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ABSTRACT

La-related protein 6 (LaRP6) belongs to a superfamily of evolutionarily related RNA-
binding proteins. While other LaRP families have been characterized more thoroughly,
LaRP6 is still poorly understood. The majority of the work to date has primarily studied the
RNA binding domain, the “La Module”, in isolation. However, these studies may not reflect
how the full-length protein behaves 77 vivo. Previous work in our lab using the Danio rerio
(zebrafish) LaRPG6 protein as a model system demonstrated that a domain adjacent to the La
Module, called the “N-terminal region” (NTR), may play an important role in the full-length
protein. To study the effect of this domain on the RNA binding activity, we created a new
protein construct that contained only the NTR and the La Module while omitting the C-
terminal domain, dubbed the “ACTD.” The tagged N'TR has also been generated, along with
the isolated tag to serve as a negative control for biochemical analyses. RNA binding activity
was measured using electrophoretic mobility shift assays and showed that, unexpectedly, the
ACTD exhibited more stable binding as compared to the isolated LLa Module for all the
ligands tested. Both the L.a Module and ACTD bind to the endogenous stem-loop ligand
HsCOL1A1 an order of magnitude more tightly than the homopolymers. However, while
the ACTD binds to Poly-A and Poly-U, no binding was observed to Poly-C, showing that
the NTR not only modulates RNA binding activity, but also its ligand specificity.
Additionally, the isolated NTR was found to bind independently to HsCOL1A1, albeit
weakly. Circular dichroism of the ACTD and tagged N'TR supports that the NTR is a

random coil.



I. INTRODUCTION

RNA Binding Proteins

RNA binding proteins interact with many kinds of RNA, including transfer RNA
(tRNA), ribosomal RNA (rfRNA), and messenger RNA (mRNA). The mechanisms of RNA-
protein interaction are also varied; while some RNA binding proteins (RBPs) bind to specific
RNA sequences, others recognize structure rather than a particular stretch of nucleotides.
Indeed, some RBPs bind to a variety of sequences and structures.'

With over 1,500 different RNA binding domains (RBDs) that have been analyzed to
date, RBPs use a wide variety of structural means to engage their ligand.” In eukaryotes, the
most abundant RBD is the RNA recognition motif (RRM).” Originally called the
“ribonucleoprotein domain” (RNP), the RRM is the most studied and therefore the most
understood biochemically and structurally.” This motif usually consists of a four-stranded
antiparallel beta sheet with one to three helices on the backside, the loops between which are
named by the secondary elements they connect.’

Since its discovery in the 1980s, this fold has been found to interact with RNA
ligands in a multitude of ways, demonstrating its remarkable plasticity and ability to be
adapted for seemingly innumerable RNA interaction mechanisms.’ Systematic analysis of
various RRM-nucleic acid interactions has led to the hnRNPA1’s binding mechanism often
being considered the “canonical” behavior.” It is capable of interacting with both single-
stranded DNA or RNA ligand via binding to the face of the core 3-sheet, where the bases of

the ligand stack with conserved aromatic residues on the RRM (Figure 1).*



Figure 1: A classical example of the RRM. The hnRNPA1 RRM2 (gray) is shown complexed with
single stranded DNA (yellow) as a model of single-stranded nucleic acids binding to the RRM. The
conserved aromatic residues (Phel7, Phe57, and Phe59) are shown in green sticks. Reproduced with
permission.* PDB ID: 2UP1%

For many years, this was accepted as the sole mechanism by which RRMs engaged
ligands. However, over the last ten years, a list of “variant” RRMs have been identified that
elaborate from this canonical mechanism of binding. The number of “variant” RRMs now
outnumber “canonical” RRMs, generating a new model of the RRM being a highly plastic
domain that has been adapted via evolution to interact with a variety of RNA ligands using a
variety of mechanisms. Components of the RRM:RNA interaction that can be adapted
include the location and size of the binding surface on the protein, length of the ligand, and
even the involvement of additional RNA binding domains (RBDs).* An RBP can exert
specific binding capabilities and affinities through the cooperation of multiple RBDs, even if

individual domains in isolation only binds small stretches of RNA faitly weakly.! Because this



cooperativity confers considerable advantages both genetically and physically, it is quite
common for an RNA-binding protein to contain multiple RBDs — for example, human high
density lipoprotein-binding protein (HDLBP) contains fourteen repeats of the K-homology
RNA-binding domain.”

Interestingly, while the RRM is the most common RBD across eukaryotes, most
RBPs actually lack an identifiable RNA-binding domain.' What’s more, many newly
discovered RBPs lacking canonical RBDs have not been observed to participate in RNA
biology, despite possessing binding capabilities. Many RBPs also contain low-complexity
regions that are intrinsically disordered.' This vastly broadens the scope of how we
understand this class of proteins, and how we can go about characterizing new ones.

A subclass of RBPs that bind to mRNA in particular constitute almost 45% of
classified RBPs; the ribonucleoprotein complex formed by these components are called
mRBPs.” These RBPs can control a variety of fates for the mRNA ligands, including
translation and degradation.”

The La-related proteins (LaRPs) constitute a superfamily of RN A-binding proteins
that use both an RRM and an auxiliary RBD, the La Motif, to bind a variety of RNA ligands
that are involved in the regulation of translation. For example, the genuine La protein and
LaRP7 bind to pre-tRNAs in the nucleus; in the cytosol, LaRP4 promotes mRNA stability
whereas L.aRP1 is implicated in mRNA decay via P bodies.®” Though these proteins belong
to the same superfamily of proteins, they have very different mechanisms of engaging their

RNA ligands, reflecting the diversity of RNA binding proteins on all levels.



Genuine La

The namesake of the La-related proteins (LaRPs), “genuine La,” was first discovered
in the 1970s as an autoantigen in patients with Sjégren’s syndrome (giving La the alternative
name of “SS-B”) and neonatal lupus.*’ La interacts with a wide array of RNA ligands."
Examples include nascent RNA polymerase III transcripts, pre-tRNAs, and even RNAs
encoded from viruses.'' The most supported role for La in the body is to protect nascent
RNA transcripts from 3’-endonucleases, with varying outcomes depending on the specific
transcript being chaperoned.'” Genuine La is highly abundant in the body, being present in
approximately the same amounts as a tibosomal protein."" Most of La appears to be localized
to the nucleus, though it has been observed in the cytosol in certain conditions, such as
during apoptosis."

Structurally, La is composed of a specific RNA binding domain that contains a La
motif, which is the most homologous portion of the protein amongst different species, and
an RRM (Figure 2)." In human La, 2 second RRM is found in the C-terminus that
contributes to the RNA binding activity and localization of the protein.” The function of
RRM2 in mammalian La may also account for the difference in length and sequence between

La C-termini of different species.13

La-Related Proteins (LaRPs)

Conservation of the LL.a Motif or homology across the I.a Module as a whole has led
to the classification of this superfamily of proteins."* There are four families: LaRP1, L.aRP4
(comprised of LaRP4A and LaRP4B, which used to be called LaRP5), LaRP6, and LaRP7

(Figure 2)."*!* They were numbered according to the order of discovery of the human



sequence for each family.”” A brief overview of the LaRP families will be followed by an in-

depth discussion of LaRPo6.

La Module (LaMod)

|
RCD NLS

| |
Gomy _RRV2 B B

LaRPra | DM15
LaRP1D | DM15 |

PAM2w
LakP4a i
PAM2w

oD

Figure 2: The general topology of each LaRP family. Adapted from Stavraka and Blagden, 2015
(reproduced with permission under Creative Commons Attribution License).!*

LaRP1:

Comprised of LaRP1A and L.aRP1B (the latter of which has also been called
“LaRP2”), this family of LaRPs is estimated to have over 3,000 different mRNA targets. It is
putatively involved in several forms of cancer, including cervix and liver."* LaRP1 has a
highly conserved C-terminal domain called DM15 that binds to the 5’ terminal
oligopyrimidine (TOP) motif of ribosomal protein mRNAs."” Recently, the LaRP1 La
Module was found to bind to different homopolymeric ligands, including Poly-A, Poly-U

and Poly-G."® This study also elucidated the importance of the polypyrimidine region of



TOP-motif ligands, as deletion of this RNA structural feature greatly reduced or abolished

binding altogether.16

LaRP4:

To date, LaRP4 is the most diverged LaRP from Genuine La."” Currently, its only
known endogenous ligand is single-stranded Poly-A."* Despite being closely related in
sequence, LaRP4A may be a tumor suppressor, while LaRP4B is a potential proto-
oncogene."* Unlike the other LaRP families, LaRP4 does not contain a unique domain in the
C-terminus, but instead contains a variant PAM2w motif in the N-terminus, which may
interact with Poly-A Binding Protein (PABP)." A recent study found that the N-terminal
region is the primary contact for RNA binding, despite it being disordered and lacking an
established binding domain." This discovery supports a unique conformational selection
model among LLaRPs, in which L.aRP1 interacts with the MLLE (“mademoiselle”) domain of

PABP in one conformation, and a Poly-A RNA ligand in an alternate conformation.'®

LaRP7:

Other names for this protein include PIP7S and HDCMA18." This LaRP has the
highest homology with La, and for this reason has been studied the most despite its relatively
late discovery.'"”'* Also like La, this protein contains a second RRM motif in the C-terminus,
although it is situated farther away from the La Module in the primary sequence.'” This
second RRM has independent RNA binding activity, and concerted RNA binding events
between the I.a Module and RRM2 have been suggested to contribute to binding very large

RNAs like the 7SK IncRNA."



All LaRP families except for LaRP7 appear to be directly involved in translational
processes.'* It is important to note that despite the structural and functional differences
between these families, the L.a motif and RRM work together as a single functional unit (the
La Module) to bind RNA ligands. Phylogenetic analysis of the La Modules of all known
LaRPs supports the hypothesis that these two domains have co-evolved within the context

of each LaRP family."

LaRP6 (Acheron)

La Module

N e 0 o~ T

Figure 3: A simplified schematic of LaRP6.

The La-related protein 6 (LaRP6) was discovered in the early 2000s in a study on the
skeletal muscles of the tobacco hawkmoth, Manduca sexta” Because of its putative
involvement in programmed cell death, it was first named Acheron after the river in Greek
mythology that leads to the realm of the dead.”

In multiple animal species (including humans and the tobacco hawkmoth), the
LaRP6 gene was mapped to chromosome 15.*” Human 1.aRPG6 appears to have the highest
mRNA expression in skeletal muscle, the heart, and the testes.” It contains putative nuclear
export sequence (NES) and nuclear localization sequence (NLS) regions, potentially allowing
the protein to translocate in and out of the nucleus.” However, the protein has been found
to reside most often in the cytoplasm.” It has several putative phosphotylation sites, in
which a phosphorylation cascade within the C-terminal domain of LaRP6 has been

implicated in regulatory protein:protein interactions.” Its estimated concentration when



expressed in and purified from E. co/i cells is similar to that expected of human La in human
cells, about 100 nM.”

