD with a 6x His tag appeared to be more stable compared
to the RBD without the tag. Based on this RMSD data, T1 appeared to stabilize the RBD in line

with this 6x His tag, while the T4 structure aligned more closely to the RBD without a 6x His tag.
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We hypothesize that some truncations did not express well because of structural differences. To
explore this idea, we compared T1 and T3, which only differ by ~50 amino acids at the N-terminus
but had vastly different expression (Fig. 3B and Fig. 3C). MD was used to determine whether
structural differences may have caused the discrepancy in expression. RMSD analysis showed
that T3 had much higher RMSD compared to T1 (Fig. S7). Visualization of T3 revealed that the
difference in RMSD was due to the additional FA3 glycan binding to its own RBD, which could
contribute to low expression. Removal of the FA3 glycan from T3 resulted in a secondary structure
that matched more closely to T1 and a more stable RBD within T3 (Figure S7). It is possible that

other truncations also had incorrect folding.

Experimentally, secondary structure compositions of CHO-expressed Spike, RBD, T1, and T4
were obtained using circular dichroism (CD). Ae values were obtained, which is a measure of the
difference in absorbance of left- and right-circularly polarized light. Using the BeStSel server, A¢
as a function of wavelength was analyzed to predict the secondary structure compositions. The
distributions of observed secondary structures were similar for most proteins (Fig. 7A and S8).
CHO Spike and Sf9 Spike had very similar compositions, suggesting high structural similarity.
RBD and T1 also had similar compositions. T4 was slightly dissimilar, with low beta sheet content
compared to other proteins. CD-analyzed proteins were also compared to a structure of Spike
determined through cryo-electron microscopy (PDB 6VXX, Walls et al., 2020). 6VXX had similar
alpha helix and beta sheet content as CHO and Sf9 Spike but had much higher turn content and
lower “other” content, which includes coils, bends, irregular loops, B-bridges, 310 helices, and 11-

helices.
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Figure 7. Structural composition of Spike and truncations produced in CHO cells. (A) Overall
secondary structure compositions of CHO-expressed proteins and 6VXX. (B) Comparison of RBD
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region of 6VXX. (D) Comparison of T4 MD to CD data and the T4 region of 6VXX. MD structural

data represent proteins including the 6x His tags with the final structural compositions at 100 ns.

CD-derived structural information was also compared with MD secondary structures for RBD, T1,
and T4 determined using DSSP Y (Fig. 7B-D). Truncated 6VXX structures containing the
relevant residues were also included, which represent structural composition had truncating Spike
not resulted in any structural changes. For all three proteins, 6VXX and MD structures had high
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similarity, with CD-derived structures having lower turn content. Overall, MD and CD results
suggest that T1 and T4 retain accurate RBD structure, and consistent with their high sensitivities

in the ELISAs against anti-Spike antibodies.

Finally, we analyzed the N-linked glycosylation profiles of T1 and T4 using glycoproteomics.
Glycosylation is an important protein attribute that influences Spike structure, binding, and
immunogenicity™?4. The N-glycosylation profiles of full-length Spike have been studied by
several groupst*>! with markedly different glycosylation profiles resolved on the various
glycosylation sites present on Spike. This suggests that specific glycans may be needed on

different glycosylation sites for the functionality of Spike.

Glycoproteomic profiles of Spike truncations

Glycoproteomics analysis was performed on CHO Spike, RBD, T1, and T4 to compare glycan
distributions among the various forms of Spike. As a first inspection of the glycosylation profiles,
glycans on each site were clustered according to the following types: undecorated, high mannose,
fucosylated, sialyalated, and sialofucosylated (Fig. 1). Abundances were normalized with respect

to the specific glycosylation site.
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Figure 1. Bar clusters of glycan types on site (A) N122, (B) N149, (C) N165, (D) N282, (E) N331,
(F) N343, (G) N798, (H) N1071, (I) N1095, (J) N1155, (K) 1170, (L) N1191. Legends indicate the
protein, and the absence of a protein in any of the charts indicates that the protein does not

contain the glycosylation site or glycosylation was not detected at that site.

Initial analysis of the glycans reveals that distribution of glycan types are similar across Spike
proteins and suggests that the glycosylation distributions may be highly similar for all proteins
where glycans were detected. Particularly for Spike produced in CHO and Sf9 systems, which
have many glycosylation sites present for comparison, the glycan types are remarkably similar.
Different glycosylation sites also appear to have diverse but nonrandom distributions of glycan
types, based on the similarities of the two Spike proteins. For instance, a large fraction of glycans

at N122 are undecorated and high mannose, which is consistent between CHO and Sf9 Spike
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(Fig. 1A). Residue 122 is not within the residue ranges of T1 and T4, and therefore no glycans
are present for the truncations. In contrast, glycans at site N331 and N343 are heavily
sialofucosylated, which is also the same for the Spike truncations (Fig. 1E and 1F). N331 and
N343 are of particular interest as a point of comparison, as these sites are also present on both
truncations. A couple of sites have slightly different glycan type distributions, such as N1170. At
N1170, CHO has more complex glycans compared to Sf9 Spike, with less high mannose glycans
and more fucosylated and sialylated glycans (Fig. 1K). Some glycosylation sites were not

detected to be glycosylated with the methodology used in this work.

As the glycan types are similar for all Spike proteins, we expected that the full glycosylation
profiles with individual glycans would also be similar. However, the deeper inspection of the
glycosylation distribution reveals that there are differences in the specific glycans that occupy
each protein, which are shown in clustered heatmaps. Sites N331 and N343 are explored in detalil,
which are contained in all proteins studied in this work (Fig. 2A and 2B). All other glycosylation

sites for Spike are shown in Appendix C (Fig. A-9).
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The clustered heatmaps for sites N331 and N343 clearly indicate that the clusters of glycans on
each protein are largely absent in the other proteins, which is unexpected since the glycan types
are similar across proteins. When comparing all glycosylation sites on the full-length Spike
proteins, similarity varies considerably depending on the glycosylation site, as shown by Jaccard
similarity coefficients on each site (Fig. 2C). Overall, however, the types of glycans are similar

among the proteins and suggest that the proteins have similar glycosylation profiles.

Binding to human ACE2-Fc
Binding kinetics of Spike truncations to human ACE2-Fc were measured using biolayer
interferometry, which is a label-free assay that measures the rate of protein binding and unbinding

through a shift in interference pattern of white light (Fig. 4).
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Figure 4. Biolayer interferometry on RBD, T1, and T4. Processed sensorgrams plotting the
response over time on (A) RBD, (B) T1, and (C) T4. (D) Steady-state analysis was performed on

the data from 390-395 s. Error bars represent standard error of the mean.