LaRP6 lies in the middle of the LaRP homology spectrum, as it has greater sequence
identity to genuine La than to LaRP4, but is less similar to genuine La than LaRP7." LaRP6
is distinguished from other families by a proline- and arginine-rich motif in the C-terminus,
called the La- and S1-like-proteins-associated (LSA) motif."”” Though the function of the LSA
motif is still not known, it may be involved in protein:protein interactions.'” Though all
LaRPs are far less studied as a whole compared to genuine La, a lack of a clear phenotype or
close association with disease has resulted in L.aRP6 has been especially overlooked until

recent years. 12

LaRP6 Regulates Collagen Expression in Vertebrates

Extensive evidence supports a role for LaRP6 in the regulation of collagen type I and
type III synthesis in mammals. These collagens are part of the fibrillar collagen family, which
comprise the extracellular matrix that holds cells in tissues and organs as well as the majority
of scar tissue in response to injury.** This makes I.aRPG6 a putative target for
fibroproliferative disease therapy. Collagen type I is the most abundant protein in the human
body; overproduction of collagen type I results in fibrotic disorders that experts estimate is
responsible for approximately 45% of mortalities in the United States alone.””* Examples of
these diseases include from major organ cirrhosis, atherosclerosis, and fibrosis induced from
chemotherapeutic drugs.

Currently, the only known endogenous ligand for LaRPG6 is a stem-loop structure in

26

the 5’ untranslated region of type I collagen mRNA (Figure 4).” Five residues within the

bulge of the stem-loop were found to be vital for binding to LaRP6.”" In order for wildtype



levels of collagen type I to be synthesized in response to tissue injury, both this stem-loop
and LaRP6 must be present.” This LaRP6-mediated up-regulation of collagen synthesis has
also been countered with evidence that in some instances, excessive amounts of LaRP6 was
found to inhibit the synthesis of this mMRNA.” One potential mechanism by which LaRP6
may facilitate the initiation of translation is by tethering the mRNA to RNA helicase A,
which may remodel secondary structures in the untranslated regions and/or open reading
frame.” Interestingly, a very recent development in this protein’s putative disease
involvement identified a small molecule that may work to inhibit LaRP6’s negative mRNA

regulation.28
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Figure 4: 5'-UTR of human type 1 collagen mRNA is predicted to form a stem-loop.
This is the only endogenously known ligand HsLaRP6 has been obsetrved to bind.?

Novel Structure, Novel Binding?

Biochemical work demonstrated that not only does LaRP6 RNA binding activity
require the bipartite I.a Module, but the short yet flexible linker between the two domains is
also an active element in RNA binding."” Compared to genuine La, the LaRP6 RRM has
unique sequence and structural elements that deviate from the “canonical” RRM, and it was
therefore dubbed an RNA Recognition Motif-Like domain (RRM-L) (Figure 5).” In

particular, the loop between 32 and 83 (“1.3”) is significantly extended in L.aRP6 and



includes a novel helix (al’) that packs against the canonical B-sheet binding face of the

RRM."

Figure 5: NMR Structures of Human La vs. Human LaRP6 RRMs.? A: HsL.a RRM (PDB: 1579)
compared to B: HsLaRP6 RRM (PDB: 2MTG) HsLLa RRM has additional elements (green) not seen in
HsLLaRP6. However, HsLaRP6 RRM has two unique helices (orange).

Despite LaRP6’s observed physiological target being collagen mRNAs, human
LaRP6 actually has the highest homology in the La Motif with human La regarding the
residues involved in binding the ligand Poly-U.* Accordingly, LaRP6 does exhibit binding to
Poly-U, as well as Poly-A and Poly-G RNA sequences, albeit more weakly than the collagen
1A1 mRNA ligand."

The role of LaRP6 RNA binding activity in the cell remains to be fully elucidated.
The strongest argument is for localization of the target collagen type I to the ER membrane
for synthesis and translocation into the ER lumen.” However, i vitro evidence that LaRP6
can remodel double-stranded RNAs suggests LaRP6 may also exert RNA chaperone activity

that could facilitate ribosomal translocation along the mRNA.*

10



Intramolecular Modulation of Nucleic Acid Binding

As mentioned above, in each LaRP family, the RRM and LLa Motif appear to co-
evolve."” The combination of these two domains is thought to give each LaRP family unique
specificities for their RNA ligands, as well as potential dynamicity for how each LaRP
interacts with these particular ligands. Interestingly, in RNA-binding proteins, this
modularity can be enhanced or affected by the evolution of multiple binding domains within
a single polypeptide.”

There are several benefits to modularity, particularly for RNA-binding. It increases
the length of ligand that can be recognized and bound, or allows for the recognition of vastly

30

different ligands.™ Even the linker between the La motif and the RRM can play a role in

ligand recognition and potentially increased avidity for binding.'

This modularity can extend beyond the core RNA binding domain. For example,
while studying the L.aRP6-I.a Module in isolation provides a solid foundation for building an
understanding of the protein’s binding and structure, it is not reflective of the structure and
functionality of LaRP6 in its native, full-length state 7z vzvo.

Studies of other LaRP families have already demonstrated that other domains can
alter or modulate the RNA binding activity of the isolated binding domain. For example, the
La Module of p65 (a member of the LaRP7 family) binds to ligand in isolation.” However,
the C-terminal region also exhibited independent binding activity.” By comparing individual
domain activities to that of the full-length protein, it can be inferred that though the C-
terminal domain is not required for ligand binding, it does contribute to the process in some
way.”!

A similar study was conducted with LaRP1 using full-length protein, an N-terminal

construct and a C-terminal construct (Figure 6). Similar conclusions were drawn: both of the

11



truncated proteins were able to bind independently, but compared to the wild-type protein,
neither fragment exhibited full binding activity.” Additionally, it was observed that the ligand
specificity for each construct was different; while the isolated C-terminal fragment appeared
to bind both Poly-U and Poly-G ligands and with similar affinity, the N-terminal fragment

only bound Poly-G.’
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Figure 6: LaRP1 constructs used to test the binding capabilities of truncation variants.” FL: Full-length
protein. N: N-terminal construct. C: C-terminal construct. Adapted from Stavraka and Blagden, 2015
(reproduced with permission under Creative Commons Attribution License). '

In addition to the recent data on LaRP4’s disordered N-terminal region driving
binding to its ligand, this data further supports the potential functional importance of the N-

terminal region in other LaRPs.'"

Probing Domain Topology of LaRP6

In human LaRP6, it was previously thought that the minimal domain needed for
sufficient RNA binding activity is the La Module."”” Though intramolecular modulation has
been studied in other LaRP families, no such studies had been performed for LaRP6.
Recombinant fish LaRP6 proteins were used to study the domain topology of the full-length
vertebrate LaRP6. Conditions and purification parameters were optimized for three different
LaRP6 species: human (Homo sapiens, Hs), zebrafish (Danio rerio, Dr), and platyfish

(Xiphophorus maculatus, Xm).”* These fish in particular are ideal model organisms to use, as

12



one can study macromolecular structure, biochemistry and physiology all within one

system.” A comparison of LaRP6 sequence between these and other species are in Figure

7.
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X. maculatus, and D.

rerio LaRPG6 proteins.’* The known secondary structures of HsLaRP6 La Motif and RRM are

f H. sapiens,

ignment o

: Sequence ali

Figure 7

aligned to the sequences, with the underlined sequence being the linker between them. Residues in the La

motif that completely inhibit RNA binding when mutated to alanine are highlighted in green.
When the aspartate that is highlighted in pink is mutated to alanine, RNA binding affinity is

affinity when mutated to alanine. All conserved prolines are highlighted in orange. Their

conservation strongly suggests that they serve as structural elements for the vertebrate

reduced. The residues in the RRM that are highlighted in yellow increase binding
LaRP6 proteins.
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Once protein was purified, the three different domains (N-terminus, L.a Module, and C-

terminus) in each species were probed.” By subjecting each full-length protein to the enzyme

trypsin and tracking degradation over four hours, a protease resistant band in SDS-PAGE

analysis was observed in each species (Figure 8).
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Figure 8: Limited trypsinolysis of the three LaRP6 models. Timed aliquots were run on SDS-PAGE gels
and either stained with silver stain (left panels) or as a Western blot against the C-terminus of LaRP6.32 The
blot tracks the loss of the C-terminus over the course of the experiment.

The starred bands from zebrafish and platyfish were fully digested and subjected to

analysis by liquid chromatography coupled with mass spectrometry (LC-MS), which

identified that the protease-protected bands contained not only the La Module, but also the

N-terminus (Figure 9).”
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Figure 9: LC-MS fragments of protected LaRP6 bands from Figure 8. As can be observed, the fragments
aligned mostly with the N-terminus and La Module of the two fish species?2.

This was unexpected, as the Predictor of Natural Disordered Proteins (PONDR)
analysis of LaRP6 predicted that both the N-terminus and the C-terminus would be highly
disordered, and therefore they were expected to be susceptible to digestion.”” However,
despite having trypsin recognition sites, the N-terminus was protected from digestion by the
protease, suggesting that it either folds or interacts with the L.a Module.” These data have
raised questions regarding the N-terminus of LaRP6 specifically, and how it may modulate
protein function and structure.

It can be noticed that the zebrafish band in the trypsinolysis experiment appears to
be the most protease resistant. Because of this enhanced stability of the truncated and full-
length zebrafish proteins compared to human and platyfish, this organism was chosen as the
model for further structural studies in this specific project. Diving further, aligning its LaRP6
sequence with human LaRP6 reveals that the “A” paralog is more conserved than the “B”
paralog.'” Thus, DA.aRPGA will be the model organism for the next phases of this project.

A previous K.A. Lewis lab member designed and cloned a construct called the
ACTD in the zebrafish model, which is comprised of just the NTR and the La Module
(Figure 10).” The vertebrate NTR will be characterized using this construct along with the

novel NTR.
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NTR LaM I RRM | CTD

avod |

| His,,-SUMO —

Figure 10: A comparison of full-length LaRPG6 to the tagged constructs. From top to bottom: The full
length protein, Hise-ACTD (pink), Hiss-LaModule (green), Hisio-SUMO-NTR (purple), and the isolated His1o-
SUMO tag (yellow).

Hypotheses

In this project, two main hypotheses will be tested:

Hypothesis 1: The N'TR forms a stably-folded, globular domain.

We will first clone the Dr.aRP6A-NTR construct as N-terminal fusions to the Hisio-
SUMO tag. The final proteins will be purified using nickel-NTA affinity and size exclusion
chromatography (SEC). The structure of the purified proteins will be evaluated quantitatively
by circular dichroism (CD). CD data will be collected of the isolated NTR and compared to

the La Module and ACTD.

Hypothesis 2: The NTR imparts ligand discrimination to the full-length LaRP6
protein, and exerts independent RNA binding activity.