RBD and T1 both have similar binding affinities to ACE2-Fc with Kp values of approximately 20-
30 nM. T4 has a lower binding affinity, with a Kp value of 180 nM. Kp values for full-length Spike
could not be obtained because of lack of dissociation of Spike from ACE2-Fc (data not shown),
but it is expected that Spike has higher binding affinity to ACE2-Fc than does RBD, and therefore

higher binding affinity than the truncations as well.

Discussion

Production of Spike fragments is important for its use in diagnostics, protein subunit vaccines,
and research. In addition, high affinities of the Spike fragments are critical in these applications.
Several approaches have been used to increase Spike yields, including stabilizing mutations ™,
comparison of different cell lines ®, and optimization of production conditions, such as
temperature shifts 7). Here, we expressed full-length Spike and RBD transiently in CHO cells to
determine the intracellular and extracellular production kinetics. In addition, we developed 8
truncations in pursuit of a truncation which exhibits both high expression and binding to

antibodies.

The regions of Spike that cause lower expression and higher sensitivity compared to RBD are not
known, but the initial screen of the truncations showed that T1 is highly expressed and secreted
compared to other truncations, with T4 following at much lower titers (Fig. 3C and 3D). This

suggests that residues downstream of T1 may be contributing to decreased titers. Comparing T1
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to T2 and T3, residues upstream of T1 also appear to decrease titers. The additional residues in
T2, T3, and T4 contain predicted glycosylation sites, which may introduce avenues for protein
retention such as incomplete glycosylation. This is supported by the lysate proteins running at
their expected molecular weights and the supernatant proteins much higher, though protein size
did not appear to correlate with relative retention in the cell (Fig. 3B). In contrast, T1 only contains
the same glycosylation sites as RBD and was found in the crude at much higher titers compared
to other truncations. Interestingly, the MD simulations of T3 suggest that lower stability may result

from unexpected intramolecular glycan-protein interactions for fully glycosylated truncations.

In the ELISA sensitivity assays for CR3022 and the PAb, CHO-expressed Spike has higher AUCs
for both antibodies compared to Sf9-expressed Spike (Fig. 5). The discrepancy may be due to
different glycosylation profiles, which would be consistent with the idea that CHO-expressed
proteins tend to have more human-like glycosylation patterns 8. We also found that CHO Spike
produces higher signal than RBD when probed with the PAb, consistent with results from
serological assays (Amanat, 2020). This was also expected because polyclonal antibodies target
multiple epitopes, and full-length Spike may contain more binding epitopes than RBD.
Surprisingly, T1 and T4 have higher sensitivities to the PAb, outperforming full-length Spike. One
possibility is that T1 and T4 contain an additional epitope, not present on RBD, that has high
affinity but is sterically hindered when additional residues are present. This may also be the
reason for the higher performance of T1 over T4. Visualization of binding through crystallography
and analysis of binding kinetics and thermodynamics through methods such as steered MD may

elucidate the reason for their high affinities.

Different glycosylation sites on Spike were determined to have distinct glycosylation profiles, and
the distinct glycans on different glycosylation sites may be important for the structure and function

of Spike, as CHO and Sf9 Spike both had similar glycosylation profiles across the analyzed sites.
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Not all glycosylation sites were detected to have glycans, but a combination of proteases may
allow detection of glycans on the remaining sites™*®. Spike and its truncations were determined to
have similar glycan types, but there were differences in the diversity of glycosylation distributions
and the specific glycan types that were most abundant for each protein. For instance, on site
N343, full-length Spike had a much tighter glycan distribution compared to the truncations. N343
glycosylation mediates RBD conformational changes from the down to up state, and the dynamics
may be influenced by the specific glycan that occupies the site. Glycoengineering followed by
structural analysis or molecular dynamics studies may help discern whether specific glycans are

required on Spike for optimal conformational dynamics.

Biolayer interferometry on T1 and T4 shows that T1 has a similar binding affinity as RBD, but T4
has a lower binding affinity than T1 and RBD. Given that the abundances of the types of glycans
between the truncations are highly similar (Fig. 2A and 2B), different glycosylation may not be the
reason for the higher binding affinity of full-length Spike to ACE2-Fc. However, the specific
glycans on the truncations are different, and further investigation by methods such as steered
molecular dynamics is needed to determine whether specific glycans enhance binding to ACE2-

Fc.

Conclusion

We expressed SARS-CoV-2 Spike and RBD in CHO cells and optimized harvest dates.
Additionally, we expressed 8 new truncations and found that T1 and T4 have high expression and
secretion, where T1 has even higher expression than RBD. T1 and T4 also have higher binding
sensitivity to a PAb compared to Spike. Overall, T1 had the highest performance in all expression
and binding experiments conducted in this work. Its high expression and sensitivity suggest T1

may be a promising Spike alternative in research and clinical applications. Further work is needed
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to understand why T1 has higher affinity to antibodies and whether the higher affinity translates

to assays with convalescent sera.

Methods

Plasmids

pPCAGGS-Spike and pCAGGS-RBD were gifted from Florian Krammer . Spike and RBD both
contain an N-terminal signal peptide for secretion and a hexahistidine (6x His) tag for purification.
Spike-1 and RBD-1 contain the signal sequence MFVFLVLLPLVSSQ. Spike-2 and RBD-2 contain
the signal sequence MEFGLSWLFLVAILKGVQC. Spike has two stabilizing mutations (K983P
and V984P), and its polybasic furin site has been removed (RRAR to R). Truncations T1-T8 were
synthesized (GenScript, Piscataway, NJ) with overhangs for insertion into pCAGGS vectors
(Table S1). Truncations were inserted into pCAGGS vectors via Gibson Assembly of pCAGGS-
RBD digested with Xbal and Xhol. Spike truncations were designed by adding increments of
approximately 50 amino acids to the N- and/or C-termini of RBD. Each truncation includes an N-
terminal signal peptide and a C-terminal 6x His tag. Possible structural and binding motifs for the
truncations were determined with PredictProtein ™9, Starting and ending residues were selected

to avoid interrupting major secondary structures present in Spike [29-22],

Cell culture and transfection

ExpiCHO-S cells (Thermo Fisher Scientific, Waltham, MA) were maintained in a 125 mL vented
shake flask with 30 mL of culture in ExpiCHO Expression Medium (Thermo Fisher Scientific).
Cells were cultured in a humidified incubator at 37°C and 8% CO3, on a 19 mm shaking diameter

orbital shaker at 120 rpm (Ohaus, Parsippany, NJ).
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For transfection in 125 mL shake flasks, cultures were transfected using the Expifectamine CHO
Transfection Kit (Thermo Fisher Scientific), following manufacturer instructions for the Standard
Protocol. For time course experiments, 0.5 mL of culture was harvested each day. Viable cell
densities were measured using trypan blue and a TC20 automated cell counter (Bio-Rad,
Hercules, California). Samples were harvested by centrifuging at 300 rcf for 5 min and collecting
the supernatant. For samples to undergo purification, entire cultures were centrifuged at 4,000 rcf
for 20 minutes at 4°C and filtered through 0.22 um filters. For transfection in 2.0 mL 96-well deep
well blocks (Genesee Scientific, EI Cajon, CA), 0.8 mL of cells at 6 x 10° cells/mL were plated on
the day of transfection. Cells were cultured on a 3 mm shaking diameter orbital shaker at 900 rpm
(Benchmark Scientific, Sayreville, NJ) and transfected according to manufacturer instructions.
Samples were harvested 5 days post-transfection by centrifuging the cultures at 300 rcf for 5

minutes and collecting the supernatant.