The ability of the Dr1.aRP6A-NTR to bind RNA independently of the LLa Module

will be evaluated using the previously studied RNA ligands HsCOL1A1 stem-loop, Poly-A,
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and Poly-U, as well as a new ligand, Poly-C, in electrophoretic mobility shift assays (EMSAs).
These ligands will be tested since they have not only been tested against other LaRPs, but
they are also found in nature (Poly-A in the tails of mRNAs, Poly-U in nascent pre-tRNA
transcripts, and Poly-C in i-motifs, a four-stranded secondary structure known in DNA but
recently discovered in RNA as well).” Binding assays with the isolated I.a Module and
ACTD will also be conducted against the same set of ligands to observe putative ligand

discrimination.
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II. MATERIALS & METHODS

Cloning and Expression Constructs

The coding sequences for DrL.aRP6A and Dr1.aRP6B were first commercially
synthesized as inserts into pcDNA3.1 (GenScript).”* The expression plasmids pET28-SUMO
and pET28-ULP1, used for the SUMO fusion proteins, were kindly gifted by Dr.
Christopher Lima (Rockefeller University) and Cornell University.

The primary cloning method used for this work was restriction enzyme (traditional)
cloning. Particularly, directional cloning was used by designing forward primers to have the
cleavage site for one restriction endonuclease, and the reverse primer having another
cleavage site for a different enzyme. This allows for the insert to be ligated into the correct
otientation into the vector post-digestion.

The insert of interest was first amplified from template plasmid DNA using the
designed forward and reverse primers (Table 1). PCR reagents and conditions are listed in
Table 19 (Appendix). Both the vector and insert were digested with the two required
enzymes (BazHI and Xhol for this work) for 1 hour at 37 °C. The vector was also treated
with Antarctic Phosphatase (NEB) for 1 hour to prevent recircularization. The digested
products were ligated (ratio of insert:vector was adjusted until successful ligation occurred)
using T4 QuickLigase and Ligation Buffer (NEB) for 5 minutes at room temperature, before

immediately transforming into DH5a cells.
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Table 1: Primers Used.

Primet

Protein/Construct Name Sequence (5’ 2 3’) Description

Hisi-SUMO- KAL 223 | CATGGATCCATGAGCAGCGAGCAGCCGCCG PCR fwd: Dr6AACTD and

Drl.aRP6A-ACTD, Dr6ANTR into pET28-SUMO

His;-SUMO- (BamHI)

DrlaRP6A-NTR

His;i-SUMO- KAL 135 | GCACTCGAGCTATTATTTCTTCGGTGGCTTGGTGCCG | PCR rev: Dr6AACTD and SUMO-

DrLaRP6A-ACTD, ATTAGCAC Dr6ALLaMod with double stop for

Hisy-SUMO- insertion into pET28 (Xhol)

Drl.aRP6A-LaMod

His1i-SUMO- KAL 222 | TACGGATCCGGCACCAGCGGTGGCGAGCTG PCR fwd: Dr6ALLaMod into

Drl.aRP6A-LaMod pET28-SUMO (BazHI)

His;i-SUMO- KAL 257 | GGCACTCGAGTCATTACGCGCCACTGGATTTGTCGT | PCR rev: Dr6aNTR with double

DrLaRP6A-NTR GTC stop for insertion into pET28-
SUMO (Xhol)

His;o-SUMO- KAL 170 | GATGGATCCATGGCCCAGTCCGGCGGG PCR fwd: HsNTR with double

HsLaRP6-NTR* stop for insertion into pET28-
SUMO (BanHI)

Hisi-SUMO- KAL 277 | CTCGAGTATCAGATCAACTCCTCATCCGGGGGCTTC | PCR rev: HsNTR with double stop

HsLaRP6-NTR* for insertion into pET28-SUMO
(Xbhol)

His1c-SUMO-Hs KAL 255 | CTAGCAGGATCCATGGCTCAAAGTGGTGGCGAAG PCR fwd: HstNTR clone into

LaRP6-tNTR pET28-SUMO (BanHI)

His1;-SUMO-Hs KAL 256 | CGTACTCGAGCTAAGTAGATGGTGCAGTAGAAG PCR rev: HstNTR clone into

LaRP6-tNTR pET28-SUMO (Xbhol)
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Table 1 continued.

Hisy-SUMO-GG KAL 273 | ACAGATTGGTGGATGATAGTTCGAGCTCCGTC SDM fwd, complementary:
truncate after the Ser in ULP1
cleavage site to create negative
SUMO control

Hisi--SUMO-GG KAL 274 | GACGGAGCTCGAACTATCATCCACCAATCTGT SDM rev, complementary: truncate
after the Ser in ULP1 cleavage site
to create negative SUMO control

His1i-SUMO-GG KAL 275 | TCACAGAGAACAGATTGGTGGATGATAGTTCGAGCT | SDM fwd, 5'-overhang: truncate

CC Ser in ULPI cleavage site to create
negative SUMO control

Hisy-SUMO-GG KAL 276 | AAGCTTGTCGACGGAGCTCGAACTATCATCCACCAAT | SDM rev, 5'-overhang: truncate Ser
in ULPI cleavage site to create
negative SUMO control

His1o-SUMO- KAL 271 | ATTGGTGGATCCTGGATGAGCAGCGAG SDM fwd: Insert Ttp after SUMO-

Drl.aRP6ANTR- tag cleavage site, before NTR

Trp* sequence

His-SUMO-Dr KAL 272 | TAACCACCTAGGACCTACTCGTCGCTC SDM rev: Insert Trp after SUMO-

LaRP6ANTR-Trp* tag cleavage site, before NTR

sequence

*Cloning incomplete




Site-directed mutagenesis was used as a secondary cloning method. Specially designed
primers were used to create truncation mutants by inserting two consecutive stop codons
into full-length template DNA. Both two-step and three-step PCR were conducted, though
only the three-step protocol was successful. PCR products were then treated with Dpznl

(NEB) to digest any remaining template DNA.

Table 2: Cloning Methods Used for Each Plasmid.

Restriction Cloning Site-Directed Mutagenesis
pET28-SUMO-DrLaRP6A-ACTD pET28-SUMO-GG
pET28-SUMO-DrlLaRP6A-LaMod pET28-SUMO-DrLaRP6A-NTR-Trp*

pET28-SUMO-DrLaRP6A-NTR

pET28-SUMO-HsLaRP6-NTR (Isoform 1)*

pET28-SUMO-HsLaRP6-tNTR (Isoform 2)

*Cloning incomplete

For pET28-SUMO-GG, two different SDM primer sets were designed to test the
efficacy of primer design in creating the mutation. The first set had the desired mutation
centered or “sandwiched” in the middle in both primer sequences (Figure 11, panel A). The
second primer set had the desired mutation off-center on each primer, leaving a 5-overhang

on both sequences (Figure 11, Panel B).
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Eco53kI

SDM Middle FWD ‘ ; ™ ‘Hind]I[

ACAGATTGGTGGATGATAGTTCGAGCTCCGTC

Sall

[ |
GATATTATTGAGGCTCACAGAGAACAGATTGGTGGATGATAGTTCGAGCTCCGTCGACAAGCTTG
1 ! 1 ! 1 L 1 L 1 L
T T T T T T T T }

! 1 !
T T
CTATAATAACTCCGAGTGTCTCTTGTCTAACCACCTACTATCAAGCTCGAGGCAGCTGTTCGAAC

| 100 L | , 105 L | L L 110
Aszp Ile Ile Glu Ala His Arg Glu GIn Ile Gly Gly H
SUMO

Ille Gly Gly B

Ile Ile Glu Ala His Arg Glu Gln
(in frame with Factor Xa site) 3
GTCT.AACCACCTACTATDAAGCTCGAGGCAGI

T
)| : SDM Middle REV

Sacl

Eco53kI ‘
NotI
SDM Overhang FWD sall HindIII  Eagl
|TCACAGAGAACAGATTGGTGGATGATAGTTCGAGCTCC ‘ ‘ ‘
AGCTTGCGGCCGH
L L L 1 1
¥ T ! 1

T
GATATTATTGAGGCTCACAGAGAACAGATTGGTGGATGATAGTTCGAGCTCCGTCGACA
1 N 1 |
} T T T
CTATAATAACTCCGAGTGTCTCTTGTCTAACCACCTACTATCAAGCTCGAGGCAGCTGTTCGAACGCCGBGC!

L 100 L L , 105 L L . 11iad
Azp Ile Ile Glu Ala His Arg Glu GIn Ile Gly Glv B
Asp Ile Ile Glu ala His Arg Glu GIn Ile Gly Gy H
------------- (in frame with Factor Xa site) -----------»
AACCACCTACT.ATCAAGCTCGAGGCAGCTGTTCGAAI

T
\ : SDM Overhang REV

Figure 11: SDM primer designs for pET28-SUMO-GG. A: “Middle” primer set, with
mutation placed in middle of primer sequences. B: 5>-overhang primer sequences.
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Table 3: Plasmids Used.

Protein Plasmid Antibiotics
Drl.aRPOA pET28-SUMO Kanamycin
Hise pET28 Kanamycin
His;o--SUMO pET28-SUMO Kanamycin
HsIL.aRP6 pET28-SUMO Kanamycin

Cell Transformations
All cloning was done using Escherichia coli DH50 ultracompetent cells. Miniprepped

plasmid DNA and 50 pLL of cells were mixed and allowed to incubate on ice for 20 minutes,
heat shocked for 90 seconds at 37 °C, placed back on ice for 2 minutes, then recovered with
700 uL of sterile Luria broth (LB [RPI]) at 37 °C for one hour, with shaking. Recovered cells
were then plated onto an LB-agar plate with 1x kanamycin (35 ug/mL), and incubated at 37
°C overnight (usually 18 hours). For isolating plasmid DNA, an overnight culture for each

construct was prepared using sterile LB, kanamycin and a single colony from the plate,
allowed to grow overnight, and a 3-mL pellet saved. DNA was then extracted using the
QIAprep Spin Miniprep Kit (QIAGEN), following the manufacturer’s protocol without the

optional Buffer PB wash step, and eluting with 40 pL of Buffer EB.

All protein expression was done using Fscherichia coli Rosetta™ (DE3) pLysS
competent cells (EMD Millipore). Plasmid DNA was mixed with 100 uL of cells and
incubated on ice for 20 minutes. Samples were then heat shocked at 42 °C for 45 seconds,
then placed back on ice for 2 minutes. Cells were recovered with the addition of 700 uLL of

sterile LB and incubated at 37 °C for one hour, with shaking. Samples were plated on LB-
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agar plates with 1x kanamycin and 1x chloramphenicol (34 ng/mL), and grown overnight at
37 °C.

After growing overnight, L.B-agar plates were stored at 4 °C for up to 6 weeks.

Table 4: Cell Lines.