Protein purification and concentration

Filtered samples were column purified using an AKTA Pure fast protein liquid chromatography
(FPLC) system with a 5 mL prepacked Ni Sepharose HP column (Cytiva, Marlborough, MA), using
imidazole to elute the proteins 2%, Samples were loaded onto the column at a flow rate of 5
mL/min, the resin was washed for 10 column volumes (CV), and proteins were eluted using
imidazole. Detailed procedures are available in Appendix C. Purified proteins were dialyzed
against phosphate-buffered saline (PBS) using dialysis cassettes at 4°C (Thermo Fisher
Scientific). Spike was dialyzed with a 20 kDa molecular weight cutoff (MWCQO) membrane. RBD,
T1, and T4 were dialyzed with 10 kDa MWCO membranes. Dialyzed samples were concentrated

using centrifugal filter units (Millipore Sigma, Burlington, MA) at 4,000 rcf for 20 minutes at 4°C.

Spike was concentrated using centrifugal filter units with a MWCO of 30 kDa. RBD, T1, and T4

were concentrated with 10 kDa MWCO centrifugal filter units.
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SDS-PAGE and western blot

Samples from time course experiments and the truncation screening were prepared for sodium
dodecyl-sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) by adding 12 pL of NUPAGE
LDS Sample Buffer (Thermo Fisher Scientific) and 3 L of tris(2-carboxyethyl)phosphine (Thermo
Fisher Scientific) to 30 uL of sample. Mixtures were heated at 95°C for 10 minutes and 10 pL of
samples were loaded into gels cast in-house, with a 12% acrylamide resolving layer and 4%
acrylamide stacking layer. Samples were run through the gel for 15 minutes at 115 V, then 50
minutes at 150 V. Proteins were transferred onto polyvinylidene difluoride membranes in a wet
sandwich and membranes were blocked using 5% non-fat milk. Membranes were stained
overnight at 4°C with a 1:1000 diluted mouse anti-his primary antibody (MCA1396,
RRID:AB_322084, Bio-Rad) and then for 1 hour at room temperature with a 1:4000 diluted rabbit
anti-mouse HRP secondary antibody (SouthernBiotech Cat# 6170-05, RRID:AB_ 2796243,
Birmingham, AL). Membranes were developed using Pierce ECL Western Blotting Substrate

(Thermo Fisher Scientific) and imaged using an Amersham Imager 600 (Cytiva).

Purified samples were analyzed by SDS-PAGE with a method previously described 4. Images
of the gels were taken using a ChemiDoc Imaging system (Bio-Rad), and proteins were
transferred onto nitrocellulose membranes using Trans-Blot Turbo Packs (Bio-Rad) and Trans-
Blot Turbo System (Bio-Rad). Membranes were blocked overnight in 1% casein, stained with
1:1000 diluted mouse anti-his primary antibody and stained with 1:4000 diluted rabbit anti-mouse
secondary antibody. The chemiluminescent reactions were performed using Clarity ECL

Substrate (Bio-Rad).

Concentrations for purified proteins were estimated using a combination of ELISA, Bradford
Assay, and scanning densitometry on SDS-PAGE gels. Spike and RBD concentrations were first

calculated using sandwich ELISA. Purified T1 and T4 concentrations were determined using
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Bradford Assay since ELISA standard curves could not be generated for these novel protein
truncations. Next, 1 pg of proteins, as determined by the two methods, were loaded into each
lane of a 4%-20% gradient stain-free gel (Bio-Rad). Dilutions of RBD standard from 1.5 pg to 0.5
Hg were also loaded into the gel. Samples were run at 200 V for 36 minutes and imaged using a
ChemiDoc imaging system (Bio-Rad). A standard curve was generated via densitometry through

ImageJ, and primary band intensities for the samples were interpolated to quantify concentrations.

Enzyme-linked immunosorbent assay (ELISA)

Sandwich ELISAs were performed to quantify purified Spike and RBD and crude supernatants.
1:1000 mouse anti-his capture antibody in PBS was coated onto Immulon 2 HB 96-well plates
(Thermo Fisher Scientific) at 4°C overnight. Plates were blocked with 200 pL/well PBS with 3%
BSA for 30 minutes. Plates were loaded with serial dilutions of purified protein samples or crude
supernatants. Plates were incubated with 1:1000 rabbit anti-RBD primary antibody (Sino
Biological Cat# 40592-R001, RRID:AB_2857936, Wayne, PA), then 1:6000 or 1:4000 goat anti-
rabbit, HRP secondary antibody (SouthernBiotech Cat# 4030-05, RRID:AB_2687483) in PBS
with 1% BSA for purified or crude proteins, respectively. Plates were developed with 1-step Turbo
TMB-ELISA Substrate Solution (Thermo Fisher Scientific) and 2N HCI. Absorbance at 450 nm
was measured using a Spectramax 250 spectrophotometer (Molecular Devices, San Jose, CA).
Plates were washed 3 times with 200 pL/well PBS with 0.05% Tween20 (PBS-T) between each
step and incubations were performed using volumes of 100 uL/well for 1 hour at room temperature
unless specified otherwise. Standard curves for quantifying Spike and RBD were generated using
serial dilutions of Sf9 insect Spike (NR-52308, BEI Resources, Manassas, VA) and HEK293F

human RBD (NR-52366, BEI Resources), respectively.

Indirect ELISAs were performed to assess the sensitivities of CHO-expressed proteins to a human

anti-Spike monoclonal antibody CR3022 (NR-52392, BEI Resources, RRID:AB_2848080) and a
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rabbit anti-Spike polyclonal antibody (PAb, eEnzyme, SCV2-S-100, RRID:AB_2893135,
Gaithersburg, MD). For CR3022, antigens were first coated onto plates at 4°C overnight. After
blocking, serial dilutions of CR3022 in PBS with 1% BSA were loaded from 100 ng/well. Plates
were loaded with 100 pL/well goat anti-hilgG, HRP secondary antibody at 1:4000 in PBS
containing 1% BSA. For the PAb, 3-fold serial dilutions starting at 400 ng/well of rabbit anti-Spike
primary antibody were used (PAb, SCV2-S-100, eEnzyme), and a 1:4000 goat anti-rabbit IgG,

HRP secondary antibody was used instead.

Bradford assay

Bradford assays were performed to quantify the concentration of total soluble protein (TSP) by
using a protein assay dye reagent (Bio-Rad). For each BSA standard, sample, and diluted
sample, 10 yL/well of sample and 190 pL/well of Bradford dye were loaded into 96-well plates.
After incubating for 10 minutes at room temperature, the absorbances of standards and samples
were measured at 450 nm and 590 nm ), using a Spectramax M4 spectrophotometer (Molecular
Devices). Standard curves for quantifying samples were generated by using serial dilutions of

BSA from 0-0.5 mg/mL with 0.05 mg/mL steps.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)

Sequences of purified T1 and T4 were obtained via LC-MS/MS. 10 ug of T1 and 20 g of T4 were
run on a 4%-20% gradient SDS-PAGE gel. Bands were extracted and submitted to the Genome
Center Proteomics Core at the University of California, Davis. Briefly, proteins were digested with
tryspin and analyzed on a Dionex UltiMate 3000 RSLC system (Thermo Fisher Scientific) using
a PepSep (PepSep, Denmark) ReproSil 8 cm 150 pm I.D. C18 column with 1.5 ym particle size

(120 A pores). Mass spectra analysis is described in Appendix C. Searches were conducted
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against the known sequences of T1 and T4, and alignments were performed using Multiple

Alignment using Fast Fourier Transform 28],

Circular dichroism (CD)

Concentrated samples were prepared for CD analysis by diluting 150 g of protein in 50% PBS
and 50% CD buffer (25mM of phosphate and 40mM of NaF). Single spectrum data were obtained
using a Jasco J-715 CD spectrometer (Jasco, Easton, MD). Data were analyzed using BeStSel
271 Spectra of buffer were subtracted before analysis. To obtain secondary structure data for the

PDB Spike structure, the PDB file 6VXX was analyzed using the STRIDE server [28],

Simulations

Starting configurations for molecular dynamics (MD) simulations were obtained by trimming the
full Spike protein structure obtained from the protein data bank (6VXX). Structures were reduced
to a single monomer and cut at the amino acid sequences corresponding to RBD, T1, T3, and T4.
6x His tags were added using modeller %, which modifies amino acid sequences of proteins. The
new His-tagged structures were prepared and had glycans attached using Glycam B%, The N-
glycosylation sites of RBD and the RBD portion of all truncations had the glycoform FA2 attached.
T1 contained no additional N-glycosylation sites, T3 contained an additional FA3 glycoform, and
T4 contained an additional M5 glycoform. Amber ff14SB and Glycam06 forcefields 332 were
used and generated using acpype.py following the method shown previously #234, Simulations
were conducted using the Gromacs 2019.1 suite with similar energy minimization procedure as
in previous simulations B52*" including ones involving glycosylated RBD #1223  Simulation runs

after equilibration were carried out for 100 ns.
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Glycoproteomic Analysis With LC-MS/MS

Details of protein digestion for the glycoproteomics analysis have been described previously®&39,
Briefly, buffer exchange was performed using a molecular weight (3K) cutoff spin column (Merck
Millipore, MA) to remove salts and dilute recombinant proteins with 50 uL of 50 mM ammonium
bicarbonate solution, then the proteins were reduced with 2 ul of 550 mM dithiothreitol and
alkylated with 4 ul of 450 mM iodoacetamide. The samples were incubated with trypsin at 37°C
for 18 hours. The resulting peptides and glycopeptides were dried using a miVac (SP Scientific,

PA, United States) prior to mass spectrometry analysis.

The peptide and glycopeptide samples were reconstituted with nanopure water and directly
characterized using UltiMate™ WPS-3000RS nanoL.C 980 system coupled to the Nanospray Flex
ion source of an Orbitrap Fusion Lumos Tribrid Mass Spectrometer system (Thermo Fisher
Scientific, MA, United States). The analytes were separated on an Acclaim™ PepMap™ 100 C18
LC Column (3 um, 0.075 mm x 150 mm, ThermoFisher Scientific). A binary gradient was applied
using 0.1% (v/v) formic acid in (A) water and (B) 80% acetonitrile: 0-5 min, 4-4% (B); 5-133 min,
4-32% (B); 133—-152 min, 32%—48% (B); 152—155 min, 48—100% (B); 155170 min, 100—100%
(B); 170-171 min, 100-4% (B); 171-180 min, 4—4% (B). The instrument was run in data-
dependent mode with 1.8 kV spray voltage, 275°C ion transfer capillary temperature, and the
acquisition was performed with the full MS scanned from 700 to 2000 m/z in positive ionization
mode. Stepped higher-energy C-trap dissociation (HCD) at 30 + 10% was applied to obtain

tandem MS/MS spectra with m/z values starting from 120.

Glycopeptide fragmentation spectra were annotated using Byonic software (Protein Metrics, CA,
United States) against the protein sequences. Common modifications, including cysteine

carbamidomethyl, methionine oxidation, asparagine deamidation and glutamine deamidation
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were assigned. A published in-house N-glycan librarywas utilized for the glycopeptide
identification, and relative abundance values were calculated based on the glycopeptide

precursor peak areas %8,

The full glycosylation profiles are available in Appendix C (Figure S1). Glycans were clustered
into undecorated, high mannose, fucosylated, sialylated, and sialofucosylated types according to
the following rules: undecorated glycans contain less than 5 mannose, no fucose, and no sialic
acid. High mannose glycans contain at least 5 mannose, no fucose, and no sialic acid.
Fucosylated glycans contain at least 1 fucose. Sialylated glycans contain at least 1 sialic acid.
Sialofucosylated glycans contain at least 1 fucose and 1 sialic acid.

Heatmaps and dendrograms were made using the seaborn library in Python 3.8, using the

average method for clustering.

Biolayer Interferometry

Purified and concentrated proteins were prepared for biolayer interferometry similarly to as
previously described?. Anti h-IlgG-Fc biosensors were used to immobilize ACE2-Fc, and
interactions with the analytes HEK293T RBD, CHO RBD, T1, and T4 were performed using 2x
serial dilutions of analytes from 250 nM to 7.81 nM. Steady-state analysis was performed using

the response from 390 to 395 s.
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Chapter 5: Conclusions and Future Work

Chapters 2 through 4 describe applications of protein engineering for light-inducible CRISPR-
based transcription regulation and an engineering effort of SARS-CoV-2 Spike for higher
expression and antibody binding. In the context of these two works, we reflect upon their

contributions to protein engineering and consider implications for the future.