Cell Line Antibiotic
DHb5« N/A

Escherichia coli Rosetta™ (DE3) pLysS Chloramphenicol

Agarose Electrophoresis and DNA Gel Extraction

The PCR amplification of the target fragment was verified and purified via agarose
gel. Depending on the size of the DNA of interest, either 1.2% or 0.8% agarose gels were
prepared, weight:volume, using agarose (Fisher Scientific) and 1x Tris-acetate-EDTA (TAE)
buffer. Gels were prepared at 50 mL total volume with 1 uL./mL of ethidium bromide
swirled in so as to visualize product with UV light. The 1 Kb+ Ladder (Invitrogen™) was
used as standards.

After imaging, bands of interest were excised from the gel using a sterile razor and
placed into 1.5 mL microcentrifuge tubes. To the tube containing the excised ban, 100 uL of
Binding Buffer for every 0.1 g of gel mass was added from the E.Z.N.A.® Gel Extraction
Kit (Omega Bio-Tek) and the DNA recovered following the manufacturer’s protocol,
including the optional SPW Wash Buffer step and using 40 puL of Elution Buffer. After
elution into a new 1.5 mL tube, DNA concentration was measured via absorbance at 260 nm

on the Implen NanoPhotometer® NG60.
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Protein Expression Time Trials

An overnight culture for the protein of interest was made by inoculating 5 mL of
sterile LB supplemented with 1x kanamycin and chloramphenicol with a single colony from
the LB-agar plate containing the Rosetta™ cells. The tube was incubated with shaking for
~16-18 hours at 37 °C until the stationary phase was reached. A new, 100-mL flask of LB
was then inoculated with 1 mL of the overnight culture, along with more antibiotics to
maintain 1x concentration. Cultures were then grown further at 37 °C, shaking at 225 — 250
rpm until an ODey value of 0.5 — 0.8 (e.g., mid-log phase) was achieved. Cultures were
placed briefly on ice (~5-10 minutes) with occasional shaking. A 1 mL aliquot of each
culture pre-induction was taken and pelleted at 16,873 rcf (max speed) for 1 minute to
monitor basal expression. To induce, the cultures were brought to a final concentration of 1
mM IPTG (Fisher Scientific) and placed at the desired expression temperature. Induction
was allowed to proceed overnight with shaking, and aliquots were taken every few hours to
track expression. All aliquots were pelleted at 16,873 rcf (max speed) for 1 minute and stored
at -20 °C. Aliquots were briefly thawed and resuspended in 250 pL. of 1x SDS Sample Buffer
(5% buffer: 50% glycerol, 0.25 M Tris [pH 6.8], 0.7 M B-mercaptoethanol, 1% SDS,
bromophenol blue). Samples were then denatured at 90 °C for 5 minutes, then immediately
loaded onto duplicate (37.5:1 acrylamide to bis-acrylamide, ProtoGel, National Diagnostics)
0.75 mm SDS-PAGE gels (Table 5). Electrophoresis was run in 1x Tris-Glycine buffer (50
mM Tris and 0.5 M glycine, 0.4 M SDS) at 200 V for approximately 1 hour, or until the dye
front reached the bottom of the gel. One gel was analyzed using Coomassie blue staining,

and its sister gel was subjected to anti-His western blot.
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Table 5: SDS-PAGE Gel Percentages Used.

Gel Percentage Proteins

10% Hise-DrLaRP6A-LaModule,
Hise-Drl.aRP6A-ACTD,
His;o-SUMO-DALaRP6A-ACTD,
His1;-SUMO-DrLaRP6A-NTR

13% Drl.aRP6A-NTR, His;o-SUMO-GG, Hisy-SUMO-
HsLaRP6-tNTR

15% DraRP6A-NTR

4-20% gradient (pre-cast) Dr.aRP6A-NTR
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Table 6: Sequences of Proteins in this Work.

His1 ;-SUMO-DrA.aRP6A-LaMod:
MGHHHHHHHHHHSSGHIEGRHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRF
LYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGSGTSGGELEEESWQPPDPELIQKLVAQIEYYLSDENLEHDAFLLKHVRRNKLGFVSV
KLLTSFKKVKHLTRDWRTTAYALRHSNLLELNDEGRKVRRRSTVPVFASESLPSRMLLLSELKRWPELGIALGGDSNNGSGPTQQERLMEL
LLKAFGNYGPIASVRVLKPGKDLPADLKKLSGRYSQLGTEECAIVEFEEVEAAMKAHEAVGGEGGNRGPLGLKVVLIGTKPPKK

His1 ;-SUMO-DrA.aRP6A-ACTD:
MGHHHHHHHHHHSSGHIEGRHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRF
LYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGSMSSEQPPREISAPVTITVAIQAAEEDDEPDEEPSCNTIELQTGSGSEDELGRHDKSSG
AGTSGGELEEESWQPPDPELIQKLVAQIEYYLSDENLEHDAFLLKHVRRNKLGFVSVKLLTSFKKVKHLTRDWRTTAYALRHSNLLELND
EGRKVRRRSTVPVFASESLPSRMLLLSELKRWPELGIALGGDSNNGSGPTQQERLMELLLKAFGNYGPIASVRVLKPGKDLPADLKKLSGR
YSQLGTEECAIVEFEEVEAAMKAHEAVGGEGGNRGPLGLKVVLIGTKPPKK

Hiss- DA.aRP6A-ACTD':
MGSSHHHHHHSSGLVPRGSHMMSSEQPPREISAPVITTVAIQAAEEDDEPDEEPSCNTIELQTGSGSEDELGRHDKSSGAGTSGGELEEES
WQPPDPELIQKLVAQIEYYLSDENLEHDAFLLKHVRRNKLGFVSVKLLTSFKKVKHLTRDWRTTAYALRHSNLLELNDEGRKVRRRSTVP
VFASESLPSRMLLLSELKRWPELGIALGGDSNNGSGPTQQERLMELLLKAFGNYGPIASVRVLKPGKDLPADLKKILSGRYSQLGTEECAIV
EFEEVEAAMKAHEAVGGEGGNRGPLGLKVVLIGTKPPKK

Hise-DrlLaRP6A-LaMod':
MGSSHHHHHHSSGLVPRGSHMGTSGGELEEESWQPPDPELIQKLVAQIEYYLSDENLEHDAFLLKHVRRNKLGFVSVKLLTSFKKVKHLT
RDWRTTAYALRHSNLLELNDEGRKVRRRSTVPVFASESLPSRMLLLSELKRWPELGIALGGDSNNGSGPTQQERLMELLLKAFGNYGPIAS
VRVLKPGKDLPADLKKLSGRYSQLGTEECAIVEFEEVEAAMKAHEAVGGEGGNRGPLGLKVVLIGTKPPKK

His1 ;-SUMO-DrLaRP6A-NTR:
MGHHHHHHHHHHSSGHIEGRHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRF
LYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGSMSSEQPPREISAPVTITVAIQAAEEDDEPDEEPSCNTIELQTGSGSEDELGRHDKSSG
A
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His-SUMO-HsLaRP6-tNTR (Isoform 2):
MGHHHHHHHHHHSSGHIEGRHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRF
LYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGSMAQSGGEARPGPKTAVQIRVAIQEAEDVDELEDEEEGAETRGAGDPARYLSPGWG
SASEEEPSRGHRNRSSVNSRTMLASFIVSSAPSTAPST

His -SUMO-GG:
MGHHHHHHHHHHSSGHIEGRHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRF
LYDGIRIQADQTPEDLDMEDNDIIEAHREQIGG

Hisi-SUMO-HsLaRP6-NTR (Isoform 1)*:
MGHHHHHHHHHHSSGHIEGRHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRF
LYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGSMAQSGGEARPGPKTAVQIRVAIQEAEDVDELEDEEEGAETRGAGDPARYLSPGWG
SASEEEPSRGHSGTTASGGENEREDLEQEWKPPDEELI

His;-SUMO-DrALaRP6A-NTR-Trp*:
MGHHHHHHHHHHSSGHIEGRHMASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLRF
LYDGIRIQADQTPEDLDMEDNDIIEAHREQIGGSWMSSEQPPREISAPVTITVAIQAAEEDDEPDEEPSCNTIELQTGSGSEDELGRHDKSS
GA

Bovine Serum Albumin (BSA)*:
MKWVTFISLLLLFSSAYSRGVFRRDTHKSEIAHRFKDLGEEHFKGLVLIAFSQYLQQCPFDEHVKLVNELTEFAKTCVADESHAGCEKSLH
TLEFGDELCKVASLRETYGDMADCCEKQEPERNECFLSHKDDSPDLPKLKPDPNTLCDEFKADEKKFWGKYLYEIARRHPYFYAPELLYY
ANKYNGVFQECCQAEDKGACLLPKIETMREKVLASSARQRLRCASIQKFGERALKAWSVARLSQKFPKAEFVEVTKLVIDLTKVHKECC
HGDLLECADDRADLAKYICDNQDTISSKLKECCDKPLLEKSHCIAEVEKDAIPENLPPLTADFAEDKDVCKNYQEAKDAFLGSFLYEYSR
RHPEYAVSVLLRLAKEYEATLEECCAKDDPHACYSTVFDKLKHLVDEPQNLIKQNCDQFEKLGEYGFQNALIVRYTRKVPQVSTPTLVEV
SRSLGKVGTRCCTKPESERMPCTEDYLSLILNRLCVLHEKTPVSEKVTKCCTESLVNRRPCFSALTPDETYVPKAFDEKLFTFHADICTLPDT
EKQIKKQTALVELLKHKPKATEEQLKTVMENFVAFVDKCCAADDKEACFAVEGPKLVVSTQTALA

T Expressed by previous lab members; purified proteins used for biochemical analyses
*Constructs have not been expressed yet; cloning still in progress
# Used in e205 studies®



Coomassie Blue Staining

Total protein content was observed using Coomassie Brilliant Blue staining (0.05%
(w/v) Coomassie Brilliant blue, 40% (v/v) methanol and 10% (v/v) glacial acetic acid) for at
least 20 minutes with shaking at room temperature. Excess stain was then removed from the
gel using destaining solution (40% (v/v) methanol, 10% (v/v) glacial acetic acid) for again at
least 20 minutes with shaking, along with Kimwipes to absorb excess dye molecules. The
destained gels were then imaged using the Coomassie stain setting on the ChemiDoc™

XRS+ molecular imager.

Anti-His Western Blot

This technique was used to confirm the presence of the His-tagged protein of
interest in expression samples, as well as determine expression efficiency. Proteins were
transferred from the SDS-PAGE gel to a nitrocellulose membrane using 1x Transfer Buffer
and the Bio-Rad Trans-Blot® Turbo™ transfer system using the Mixed Molecular Weights
program (1.3 A, 25 V, 7 minutes). A 1x solution of Tris-buffered saline (ITBS) was (10x: 0.2
M Tris-HCI [pH 7.4 at 4 °C], 1.5 M NaCl). After transferring, the membrane was incubated
in blocking solution (5% bovine serum albumin [BSA] in 1x TBS containing 0.05% Tween
20 [“TBS-T”)) for at least 1 hour at room temperature with shaking. The HisProbe™-HRP
Conjugate (Thermo Scientific™, lot number 15165) was then added straight to the blocking

solution to a final concentration of 1:5000, and the membrane was again incubated for at
least 1 hour. The membrane was then rinsed with 1x TBS-T and washed for 10 minutes
twice with fresh reagent each time. Two final washes of 1x TBS were done. The membrane

was then incubated with 20 mL of homemade enhanced chemiluminescence reagent (a.k.a.
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“The Juice”; 100 mM Tris-HCI [pH 8.8 at 4 °C], 1.25 mM luminol in DMSO, 2 mM 4-
Iodophenylboronic acid [IPBA] in DMSO) and 12 pL of 30% H>O,". The corner of the
membrane was briefly blotted onto paper towels to remove excess liquid, wrapped in
clingwrap, and imaged using the Chemi function from the blot settings on the ChemiDoc™

XRS+ molecular imager.

Silver staining

This staining was performed in lieu of Coomassie staining when increased sensitivity
of total protein content was required. In a glass container, 0.75 mm SDS-PAGE gels (see
Table 5 for percentages) were fixed with 50% ethanol for 15 — 30 minutes at room
temperature with light shaking. The fixing solution was aspirated and staining solution added
(7.56% NaOH, 1.5% (v/v) NH,OH, 4.7 M Ag(NOs),) in which the gels incubated for 15 —
30 minutes at room temperature with light shaking. The fixing solution was carefully
aspirated, and the gels washed three times with enough ultrapure polished H>O to submerge
the gels. After water was removed, the developing solution (2.5% citric acid, 37%
formaldehyde) was added and mixed by hand until the desired band intensity was reached.
The same volume of kill solution (45% v/v methanol, 2% v/v acetic acid) was immediately
added to cease further developing and incubated for 1 hour. Gels were imaged using the

silver stain setting on the ChemiDoc™ XRS+.

Large-Scale Protein Expression

Based on the small-volume expression trials, each protein was expressed in large

culture volume (1 L), according to Table 7.
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Table 7: Large Scale Expression Conditions.

Protein Temperature (°C) Time (Hours)
Hisio-SUMO-DA.aRP6A-T.aModule 18 8
His;-SUMO-Drl.aRP6A-ACTD 18 10
Hisi1o-SUMO-D/1.aRP6A-NTR 18 8
His;i-SUMO-HsLaRP6-tNTR (Isoform 2) 18 10
His1o--SUMO-GG 18 7

E. coli Rosetta™ (DE3) cells were used for all large-scale expressions. From a 50 mLL
overnight culture, 10 mL was used to inoculate 1 L of Miller’s LB Broth (RPI) containing 50
ug/mL kanamycin and 34 ug/mL chloramphenicol. Cells were grown to an ODey value of
0.5 — 0.8 at 37 °C with shaking before placing on ice for 5 — 10 minutes, with occasional
shaking. A 1 mL, pre-induction aliquot for basal expression was taken. The cells were
brought to a final concentration of 1 mM IPTG and expressed at the desired temperature
and time, as listed above. Two more 1 mL aliquots, one during the expression and one right
before harvesting cells, were taken to verify expression. Cells were collected by
centrifugation at 5,000 rcf at 4 °C for 10 minutes. Cell pellets were scooped into clean 50-

mlL conical vials and stored at -20 °C until use.

Cleaning and Calibration of Sephadex S75 Column

The sizing column used in this work is regularly cleaned and calibrated as part of
regular laboratory protocols to maintain cleanliness and condition of the media, as well as
ensure accurate molecular weight determination via Asg. This regularly-scheduled cleaning
occurred partway through this thesis project.

A single 500 mM NaOH wash was sandwiched between ultrapure polished water
washes, after which the column was equilibrated into running buffer consisting of 50 mM

NaH.PO,/Na,HPO, (pH 7.2) and 150 mM NaCl. Three independent mixtures of
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calibration-grade protein standards were separated on the cleaned column. The column was
then equilibrated extensively with water and finally placed into 20% ethanol for storage.
Due to the timing of this cleaning, the chromatograms presented in this thesis may
have two slightly different standard annotations. The standards below will be present on
every chromatogram at the elution volumes that were appropriate for the chromatogram
being shown (i.e., whether the specified protein preparation was performed prior to cleaning

or after cleaning).

Table 8: Calibration Standards for S75 Sephadex.

Standard Molecular Previous V. New V.
Weight (kDa) (mL) (mL)
. Blue Dextran (Vo) 2,000 46.25 47.6
. Conalbumin 75 53.75 55.36
Ovalbumin 44 59.37 60.97

o

Py Carbonic Anhydrase 29 67.16 69.24

° RNAse A 13.7 80.305 81.725

° Aprotinin 6.5 93.265 92.245

A standard curve was fit to the data to determine the relationship between elution
volume and protein molecular weight. First, the K., (representing the “available value” of the

distribution coefficient Kp) was determined for each protein:

Ve=Vo

K. =
W VeV

(eq- 1)
where V. is the elution volume of the protein of interest, Vy is the void volume as identified

by Blue Dextran, and V. is the column volume (120 mL). K, was plotted against the logio of
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the known molecular weights of each protein in Da, and a linear regression line was fitted to

the data, yielding the equation:

Previous Calibration Current Calibration
y =-0.519x + 2.6075 y = -0.4962x + 2.5122
R? = 0.9929 R*=0.9948

These equations were used to calculate the apparent molecular weight (MW,,;) of all

purified proteins in this work, as appropriate.

Protein Purification

One protease inhibitor tablet (Pierce, PIA32965) was dissolved in 50 mL of cold
Lysis/Wash Buffer 1 (buffers listed in Table 10). A 1 L cell pellet was briefly thawed on ice,
then resuspended in 30 mL of the cold buffer-tablet solution. The cell slurry was then
sonicated in a 50 mL conical in an ice-water? bath using a probe sonicator fitted with a '/4”
microtip (Fisher Scientific). The optimal sonication parameters for each protein are listed
below. Cell lysate was collected via centrifugation at 18,000 rcf at 4 °C for 15 minutes. A
sample of the cell debris pellet was taken as a control for SDS-PAGE analysis to ensure
adequate lysis.

From there, the general purification scheme is as follows; each step is described in detail
below.

1. Immobilized metal affinity chromatography (IMAC). His-tagged constructs bind to

the nickel resin.
2. Size exclusion chromatography (SEC), for buffer exchange and evaluation of

monodispersity and apparent MW.
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a. If retaining the Hisio-SUMO tag attached to protein of interest: pool,
concentrate, and store.
b. If cleaving tag, proceed to step 3.
3. Cleave Hisio--SUMO tag with Hiso-ULP1.
4. Second IMAC, in which the cleaved tag binds to nickel resin, and tag-free protein
elutes in the flowthrough.
5. Second SEC, for buffer exchange and evaluation of monodispersity and MW.
6. Pool, concentrate, and store.
For SDS-PAGE analysis, samples were processed as described above, except prepared
with 5x SDS Sample Buffer. Note: for the trial purification of the cleaved Drl.aRP6A-NTR,
bromophenol blue was left out of the sample buffer, as it was suspected the protein would

run in line with the dye front.

Table 9: Sonication Parameters.

. Amplitude | Time on and Off | Number Total
Protein (%) (sec) of Cvcles Sonication
y Time (min)

Hise- 20 20 on, 30 off 6 2
DrlLaRP6AACTD
His,-SUMO- 37 20 on, 30 off 4.5 1.5
DrA.aRP6ANTR
His1o-SUMO- 38 20 on, 30 off 75 2.5
HsLaRP6tN'TR
(Isoform 2)
His;o-SUMO-GG 35 20 on, 30 off 4.5 1.5
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Immobilized Metal Affinity Chromatography (IMAC)

For each 1 L cell pellet, approximately 4 mL of a 50% Ni*"-agarose bead slurry
(HisPur™ Ni-NTA resin, 2 mL packed [Thermo Scientific™]) were washed three times with
10 mL of ultrapure polished H>O and equilibrated with 10 mL of the above-mentioned
Lysis/Wash 1 Buffer-protease inhibitor tablet solution. The equilibrated beads were added to
the cleared cell lysate, and incubated at 4 °C for 1 hour with light shaking. The bead-lysate
mixture was then transferred to a Kimble Flex-Column glass chromatography column and
briefly allowed to settle. The flowthrough was collected, followed by a 40 mIL. wash of cold
Lysis/Wash 1 buffer without protease inhibitor. To elute weakly bound proteins, 24 mL of
Wash 2 buffer was added, and three 8 mL fractions collected. Tightly bound proteins
(including the protein of interest) were eluted using 24 mL of Elution Buffer, with six 4 mL
fractions collected. A sample of the beads was also taken for SDS-PAGE analysis to ensure
protein of interest eluted adequately.

For purifications involving tag cleavage, the protein of interest should be in the
flowthrough for the second nickel column, as the cleaved tag will stick to the nickel beads,

but the cleaved protein should not.

Size exclusion chromatography

A Sephadex size exclusion column (8§75 or S200; see Table 10) was equilibrated with
cold, filtered (0.2 pum cellulose acetate membrane; Sartorius) and degassed SEC Buffer.
Chosen fractions from the Ni** affinity column containing the protein of interest (oftentimes
all of the elution fractions) were pooled, concentrated to a minimum of ~2.5 mL using a

pre-rinsed Vivaspin™ centrifugal concentrator (Sartorius) by centrifugation at 4,000 rcf at 4

°C for 10-20 minute cycles. The concentrated protein was filtered through a 0.2 pm syringe
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filter before loading at least 2 mL. into the AKTA Pure Fast Protein Liquid Chromatography
(FPLC) system (GE Healthcare Life Sciences). Oftentimes, more than 1 injection was done
as the concentration step had to be halted before reaching the 2.5 mL target volume, ecither
because of aggregation or solution viscosity due to high protein concentrations. The column
flow rate was set to 1 mL/min, with a total elution of 180 mL, in 2 mL fractions. Fractions
of interest were chosen based the A absorbance peaks in the chromatogram. Samples from
the chosen fractions were analyzed via SDS-PAGE analysis and Coomassie staining to
identify presence and purity of the protein of interest. Desired fractions were pooled,
concentrated as before until desired volume/concentration was reached, and aliquoted into
40 or 50 pL aliquots. For the pilot purification for each protein, four different storage
conditions were tested: (1) No glycerol + snap-freezing in Nag, stored at -70 °C, (2) 2%
glycerol + snap-freezing in Ny, stored at -70 °C, (3) No glycerol + no snap-freezing, stored
at 4 °C, (4) 2% glycerol + no snap-freezing, stored at 4 °C. Once identified, the best storage

condition was used for future purifications of each respective protein.
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Table 10: List of Sizing Columns Used and Purification Buffers.