Optogenetics

Optogenetics is a relatively new field that is still growing, and the LACE system allows a novel
mechanism for gene expression regulation. Demonstrating the effectiveness of the system in
CHO cells also expands the utility of optogenetics, as CHO cells are a model system for industrial
biotechnology. The LACE system is also orthogonal to other methods such as chemical additions
to media and changes in environmental conditions, indicating that these approaches are
complementary and may be used in conjunction for complex systems. One limitation discussed
in Chapter 2 is the LACE system is sensitive to the stoichiometry of its components that are
expressed in the cell, which is controlled by regulating the ratios of plasmid transfection during a
simultaneous 4-plasmid transfection procedure. However, the need to transfect four separate
plasmids causes high variability that decreases the population of cells that express optimal
proportions of the components, or even receives all components of the LACE system. The upper
limit on efficiency of LACE activation is dictated by the transfection efficiency raised to the fourth
power. To improve upon the LACE system, we are developing a 2-plasmid expression system for

utilizing the LACE system (2pLACE), which improves the efficiency and consistency.

Our previous efforts to create a stable expression system for the four plasmid LACE system

(4pLACE) using lentiviral vectors were hampered due to leaky expression from lentiviral vectors
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in the dark state. We therefore pursued a stable plasmid strategy by including the selection
markers Hygromycin and Bleocin into each plasmid. As the plasmid ratios of CRY2 and eGFP
are now fixed to be equal, as are the ratios of the ratios of CIBN and gRNA, the transfection ratios
of each plasmid must be reoptimized. Expected results of the 2pLACE system are that the fraction
of cells that are positive for the 2pLACE system will be higher, as only two plasmids need to be
transfected. The response of cells to light are expected to be more uniform and have a tighter
distribution, since the expression of the LACE components will be more uniform. Similarly, with
more cells having optimal ratios of plasmids, the dynamic range of 2pLACE is expected to be
higher than that of 4pLACE. However, a slight penalty to the dynamic range is possible, since the

stoichiometry of the 2pLACE system is not as flexible as that of the 4pLACE system.

The light sensitive proteins, CRY2 and CIBN, are also under constant development, where
mutations, truncations, and other amino acid sequence modifications are made in pursuit of higher
stability and different kinetics. The proteins used in this system have activation and deactivation
times on the order of seconds and minutes, respectively, but faster or slower kinetics may be
desired for various applications*l. The ability to design and produce these engineered proteins
further extends the capabilities of synthetic biology. Ultimately, de novo design of proteins for

specific functions may allow complete control over cellular pathways!?.

Propagation of light

Optogenetics offers new approaches by which production can be modulated. One novel
application could be lab grown organs or cultivated meat. In this application, light would enable
regulation of differentiation with high spatiotemporal resolution by regulating the expression of
differentiation factors or related genes, and the spatial control over cellular behavior is a unique

advantage that may allow properties such as marbling in cultivated meat. To take advantage of
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the spatial control that optogenetics offers, adherent cells on a surface or scaffold may be utilized.
A limitation of the current work is that the propagation of light was evaluated assuming suspension
cells, where tissues would have different optical properties that decrease light penetrationt,
Further work on the propagation of light through biological tissues is necessary. One potential
method to overcome the limitation of light propagation through thicker tissues could be to combine
optogenetics with 3D bioprinting, through which thinner layers of cells can be printed and light-

activated in an alternating manner to activate cells in ultimately thicker tissues.

The use of optogenetics may circumvent complex media development that is often used to
regulate growth and differentiation of cells. Future work involves developing cell lines that are
equipped with gene expression systems for light-activated expression of differentiation factors,

rather than eGFP.

Another avenue of exploration is how the intensity of light and length of exposure is related to
phototoxicity, which is the limiting factor for large-scale optogenetics. One major barrier to scaling
up optogenetics is cell stress and death, which can occur with higher intensity light®. Many
parameters such as intensity, wavelength, and length of exposure to radiation influence
cytotoxicity, but it is unclear how these parameters relate to phototoxicity. A plausible but wishful
solution may be that the net energy absorbed by the media and the cell, which accounts for
additional phototoxicity when fluorescent proteins are present, is well correlated with cell death.
Perhaps a dimensionless variable may be developed to relate the two. A solution to overcoming
phototoxicity challenges include using red light optogenetics, which has lower energy and causes

less phototoxicity™.
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Spike Bioproduction

In the bioproduction of SARS-CoV-2 Spike protein, engineered full-length Spike proteins have
exhibited orders of magnitudes of higher expression than wild-type Spike, including the 2P
mutation and the more recent HexaPro Spike with additional proline substitutions®. The design
of Spike truncations has enabled further titer increases, with T1 having higher expression than

that of the engineered 2P Spike and the RBD.

T1 also exhibited higher binding to an anti-Spike polyclonal antibody than did full-length Spike.
This behavior was unexpected, as polyclonal antibodies often target multiple binding epitopes on
a protein, and therefore the full-length protein would be expected to have more binding epitopes
and have higher avidity to the antibody. We hypothesize that T1 has an additional binding epitope
that is sterically hindered when more residues are added. This may explain the decrease in avidity
once residues are added for T4 and full-length Spike. Discovering new binding epitopes would be
important for designing engineered proteins for antigen tests or protein-based vaccines, as well
as for evaluating whether mutations in Spike may result in new strains of SARS-CoV-2 that have

stronger binding to ACE2 or weaker binding to anitbodies.

Protein engineering extends beyond the manipulation of amino acids, and the consideration of
other parameters such as post-translational modifications are critical. In SARS-CoV-2 Spike
engineering efforts, many groups have focused on glycosylation, as Spike is a heavily
glycosylated protein with 22 known N-linked glycosylation sites!”). Spike glycosylation is critical
for evading recognition by the host immune response through glycan shielding®. Glycosylation
also influences the conformational dynamics of Spike, in which the RBD conformation is
modulated by glycan interactions with the protein backbone®. The conformational dynamics of

RBD affects the binding of Spike to ACE2, and it also affects the immune response, as the
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exposed RBD has higher immunogenicity™®!Y, The RBD dynamics illustrate a complex interplay
between a tradeoff in ability to bind ACE2 and evasion of the host immune system. O-linked
glycosylation has also been found on Spike, and while O-linked glycosylation is less understood
than N-linked glycosylation, O-linked glycosylation may also play a major role in Spike structure

and binding dynamics*213,

The truncation and glycoproteomics analysis of Spike demonstrates the ability to produce higher
performing proteins for expression and binding, but it is still unclear whether T1 is the optimal
truncation. Molecular dynamics simulations of additional truncations may elucidate whether other
truncations may be more stable and bind well to antibodies, but this would be a large body of work
that is currently impractical. Advances in high-throughput experimental screening, machine
learning methods, and computational power are all potential ways to overcome this hurdle. For
instance, the higher throughput of structure prediction possible by deep learning methods such

as AlphaFold2 and ESMFold may allow computational screening of truncations near T1.