Protein Sizing Column Lysis/Wash 1 Wash 2 Buffer Elution Buffer SEC Buffer
Used Buffer
Hise-DrlLaRPGA- S200 50 mM sodium 50 mM sodium 50 mM sodium 50 mM sodium
ACTD phosphate, pH 8.0; phosphate, pH 8.0; | phosphate, pH 8.0; phosphate, pH 8.0;
200 mM NaCl; 300 200 mM NaCl; 300 200 mM NaCl; 300 200 mM NaCl
mM Nal; 500 mM mM Nal; 500 mM mM Nal; 500 mM
glucose; 10 mM glucose; 30 mM glucose; 300 mM
imidazole; 2 mM imidazole; 2 mM imidazole; 2 mM
His1o-SUMO- S75 50 mM sodium 50 mM sodium 50 mM sodium 50 mM sodium
DrlLarP6A-NTR phosphate, pH 8.0; phosphate, pH 8.0; | phosphate, pH 8.0; phosphate, pH 8.0;
200 mM NaCl; 10 200 mM NaCl; 30 200 mM NaCl; 300 200 mM NaCl; 1
mM imidazole; 1 mM | mM imidazole; 1 mM imidazole; 1 mM TCEP
TCEP mM TCEP mM TCEP
His10-SUMO-GG, S75 50 mM sodium 50 mM sodium 50 mM sodium 50 mM sodium

HiSm—SUMO—
HsLaRP6-tNTR
(Isoform 2)

phosphate, pH 8.0;
200 mM NaCl; 10
mM imidazole; 2 mM
BME

phosphate, pH 8.0;
200 mM NaCl; 30
mM imidazole; 2
mM BME

phosphate, pH 8.0;
200 mM NaCl; 300
mM imidazole; 2
mM SME

phosphate, pH 8.0;
200 mM NaCl; 1
mM TCEP




ULPI Cleavage of SUMO tag

For biochemical analyses, the Hisi;-SUMO tag was left on the Drl.aRP6A-NTR
protein construct. However, several attempts were made to produce a tag-free protein. After
the initial SEC purification, fractions of interest as determined by SDS-PAGE analysis and
Coomassie staining were pooled and incubated with 1:100 ULPI: His1,-SUMO-Drl.aRP6A-
NTR for 2 hours at 16 °C. A second IMAC column and a second sizing column were then
carried out with the digested protein, as mentioned in the general purification scheme.

Elution fractions for each column were analyzed as described above.

Electrophoretic Mobility shift Assays (EMSAs)

Electrophoretic mobility shift assays (EMSAs) were used to test the RNA binding
activity of the purified proteins. At the beginning of this project, the established
methodology in the group was to use biotinylated single-stranded RNA as the ligand,
detecting RNA using a commercial chemiluminescence detection kits. However, as described
below, the bulk of this work used an improved detection method that relied on 5-end

labeled 6-FAM (Fluorescein)-labeled ligands.
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Table 11: RNA Sequences.

Ligand Sequence

3’ Biotinylated | 5- AAAAAAAAAAAAAAAAAAAAA - Biotin - 3’

Az() (POIYA)

3’ Biotinylated | 5" - CCACAAAGAGUCUACAUGUCUAGGGUCUAGACAUGUUCAGCUUUGUGG - Biotin - 3
HsCOL1A1

stemloop

FAM-A» 5- 6-FAM-AAAAAAAAAAAAAAAAAAAAA -3

(PolyA)

FAM-Uy 5- 6-FAM-UUUUUUUUUUUUUyuyuuuyu - 3

(PolyU)

FAM-UCy 5- 6-FAM-UCCCCCCccccceccecececeeece -3

(PolyC)

FAM- 5- 6-FAM-CCACAAAGAGUCUACAUGUCUAGGGUCUAGACAUGUUCAGCUUUGUGG - 3
HsCOL1A1

stemloop




RNA Preparation

Biotinylated RNA ligands (Dharmacon) were prepared by previous lab members
using Pierce™ 3’ End Biotinylation Kit, and diluted to 2.5 uM prior to aliquoting.”

The fluorescently tagged RNAs were commercially synthesized (IDT) and received
as lyophilized pellets. Pellets were resuspended into sterile-filtered 0.5 M Tris-EDTA (TE),

pH 7.25 to IDT’s recommended stock concentration of 100 uM.

Biotinylated RNA
A 10x Binding Buffer stock (100 mM Tris-HCL, pH 7.4 at 4° C; 200 mM KCI; 10
mM MgCly; 1000 mM NaCl) was prepared and stored at -20° C. As needed, this stock was
diluted to 1x with 15% glycerol and 1 mM B-mercaptoethanol, in nuclease-free water (IDT).
Protein aliquots were thawed on ice. Serial protein dilutions were prepared in 1.5
mlL, autoclave-sterile microcentrifuge tubes (USA Scientific). The protein concentrations
were calculated to be 2X the final concentration to be incubated with the RNA.

Biotinylated RNA was thawed, aliquoted as necessary, and heated at 80° C for 2
minutes, followed by at least 10 minutes in an ice bath. RNA was diluted to 2x the final

concentration for the binding reaction with the protein, along with a final concentration of

0.028 U/pL of Ribolock RNase Inhibitor (Thermo Scientific™, EO0381).

The binding reactions were prepared by mixing a 1:1 mixture of the 2x protein and
2x RNA solutions in 1.5 mL, autoclave-sterile microcentrifuge tubes (USA Scientific).
Reactions were incubated on ice for 1 hour to reach equilibrium, after which 20 uL of each

reaction was loaded onto 1.5 mm, 6.5% polyacrylamide (29:1, acrylamide:bisacrylamide;

Accugel) Tris-borate-EDTA (TBE) native gels with 5% glycerol." Electrophoresis was run
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in cold 1x TBE without glycerol at 200 V for 20 minutes with -70° C icepacks to absorb
excess heat. A 50% solution of sucrose and bromophenol blue was used to track
electrophoresis.

The separated binding products were transferred to a Hybond N+ membrane (GE
Biosciences) using the Bio Rad Trans-Blot Turbo (25 V, 1.0 A, 30 minutes) in 1x TBE
without glycerol, then crosslinked with ultraviolet light for 45 seconds at 120 m]/cm? The
membrane was either allowed to dry overnight in the dark, or immediately detected using the
LightShift™ RNA EMSA Chemiluminescence Nucleic Acid Detection Module (Thermo
Scientific). Two membranes were rehydrated in the same container with 16 mL of Nucleic
Acid Detection Blocking Buffer for 15 minutes with gentle shaking, and then processed
following the manufacturer’s recommended protocol. After the final incubation, the corner
of each membrane was blotted on a paper towel until the membrane was dry. The
membrane was then faced RNA face side up on a clean sheet of plastic wrap and covered
with 5 mL of a 1:1 mixture of Luminol/Enhancer solution and Stable Peroxide solution for
5 minutes without shaking. The membrane was briefly blotted on a paper towel and placed
wet, RNA face side down, onto a clean sheet of plastic wrap. The membranes were imaged
soon after, using the chemiluminescence protocol for the Bio Rad ChemiDoc™ XRS+

molecular imager.

5" 6-EAM (Fluorescein) Labeled RIN.A
These fluorescent EMSAs (fEMSAs) allowed for reduction in cost, time, and a large
increase in both efficiency and quantification capabilities. Generally, the same procedure was

followed as for the biotinylated RNA, with the following modifications:
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1) When thawing protein aliquots and measuring Az to calculate protein
concentration, it was noted that the Hise-tagged constructs seemed to be more
prone to aggregation than the Hisio-SUMO tagged proteins, causing large
variations in absorbance readings. Therefore, these samples were first centrifuged
at 10,000 rpm for 20 minutes, the top 90% of supernatant was transferred into a
new 0.5 mL tube, and then readings were taken.

2) After testing assays with RNase inhibitor and without, no observable difference
was noted, so for the reported fEMSAs, this reagent was omitted.

3) Detection of RNA ligand. After electrophoresis finished, the gel itself was
imaged directly using the Pharos FX™ Plus molecular imager, using the Quantity
One software. The imaging platform was cleaned thoroughly before placing gel
on, and the gel was handled as minimally as possible. The settings chosen based
on optimal intensity and clarity of bands are as follows:

Fluorophote = FITC > Low. (The excitation and emission wavelengths
[495 nm and 520 nm, respectively] are the same for FAM.)
Resolution: 50 um.

Imaging area was narrowed in on gel bands as much as possible.

EMSA Quantification and Determination of the Kp,.pp

Quantification was done using Pharos FX™ Plus molecular imager, using the
Quantity One software. Volume tool boxes outlined the boundaries of unbound (free) RNA
and bound RNA. Quantification of the pixels found within each boundary for unbound and

bound species was given as numerical values and exported as a text file.
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Data was first processed in Excel for internal background correction, in which the
lowest pixel count in boxes U1 — U12 was subtracted for the free RNA bands, and the
lowest pixel count among boxes U13 — U24 subtracted for any bound species. Fraction
saturated was then calculated (completely unbound = 0; completely bound = 1) for each lane
by dividing fraction bound by the total signal for that lane. Then, fraction saturated versus
protein concentration (pM) was plotted as XY pairs in SigmaPlot, with the x-axis was plotted
in log scale.

The plot was fit to a simplified form of the binding isotherm:

[PL] _ [Plr )
Lt S ([P]T+KD,app +0 (Cq 2)

which assumes a two-state binding system. This means that is the total ligand (L)
and total protein ([P]r) are known, the apparent Kp (Kp gpp) can be determined. The other
variables represent saturation (S) and background offset (0).* The error reported for the
binding data is the standard error of the mean (SEM), which is found by first calculating the
standard deviation of each Kp 44, value and then dividing by the square root of the number
of replicates for that binding experiment. All reported Kp 44y values are derived from at least

three independent replicates.

Circular Dichroism (CD)

CD spectroscopy allowed for analysis of protein secondary structure, particulatly
giving insight to regions of more ordered structures (a-helix or B-sheet, for example) and
those which are more disordered (random coil).

The day prior to conducting CD, a Hellma Analytics High Precision quartz cell with

a 1-mm pathlength was cleaned with alternative washes of 1 M NaOH and 1 M HCI, with
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MQ HxO, 70% and 100% ethanol rinses between each (allowing the cuvette to dry via
vacuum post-ethanol) for a total of 2 base and 2 acid washes. Lens paper and some ethanol
were used to clean any residue off the outside of the cuvette, and for general handling. The
cuvette was stored in lens paper in a clean 50 mL conical vial until use the following day.

Protein samples were thawed, spun to pellet aggregates if indicated, and
concentrations taken using the Implen NanoPhotometer® N60. An adequate volume of
protein was thawed on ice per volume and concentration calculations.

Any calculations that needed to be done for standardizing buffer conditions between
different protein samples (for example, varying salt concentrations, varying reducing agents,
and so forth) were conducted (see tables below). Dilutions were made independently, a few
minutes before CD was to be conducted. Dilutions were allowed to sit on the bench for a
few minutes to get to room temperature to avoid bubbles forming in the cuvette in the 16°
C sample chamber.