Concluding Remarks

Protein engineering provides a rich toolset for investigating many biological fields of research,
and macroscopic experimental approaches dovetail with molecular dynamics and deep learning
computational approaches, leading to molecular-level understanding of macroscopic behavior.
The results from our synthetic biology and Spike engineering works address some limitations, but
also remind us that the journey to understanding protein folding, stability, and binding is far from

complete.

Deep learning algorithms such as AlphaFold2, OpenFold, ESMFold, and RoseTTAFold are major

milestones in protein structure prediction efforts and have been critical in accelerating protein
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engineering efforts. In particular, RoseTTAFoId2NA represents the next step forward with its
ability to predict protein-nucleic acid complexes. Beyond increasing the accuracy of protein
monomer and multimer structure predictions further, potential future directions include enhancing
predictions of protein complexes with other types of molecules, such as nucleic acids, small

molecules, and lipids.

However, several challenges remain to be solved. Predicting different conformational states of
proteins is one difficulty, in which vanilla AlphaFold2 tends to have predict more conformational
heterogeneity. Modifications to the multiple sequence alignment (MSA) may allow AlphaFold2 to
explore greater conformational diversity, but relies on experimental data to validate the set of
predicted structuresi®+*%l. Custom templates may also be used to guide structural prediction to
distinct conformations, though a decrease in maximum MSA may be needed for the templates to
strongly influence the predicted structure*®. Another challenge is that proteins are dynamic
structures, which is not represented in static predictions. Although the predicted local distance
difference test (pLDDT) score can give insight into the local flexibility of a protein structure, it is
different from a B-factor in that pLDDT scores do not explicitly measure structural flexibility, but
rather, predict model error®™. Decoupling of model error and protein flexibility would greatly
increase the utility to which AlphaFold2 and other deep learning algorithms can predict

conformational diversity.

Paired with advances in structural prediction algorithms, significant advances have also been
continuously occurring in computational hardware. Particularly, graphical processing units
(GPUs) have become extremely powerful for parallelization, and tensor cores are heavily utilized
for deep learning applications. The higher throughput of modern algorithms is a result that is co-
derived from software development and compatible hardware. Other non-deep learning software

such as the GROMACS molecular dynamics package, are also incorporating more GPU
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computation by enabling Compute Unified Device Architecture (CUDA) graphs. These advances
allow longer simulations that can capture large conformational changes in proteins over time or

can simulate larger systems.

Beyond the prediction of protein structuers, applications of engineered proteins for modulating
biological systems is the next step. Increasing our ability to finely tune and design proteins
would greatly facilitate efforts to make engineered systems more stable, precise, and

efficacious.
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Appendix A: Supporting Information for Transient light-activated gene

expression in Chinese hamster ovary cells
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Figure A-1. Percent positive cells and MFI plotted against gate threshold. (A) Number of cells
crossing the eGFP-positive gate with increasing gate threshold. At high gate thresholds, the
number of eGFP-positive cells are higher for the activated LACE system. At lower gate thresholds,
the number of eGFP-positive cells are higher for the nonactivated LACE system. (B) GFP MFI of
LACE cells plotted against gate thresholds. eGFP-positive cells are higher for the LACE system

in the light for all gate thresholds.
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Figure A-2. qRT-PCR primer efficiencies. Primer efficiencies for eGFP and Actin. eGFP and Actin
primer efficiencies calculated from the slopes (m) of the log(cDNA) plots are 97.2% and 113%,

respectively. Data are averaged from duplicate dilutions.

A Transient Plasmids

CMV CRY2 VP64
CMV CIBN dCas9 CIBN
U6 gRNA Scaffold
8x-gRNA Min-CMV  eGFP

B Lentiviral Plasmids
CMV CRY2 VP64
CMV CIBN dCas9 CIBN
U6 gRNA Scaffold

8x-gRNA Min-CMV  eGFP IRES BFP

Figure A-3. Transient and lentiviral expression constructs. (A) Transient plasmid expression

constructs. CRY2 and CIBN are expressed by CMV promoters, gRNA is expressed by a U6
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promoter, and GFP is expressed by a minimal CMV promoter, whose expression is activated by
VP64. (B) Lentiviral expression constructs. All constructs except the minimal CMV construct are
identical to the transient plasmids (A), except in a lentiviral backbone. The minimal CMV construct
was modified to contain an additional IRES sequence and BFP to identify light-activated cells

once the GFP is removed.
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Appendix B: Supporting information for Computational evaluation of light

propagation in cylindrical bioreactors for optogenetic mammalian cell

cultures

Calculation of mass absorption and scattering coefficients

With an absorption coefficient of 0.04 cm™ at 60 million cells suspended in 3 mL phosphate
buffered saline (PBS) at 450 nm is approximately 0.04 cm™. Given the high optical transparency
of PBS, the mass absorption coefficient a, of mammalian cells is estimated from the absorption

coefficient k and the cell number density p,:

Substituting values, we find

0.04 3cm3 m? .. m?
aa=< ) =2-10"1 —,
cm J\(6-107cells) ] \1002¢cm? cell

For scattering, we use a reduced scattering coefficient of 2 cm™ and a scattering anisotropy g of

0.98. The scattering coefficient was calculated as:

The scattering coefficient is calculated to be:

[ 2cm™? (100cm)_104 )
%“=\1-o098/\ " m /T
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Subsequently the mass scattering coefficient «, is calculated as:

Substituting:

10*m=t [ m3 o M
a5 = =10"10—
gcell\106mL cell

108 —-

mlL

Height-to-diameter ratio of a cylinder

For a cylinder with a height-to-diameter (HD) ratio of n, the surface area to volume ratio can be

expressed as:

2nr? + 4nnr?

2nnr3
where n is the HD ratio.
This can be simplified to:
1+2?
nr
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Appendix C: Supporting Information for Production of novel SARS-CoV-

2 Spike truncations in Chinese hamster ovary cells leads to high

expression and binding to antibodies

Table A-1. Protein sequences of CHO-expressed Spike truncations. Signal sequences are
highlighted in gray, and potential N-linked glycosylation sites are highlighted in green.
Percentages indicate percent coverage of full-length Spike construct, including signal sequences

and 6x His tags.