The cuvette was filled with 298 pL of a buffer blank and placed into the sample
chamber of a JASCO J-710 spectropolarimeter. Compressed N, gas (Airgas) was used to
purge the sample chamber for 15 minutes at ~22,000 PSI. The spectropolarimeter was then
turned on, and after warming up, a Geoglobal Partners FP155 water pump was also engaged.
The JASCO PFD-4258S Peltier was also turned on. The JASCO Spectra Manager software on
the attached desktop was opened and the following parameters set:

e 300 —195 nm (or 198 nm if voltage was too high at 195)
e 20 nm/min
e Accumulation: 10

e DPeltier selected; set to 16 °C

e Data collected: HT and CD
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After allowed to equilibrate to temperature for at least 10 minutes, the N2 PSI was
reduced to ~15,000 and a blank spectrum was created in the absorption range of 195 — 300
or 198 — 300 nm (Table 12). It was necessary to increase the minimum wavelength for some
samples to prevent the HT voltage from exceeding 800 V. After 10 runs of the sample were
completed, the system was shut down in reverse order in which it was turned on: spectra
manager, Peltier, water pump, and spectropolarimeter. The chamber was purged for another
15 minutes as the lamp cooled down, then the N, was turned off and the cuvette removed.

Only ultrapure polished H>O and 100% ethanol were used to clean the cuvette
between samples. The cuvette was completely dried via vacuum filtration while fresh protein
dilution was being made.

The next sample was run the same way as the buffer blank, while selecting the
“Baseline Subtract” option in the spectra manager to select and subtract the buffer blank
that was previously conducted. All protein dilutions were at a final concentration of 0.17
mg/mlL.

All CD spectra measurements were converted to mean residue ellipticity (MRE) by

using the following formula:

[0lmrE = C?Cl‘_iw deg cm? dmol 1 res™! (eq. 3)

where CD is circular dichroism (degtees), MW is molecular weight (g/dmol), 1 is pathlength
(cm), n is number of residues, and c is concentration (g/mL). MRE was then plotted versus
wavelength.

Difference spectra that represents the isolated Dr1.aRP6A-NTR were plotted by
subtracting Hise-La Module from His;-ACTD and separately, Hisio--SUMO-GG from Hisio-

SUMO-Dr.aRP6A-NTR.
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Table 12: CD Preparation for Hisc-DrLaRP6A-LaModule and

Hiss-Dr LaRP6A-ACTD.
. SEC Purification Spectrum
Protein Buffer Buffer Blank Range (nm)
Hise-DrlLaRP6A-LaModule 50 mM sodium 50 mM sodium 195 - 300
phosphate, pH 8.0; 150 phosphate, pH
mM NaCl* 8.0; 200 mM
Hise-DA.aRP6A-ACTD 50 mM sodium NaCl; 1 mM
phosphate, pH 8.0;200 | TCEP
mM NaCl; 1 mM TCEP
His1o-SUMO-GG 50 mM sodium 50 mM sodium 198 — 300
phosphate, pH 8.0; 200 phosphate, pH
Hisy SUMO-Dr aRPGA- mM NaCl; 1 mM TCEP | 8.0; 200 mM
NTR NaCl; 1 mM
TCEP

*Normalized for difference in [NaCl] and [TCEP] for each trial

Analytical Ultracentrifugation

Protein and the SEC purification buffer (50 mM sodium phosphate, pH 8.0, 200
mM NaCl, ImM TCEP) were shipped to Dr. Chad Brautigam at UT-Southwestern
Macromolecular Biophysical Resource. The buffer was used for the reference cells, and for
preparing protein dilutions. The protein was thawed on ice for approximately one hour.
Dilutions with target concentrations of 0.8, 0.25, and 0.08 OD were prepared and incubated
overnight at 4 °C. After this incubation, the samples were centrifuged at 14,800 rcf for 10
min. Sample volumes of 400 pLL were pipetted into the sample cells Microfine Green
manufactured centerpieces. The same volume of the reference buffer was dispensed into the
reference sectors. The cells were placed in an An50-T1 rotor and incubated in the centrifuge
under vacuum at 20 °C for 2.5 hours. After incubating, the samples were centrifuged at
50,000 rpm. Absorbance data at 280 nm were collected and analyzed using the ¢(s)
methodology in SEDFIT. Figures were created in GUSSI, and extinction coefficients were

calculated using ProtParam.*
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UV-Vis Absorbance Methods Azs vs. Azxs for DrLaRP6A-NTR Concentration

To verify this method of calculating protein concentration could be replicated prior
to using it for DrL.aRP6A-NTR concentration, a protein that was included in one study,
Bovine Serum Albumin, was used.” Two separate dilutions were made, one in MQ H,O and
the other in a standard SEC purification buffer (50 mM sodium phosphate, pH 8.0; 200 mM
NaCl; 1 mM TCEP) to see whether the buffer components absorbed highly at 205 nm.

First, a Dr1.aRPG6A protein that could absorb at 280 nm, Hise-D/6AACTD, was used.
Concentrations were taken both within and outside of the mentioned absorbance range,
again using both ultrapure polished water and the same SEC buffer to make various

dilutions.

Table 13: Protein Extinction Coefficients for exs Experiments.

42 43
€280 €205

Protein
M'cm?! M!lcm!

BSA 47,790 2,301,960

Hise-DrlLaRPOA-ACTD 23,950 1,113,680

Table 14: Dilutions Prepared for exs; Experiments.

Protein Solvent Dilution Factor

BSA SEC buffer 3%

SEC buffer >25x%

Ultrapure H,O 3%

Ultrapure HO >25x%
Hise-DA.aRP6A-ACTD SEC buffer 3%

SEC buffer >25%

Ultrapure H,O 3%

Ultrapure HO >25x%
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III. RECOMBINANT EXPRESSION & STRUCTURAL ANALYSIS

OF LaRP6 N-TERMINAL REGION

Cloning of pET28-SUMO-DrLaRP6A-ACTD

Previous cloning in the lab of the DAl.aRP6A-ACTD resulted in an insertion of two
thymines between the protein sequence and the SUMO tag (Fig 12). To correct this
mutation, site-directed mutagenesis (SDM) was attempted to remove these two bases and
bring the protein sequence into the correct reading frame.

However, after several attempts of unsuccessful mutagenesis, new primers were
designed to create the ACTD construct from the full-length sequence via restriction cloning.
The primers were designed to insert two stop codons to create nonsense mutations (a
“double-stop”) after residue 290 to ensure truncation of the sequence. The insert was
amplified via PCR as described in Table 19 (Appendix) with an expected size of 894 base
pairs. The insert was run on a gel to confirm this size, and was gel purified as described in
the methods (Fig 13A).

The gel-purified insert and the pET28-SUMO vector were then both digested with
restriction endonucleases BazHI and Xhol, creating products with expected sizes of 870
base pairs and 5,608 base pairs, respectively. The vector was also treated with Antarctic
Phosphatase (NEB) to prevent recircularization before ligation. Both digests were gel
purified as above (Fig 13B). The remaining vector digest was stored at -20 °C and used for

future cloning work.
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ATGAGCAGCGAGCAGCCGCCGCGGGAGATCAGCGCTCCGGTCACT
GATAACGATATTATTGAGGCTCACAGAGAACAGATTGGTGGATCCTGAGCAGCGAG CAGCCGCCGCGGGAGATCAGCGCTCCGGTCACT
Figure 12: Thymine insertions between the SUMO tag and DrA.aRP6A-ACTD insert. This causes a frameshift. SDM was attempted to remove the two
bases and revert the sequence back to the correct reading frame.



The digest fragments were ligated and immediately transformed into DH5« cells. A
negative control transformation with the digested vector but no insert was also plated to
ensure proper digestion of the vector. Of the colonies that grew from the ligation reaction,
seven were screened via colony PCR (Fig 13C). Samples 3, 4 and 5 were then sent for Sanger

sequencing, from which all three sequences were verified.
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Figure 13: Cloning of pET28-SUMO-DrA.aRP6A-ACTD. A: Insert amplification of DrL.aRP6A-ACTD. B: Double digest of pET28-SUMO vector and
Drl.aRP6A-ACTD insert with BazHI and Xhol. C: Colony PCR of Drl.aRP6A-ACTD insert. Colonies 3, 4 and 5 were sent for Sanger sequencing.



Cloning of pET28-SUMO-DrLaRP6A-N-Terminal-Region (NTR)

The first attempts at cloning the isolated Dl.aRP6A-NTR employed site-directed
mutagenesis to create a “double-stop” in the full-length D1.aRP6A sequence after residue
60. However, this approach was not successful despite multiple attempts with several
adjustments of annealing and extension parameters.

Therefore, new primers were designed for restriction cloning. However, after cloning
into pET28-SUMO, transforming into DH5a cells, and collecting a cell pellet with the
expressed protein, the molecular weight observed via SDS-PAGE analysis was

approximately 40 kDa instead of the expected 20.4 kDa (Fig 14).
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Figure 14: SDS-PAGE analysis of
first His1o-SUMO-Dr.aRP6A-

NTR expression. Arrow indicates
product of interest.

Recombinant LaRP6 generally migrates higher in SDS-PAGE, as both the full-length
protein and its truncations are acidic in nature and thus run more slowly in SDS-PAGE,
resulting in a higher apparent molecular weight.”* However, close evaluation # silico
identified that the reverse primer originally designed for this cloning did not contain a stop

codon at the C-terminal end of the amplified product. This was problematic because as our
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template DNA (full-length Dr1.aRP6A) contains a C-terminal His-tag, this resulted in the
NTR construct being double His-tagged, one on either terminus of the protein. Therefore, a
new reverse primer had to be designed. The correctly sized insert was amplified at the
expected 202 base pairs (Fig 15A). The insert was then gel-purified, double digested with
BamHI and Xhol, running at the expected size of 177 base pairs (Fig 15B). The digest was
gel-purified and ligated into the digested pET28-SUMO vector, then transformed into
DHb5ua cells. The two colonies that grew were screened via colony PCR (Fig 15C), and the

correct sequence and frame of the new insert was verified via Sanger sequencing (GeneWiz).
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Figure 15: Cloning of pET28-SUMO-DA.aRP6A-NTR. A: Insert amplification of Drl.aRP6A-
NTR (expected size: 202 base pairs). B: Double digest of DrI.aRP6A-NTR insert with BamHI and
Xhol (expected size: 177 base pairs). C: Colony PCR of DrI.aRP6A-NTR insert. Both colonies were
sent for Sanger sequencing.

Cloning of pET28-SUMO-GG: Negative Control for Tagged Dr6A-NTR

ULP1 is a cysteine protease that is used to cleave the His;o--SUMO tag of fusion
proteins. ULP1 recognizes the SUMO tertiary structure, and catalyzes the hydrolysis of the
peptide backbone within a Gly-Gly-Ser cleavage site, between the second glycine and the

serine. All the cleaved proteins are thus left with a single serine residue on the N-terminus.
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To create a true negative control protein, site-directed mutagenesis was used to insert a
double-stop after Gly-Gly on the full-length pET28-SUMO template, hence the name
“His1--SUMO-GG”.