Truncation | Amino acid sequence, including secretion signal and 6x His tag

T1 (23.5%) MFVFLVLLPLVSSQNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWN
RKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDE
VRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFR
KSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPY
RVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFL

PFQQFGRDIADTTDAVRDPQTLEILDITPCSHHHHHH

T2 (25.1%) MFVFLVLLPLVSSQTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPL
SETKCTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFAS
VYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSF
VIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYL
YRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGV
GYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTE

HHHHHH

T3 (28.1%) MFVFLVLLPLVSSQTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPL

SETKCTLKSFTVEKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFAS
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VYAWNRKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSF
VIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYL
YRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGV
GYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTE

SNKKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSHHHHHH

T4 (27.5%)

MFVFLVLLPLVSSOQNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWN
RKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDE
VRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFR
KSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPY
RVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFL
PFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLYQ

DVNCTEVPVAIHADQLTPTWRVYSTGSNVHHHHHH

T5 (28.3%)

MFVFLVLLPLVSSQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSG
WTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSFTVE
KGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNC
VADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPG
QTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPF
ERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSF

ELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTEHHHHHH

T6 (35.4%)

MFVFLVLLPLVSSQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSSG
WTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSFTVE
KGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNC
VADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPG
QTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPF

ERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLSF
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ELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFLPFQQFG
RDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLYQDVNCTE

VPVAIHADQLTPTWRVYSTGSNVHHHHHH

T7 (35.5%)

MFVFLVLLPLVSSOQNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWN
RKRISNCVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDE
VRQIAPGQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFR
KSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPY
RVVVLSFELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTESNKKFL
PFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLYQ
DVNCTEVPVAIHADQLTPTWRVYSTGSNVFQTRAGCLIGAEHVNNSYECDIP
IGAGICASYQTQTNSPASVASQSIIAYTMSLGAENSVAYSNNSIAIPTNFTISV

TTEILPVSMTKTSVDCTMYICGDHHHHHH

T8 (36.8%)

MFVFLVLLPLVSSQKTQSLLIVNNATNVVIKVCEFQFCNDPFLGVYYHKNNKS
WMESEFRVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFK
IYSKHTPINLVRDLPQGFSALEPLVDLPIGINITRFQTLLALHRSYLTPGDSSS
GWTAGAAAYYVGYLQPRTFLLKYNENGTITDAVDCALDPLSETKCTLKSFTV
EKGIYQTSNFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISN
CVADYSVLYNSASFSTFKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAP
GQTGKIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKP
FERDISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGYQPYRVVVLS

FELLHAPATVCGPKKSTNLVKNKCVNFNFNGLTGTGVLTEHHHHHH

S1 (54.7%)

MFVFLVLLPLVSSQCVNLTTRTQLPPAYTNSFTRGVYYPDKVFRSSVLHSTQ
DLFLPFFSNVTWFHAIHVSGTNGTKRFDNPVLPFNDGVYFASTEKSNIIRGWI
FGTTLDSKTQSLLIVNNATNVVIKVCEFQFCNDPFLGVYYHKNNKSWMESEF

RVYSSANNCTFEYVSQPFLMDLEGKQGNFKNLREFVFKNIDGYFKIYSKHTP
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Figure A-1. Measurement of crude titers for Spike and RBD via sandwich ELISA. (A) Dilutions of
crude Spike plotted against the Spike standard curve. (B) Back-calculated concentrations of Spike
crude titers. (C) Dilutions of crude RBD plotted against the RBD standard curve. (D) Back-

calculated concentrations of RBD crude titers. Error bars represent + SD of technical triplicates.
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Figure A-2. Spike and RBD chromatograms plotted over volume flowed through the system. (A)

Chromatogram of entire Spike purification (left) and of zoomed in elution fractions (right). 150 mL

of sample was loaded and washed with PBS containing 25 mM imidazole. A continuous gradient

was applied from 25 mM-175 mM imidazole over 10 CV to elute Spike. Fractions E3 and E4 were

collected. (B) Chromatogram of entire RBD purification (left) and of zoomed in elution fractions

(right). 150 mL of sample was loaded and washed for 10 CV with PBS. A step gradient was

applied for elution with 6 CV steps at 25 mM, 50 mM, 100 mM, 150 mM, and 325 mM imidazole.

Fractions E3 and E4 were collected. Y-axis on the left is UV absorbance and Y-axis on the right

is conductivity. A 5 mL Ni-NTA column was used with a flow rate of 5 mL/min for all steps.
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Figure A-3. T1 and T4 purification chromatograms. (A) Chromatogram of entire T1 purification
(left) and of zoomed in elution fractions (right). First, 150 mL of sample was loaded and washed
with PBS containing 25 mM imidazole. Step gradients were applied at 100 mM and 325 mM
imidazole to elute T1. (B) Fractions E2 and E3 from the first purification were combined, dialyzed
and re-purified using a step gradient with steps at 40 mM, 55 mM, 70 mM, 85 mM, and 100 mM
imidazole. Fractions eluting from 40-85 mM imidazole were combined. (C) Chromatogram of
entire T4 purification (left) and of zoomed in elution fractions (right). First, 120 mL of sample was
loaded, and the resin was washed with PBS containing 25 mM imidazole. A step gradient at 70
mM and 100 mM imidazole was used to elute T4. (D) T4 from the first purification was dialyzed
and re-purified using step gradients at 40 mM, 70 mM, 100 mM, 325 mM, and 500 mM imidazole.
40 mM imidazole fractions and the first 70 mM imidazole fraction were combined and used for
further characterization. A 5 mL Ni-NTA column was used with a flow rate of 5 mL/min for all

steps.

118



Ref_T1_Seq
T1_Coverage

Ref T1 Seq
T1_Coverage

Ref_T1_Seq
T1_Coverage

Ref_T1_Seq
T1_Coverage

Ref_T1_Seq
T1_Coverage

Ref_T4_Seq

T4_Top_Coverage

Ref_T4_Seq
T4_Top_Coverage

Ref_T4_Seq
T4_Top_Coverage

Ref_T4_Seq
T4_Top_Coverage

Ref_T4_Seq
T4 _Top_Coverage

Ref_T4_Seq
T4_Top_Coverage

Ref_T4_Seq
T4_Bottom_Cover

Ref_T4_Seq
T4_Bottom_Cover

Ref_T4_Seq
T4 Bottom_Cover

Ref_T4_Seq
T4_Bottom_Cover

Ref_T4_Seq
T4_Bottom_Cover

Ref_T4_Seq
T4_Bottom_Cover

NFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFST
-FRVQPTESIVR------------------ FASVYAWNRKRISNCVADYSVLYNSASFST

EEEE T TS ok o o R R ok ok ks R ok R ok

FKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAW

FKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAW
ek ok o ok ko ok o o O 3 ok o K o o ko o o ok ok o ok ko ok ok sk ok ok kR R ok

NSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYG

NSNNLDSKVGGNYNYLYR- - -KSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYG
ok sk ko ko ok ok ok ok Rk ok o s o o o o o ko o ok o ok ook o o ok o o ook o ok ok ok ok ok ook ok ko o

FQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCYNFNFNGLTGTGVLTESN
FQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCYNFNFNGLTGTGVLTESN

s ok ok oK o o o ok K o sk oK 3 ok K e ok ok e ok R o oK R R R R R oK K ok oK s ok ok o ok ok o oK o K ok o K ok oK K ok ok s ok ok ok ok kR oK o

KKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSHHHHHH

KKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSHHHHHH
5k s ok SR R KR R KK SR KK R K SR R KO KK SR K K SK K KK SRR K

NFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFST

--RVQPTESIVR--------cmmmmcmomm FASVYAWNRKRISNCVADYSVLYNSASFST
ke s ok e ook st e s o e s e s e oo e ok o e s e s ke s o

FKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAW

FKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAW
s ok s ok s o R o o s o RS R ok o SOR R o S o SR ks o o S o o o o o ok s ks o Sk oK SRk o

NSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYG

NSNNLDSKVGGNYNYLYR- - -KSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYG
FEEHEEREFEKEF KRR B L EL LR T T T T e Ty

FQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCYNFNFNGLTGTGVLTESN
FQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCYNFNFNGLTGTGVLTESN

ek ok ok ok o 3 ok ok K ok S ok sk ok ok s ok ok ok ok 3R ok o sk ok ok sk ok sk ok sk ok ok ok ok ok o sk ok ok ok ok kR Rk

KKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQVAVLYQDYN
KKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCS - == === == === === e oo mmm oo

s ok ok ok ok o o ok K o ok K ok ok o ok ok ok R R OR R R R R R sk ok

CTEVPVATHADQLTPTWRVYSTGSNVHHHHHH

Sk ok ok

NFRVQPTESIVRFPNITNLCPFGEVFNATRFASVYAWNRKRISNCVADYSVLYNSASFST
-FRVQPTESIVR----=--=-==---mmu- FASVYAWNRKRISNCVADYSVLYNSASFST

sk sk ok Rk sk ok s o R S o ok S R ok ok Sk SR o R SR R S R R o

FKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAW
FKCYGVSPTKLNDLCFTNVYADSFVIRGDEVRQIAPGQTGKIADYNYKLPDDFTGCVIAW

ek 8 3K R K R R R KK 3 S K oK R 38 oK 8 3 o 3 R R 3R R oK R R Sk K ok K ok oK 8 3K oK 3 oK o8 3 oK ok K ok K sk ok ok ok R K R RO

NSNNLDSKVGGNYNYLYRLFRKSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYG
NSNNLDSKVGGNYNYLYR- - -KSNLKPFERDISTEIYQAGSTPCNGVEGFNCYFPLQSYG

ook ook ok ok Ok Ok kR kK R e o e oo o o o o o o R e o 3 ok ok ok ok ok ok ok R ok kR ok ok ok ok

FQPTNGVGYQPYRVVVLSFELLHAPATVCGPKKSTNLVKNKCYNFNFNGLTGTGVLTESN
FQPTNGVGYQPYRVVVLSFELLHAPATVCGPKK-------- CVYNFNFNGLTGTGVLTESN

ok ok o R o ok sk SO ok Ok O S R Kok ko ok ok ok ok ok ok ROk R R

KKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCSFGGVSVITPGTNTSNQUAVLYQDVN
KKFLPFQQFGRDIADTTDAVRDPQTLEILDITPCS - - - - == - == === = = o oo

s ok ok ok sk o ke sk o s sk Ok sk sk Ok sk ok sk ok SRR SR ok Rk Rk o

CTEVPVAIHADQLTPTWRVYSTGSNVHHHHHH
-------------------------- HHHHHH
ok ok ok Rk

119



Figure A-4. Shotgun proteomics on T1 and T4. Coverage of (A) T1, (B) T4 top band, and (C) T4
bottom band against full sequences. Tandem mass spectra were extracted by MS Convert
(ProteoWizard). Charge state deconvolution and deisotoping were not performed. All MS/MS
samples were analyzed using X! Tandem (The GPM, thegpm.org; version X! Tandem Alanine
(2017.2.1.4)). X! Tandem was set up to search the Uniprot human database and known T1 and
T4 sequences assuming the digestion enzyme trypsin. X! Tandem was searched with a fragment
ion mass tolerance of 20 PPM and a parent ion tolerance of 20 PPM. Carbamidomethyl of cysteine
and selenocysteine was specified in X! Tandem as a fixed modification. Glu->pyro-Glu of the n-
terminus, ammonia-loss of the n-terminus, gln->pyro-Glu of the n-terminus, deamidated of
asparagine and glutamine, oxidation of methionine and tryptophan and dioxidation of methionine
and tryptophan were specified in X! Tandem as variable modifications. Scaffold (version
Scaffold_4.9.0, Proteome Software Inc., Portland, OR) was used to validate MS/MS based
peptide and protein identifications. Peptide identifications were accepted if they could be
established at greater than 98.0% probability by the Scaffold Local FDR algorithm. Peptide
identifications were also required to exceed specific database search engine thresholds. Protein
identifications were accepted if they could be established at greater than 5.0% probability to
achieve an FDR less than 5.0% and contained at least 2identified peptides. Protein probabilities
were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003) Proteins that contained
similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to
satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped

into clusters.
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Figure A-5. Quantification of purified proteins. (A) SDS-PAGE and (B) quantification for purified

proteins and serial dilutions of Sf9 RBD obtained from BEI Resources. A standard curve was
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Figure A-6. Measurement of crude titers for T1 and T4 via sandwich ELISA. (A) Dilutions of crude

T1 plotted against the T1 standard curve. (B) Back-calculated concentrations of T1 crude titers.

(C) Dilutions of crude T4 plotted against the T4 standard curve. (D) Back-calculated

concentrations of T4 crude titers. Error bars represent + SD of technical triplicates.
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Figure A-7. Molecular dynamics structural stability snapshots and analysis of T3. MD snapshots
are visualized for (A) T3 with FA3 glycan and (B) T3 without FA3 glycan. (C) Backbone RMSD
profiles of full T3 and T3 RBD subdomain with FA3 glycan. (D) Backbone RMSD profiles of full
T3 and T3 RBD subdomain without FA3 glycan. Profiles of (C) and (D) include RBD with and
without the 6x His tag referenced to initial configurations for comparison. Green spheres represent
the glycosylated asparagine residue, brown sticks represent FA2 glycans, and gray sticks

represent FA3 glycans.
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Figure A-8. Raw spectral data on proteins analyzed via circular dichroism. Ag is plotted against

wavelength for (A) RBD, (B) T1, (C) T4, (D) CHO Spike, and (E) Sf9 Spike.

124



Prr———

b
&

D

H0 gk 520 1101 50 s 1190




Figure A-9. Heatmaps comparing CHO and Sf9 Spike for sites (A) 122, (B) 165, (C) 282, (D)
798, (E) 1071, (F) 1095, (G) 1170, and (H) 1191. Sites 331 and 343 are omitted here and are

shown in the main text.
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