Just as with the Hisio-SUMO-NTR construct, all attempts at site-directed
mutagenesis to make Hisi ;-SUMO-GG were unsuccessful. We hypothesized that the
problem may have been due to the design of the primers, which were 32 nt long and 100%
complementary. To test this hypothesis, two alternative sets of primers were created. The
first set was designed in a similar fashion as the previous SDM primers, with the desired
mutation centered within each primer sequence (this set was dubbed the “Middle” primer
set). The second set was designed to be of similar length, GC content, and Ty, but to only
share 25 nt of complementarity; the remainder of each primer were 5’-overhangs, in which
the mutation of interest was offset towards the 3’-end of each primer (this set was called the
“Overhang” set).

The template used was the vector used in the cloning for the previous constructs,
full-length pET28-SUMO. After PCR amplification, and digestion with Dpzl (NEB) to
digest the parental DNA, the PCR products were immediately transformed into DH5a cells.
While the reaction using the “Middle” primer set did not produce any colonies, the
“Overhang” PCR reaction yielded eight colonies. Plasmid was extracted from all colonies
and analyzed by Sanger sequencing; all eight colonies had the mutation of interest. Perhaps
the double-stranded DNA-binding domain of Phusion® polymerase prevents efficient

melting of 100% complementary primers.
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Expression of Protein Constructs

Sequence-verified constructs were expressed in Rosetta™ (DE3) cells, as described
in Chapter 2: Materials and Methods. Initial trial expressions were conducted to find the
optimal growth temperature and time for each protein construct. All proteins were expressed
at 18 °C to start, as many recombinant proteins (full-length LaRP6 included) have improved
solubility at colder temperatures. The optimal length of expression was chosen based off the
timed aliquot that produced the strongest band at the expected molecular weight in an SDS-
PAGE gel, with the least amount of degradation products. These final times and
temperatures are listed in Table 7 in the methods section.

All expected and observed molecular weights via SDS-PAGE analysis are listed in
Table 15, along with the calculated apparent molecular weight (MW,,;) from size exclusion
chromatography.

Expression efficiency was determined by running two sister gels of the timed
aliquots. The first was stained with Coomassie stain to show all proteins present (including
bacterial), and the second was used in an anti-His Western Blot to detect expression of the

His-tagged protein of interest specifically (Fig 16). All constructs successfully expressed.
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Figure 16: Trial expressions stained with Coomassie stain and verified by anti-

His probe. Coomassie: left images. Anti-His

blot: right images. The labeled hours

were determined to be the optimal expression length for each construct. A: Hisio-
SUMO-DrA.aRP6A-ACTD. B: His1o-SUMO-DrLaRP6A-NTR. C: His1o-SUMO-GG.
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Protein expression cultures for preparative purifications were carried outin 1 L

culture volumes (a.k.a. “large-scale expression”), during which three aliquots were taken. The

prepared samples were run on SDS-PAGE and stained with Coomassie stain to verify

protein expression prior to purification.

Table 15: A Comparison of Protein Molecular Weights.

Approximate MW ., (Calculated
Expected Observed from Size
Protein Molecular Weight | Molecular Weight Exclusion
(ProtParam) (kDa) via SDS-PAGE Chromatography)
(kDa) (kDa)
Hisg-DrA.aRPG6A- 34.028 50 77.328
ACTD
His1i-SUMO- 20.383 34 47.100
Drl.aRP6A-NTR
His1i-SUMO-GG 14.072 22 19.009
His1oi-SUMO- 23913 34 45.715
HisTLaRP6-tNTR

Hiss-Dr LaRP6AACTD is Sensitive to Red-Ox Conditions

Cloning and expression of this construct was originated by a previous lab member™.
To make a 1-L cell pellet for purification, sequence-verified DNA was transformed into
Rosetta cells, followed by a large-scale expression. The 1-L cell pellet was sonicated and
purified via Ni-NTA IMAC.

When purified under non-reducing conditions, the SEC chromatogram reveals two
distinct species, one eluting at 71.5 mL and the second at 80.1 mL. (H.K. & L.G., Fig. 17A).
It was suspected that a dimer was being formed, while the second peak corresponding to
lower molecular weight was monomer. To confirm this, the first peak was re-injected to see
if it re-distributed into the dimer and monomer (Fig 17A, gray trace). As predicted, the first

peak correlated to dimerized ACTD, and the second monomer.
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This preparation was analyzed by analytical ultracentrifugation (Dr. Chad Brautigam,
UT-Southwestern Macromolecular Biophysical Resource) (Fig 17B). Two peaks were
observed, one with a calculated molecular weight of ~77 kDa and the other ~157 kDa —
implying the presence of both monomer and dimer. Together, the SEC and AUC data
indicated that DA.aPR6A-ACTD was forming a covalent dimer. Analysis of the N-terminal
region sequence revealed a single cysteine (Table 0), suggesting that a covalent dimer may be

formed by a disulfide bond via the NTR.

59



09

>
=

h=l
o

— 31.7 UM LARP-ACTD
@00 o . 4- — 11.0 yM LARP-ACTD
—— 3.4 UM LARP-ACTD

[0}
o

[= ~1
[} o
p——

£ ul
o o

=
normalized c(s)

Absorbance (280 nm; mAU)

[38]
[=}

—_—
1

—_
o

J ML

o

0 20 40 60 80 100 120 140 160 180 0 2 4 6 8

Elution Volume (L. : : .
tion Volume (ml) sedimentation coefficient (S)
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To test this hypothesis, a second purification of ACTD was performed under
reducing conditions (2 mM B-mercaptoethanol [fME] in all buffers). The IMAC fractions
E1 and E2 were pooled as they contained the expected protein size as assessed by SDS-
PAGE gel analysis (Fig 18A). These pooled fractions were then subjected to size exclusion
chromatography. One peak was observed at an elution volume of 80 mL with a calculated
apparent molecular weight (MW.,,) of ~77 kDa (Fig 18B). Fractions of interest were chosen
from the chromatogram to analyze via SDS-PAGE (Fig 18C). Fractions 27, 28, 29 and 30
were collected, pooled, concentrated to 35 pM (~3.5 mg protein). The concentrated protein
was partitioned into 50 pL aliquots and stored at -70 °C.

In the presence of 2 mM BME in all purification buffers (IMAC and size exclusion),
only one peak was observed at 80.1 mL. This elution volume is almost exactly the same elution
volume as the supposed “monomer” species in the non-reducing preparation, supporting the
intermolecular disulfide bond hypothesis. To confirm monodispersity and more accurately
measure molecular weight, this reduced ACTD preparation was also analyzed by AUC. Only
one peak was observed, and its intensity increased with protein concentration. This confirmed

that the reduced ACTD preparation was a solution of solely monomeric protein (Fig 18D).
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Figure 18: SDS-PAGE analysis and chromatogram from Hise-DrA.aRP6A-ACTD purification under reducing conditions. A: SDS-PAGE analysis
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Purification of DrLaRP6A-NTR

For all work described in this thesis, protein concentration was determined via Beer’s
law. The Az for each sample was taken using Implen NanoPhotometer® N60 and the
extinction coefficient of the protein at 280 nm as calculated via ProtParam.” However, the
calculated extinction coefficient of Hisi-SUMO-DLaRP6A-NTR is zero after cleavage of
the tag. This is primarily due to the lack of tryptophan, tyrosine, and phenylalanine residues
in the NTR. This means that after cleaving the Hisi-SUMO tag, the protein concentration
could not be taken using traditional intrinsic tryptophan absorbance at 280 nm. Additionally,
the second sizing column that is typically used after cleavage would have to be adapted, as
monitoring at 280 nm (the only wavelength monitor on the FPLC) would be futile. There
was also a concern that the cleaved protein may approach the lower limit of the S75 column,
as the column’s lowest calibration marker, aprotinin, is approximately 6.5 kDa, while the tag-
cleaved Dr1.aRP6A-NTR is 6.4 kDa.

Exploration for alternative wavelengths for calculating an accurate protein
concentration led to a study by Anthis and Clore, using absorbance at 205 nm.* This is a
logical alternative wavelength to 280 nm, as the protein backbone absorbs strongly here.
Anthis and Clore created their own algorithm for calculating the molar extinction coefficient
of polypeptide chains at 205 nm by using an averaged value of the protein backbone (which
relies on the length of your peptide) and the sum of the residues which are first multiplied by
their individual ezs values.®

It is important to note that the authors state absorbance values well outside of the
range of the spectrometer they used; whether the absorbances were calculated from a
dilution factor or not is unclear. The manual of the spectrometer used in this work, the

Implen NanoPhotometer® NGO, states the photometric range for a 10 mm pathlength is
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0.02 — 300 AU, so data presented here were collected both within and outside of the
assumed linear region of the instrument (0.10 — 2.00 AU).

One protein used in the study, bovine serum albumin (BSA), was first used in this
work to test the repeatability of calculating protein concentration with 205 nm (Tables 16
and 17). A comparison study was then conducted at 280 nm and 205 nm of a Drl.aRP6A
protein that can be monitored at both wavelengths, the ACTD (Table 18).

Several initial trials found that one sample dilution could not give absorbances at
both 205 and 280 nm that allowed both readings to fall within the linear range of the
instrument. Therefore, dilutions were created when necessary, and the initial concentration
calculated using the dilution factors. The background absorbance spectra of the solvents,
even after blanking, were also taken to ensure they were not significantly contributing to the

absorbance.
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Table 16: BSA Data at 280 nm for s Experiments.

Sample A280 Average Concentration Back-Calculated
Concentration
BSA in SEC 1.32 27.63 uM 82.89 uM
BSA in MQ 1.31 27.34 uM 82.01 uM

Table 17: BSA Data at 205 nm for exs Experiments.

Sample A205 Average Concentration Back-Calculated
Concentration
BSA in SEC 1.54 0.67 uM 72.81 uM
BSA in MQ 1.55 0.67 uM 73.25 uM

Table 18: Hiss-Dr LaRP6A-ACTD Data at 280 and 205 nm for exs Experiments.

Sample Average Absorbance Concentration*
His¢-DA.aRP6A-ACTD at 1.34 55.81 uM
280 nm
His¢-DA.aRP6A-ACTD at 1.05 25.24 uM
205 nm

*Stock protein was already in range for 280 nm, so didn’t back calculate, but did for 205 nm

Simultaneously, a pilot purification was carried out to produce untagged NTR.

Despite the Asg limitation, the first trial purification did include tag cleavage to observe how
pure the product would be after the second Ni-NTA column, since the second sizing
column was to be omitted. A 1 L cell pellet was sonicated and purified via the first Ni-NTA

column, in which fractions E1 and E2 were chosen to move forward with the purification
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(Fig 19A). The chromatogram produced via SEC showed one large peak with an elution
volume of 59.7 mL and a calculated MW, of ~47 kDa (Fig 19B). Fractions 17- 20 were
pooled to proceed (Fig 19C).

The pooled protein was incubated