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To explore the intersection of phylogenetics and macromolecular engineering, | will build ancient
ribosomal particles. | will assemble large subunit-derived particles using individually purified
ancestral rRNA and rProtein molecules. Assembly mapping may reveal previously unknown
ribosomal functions with implications for polymer, medical, and origin-of-life science.
Characterizing the assembly of ancient ribosome-derived particles is novel, useful, and
feasible.

First, | introduce ancestral resurrection and ribosome engineering. Next, | discuss the motivation
and significance of the present work. Finally, | describe my experimental strategy.

1. Introduction

Each cell employs thousands of "protein factories" to translate the DNA/RNA blueprint into
protein products that accomplish biochemical tasks. These factories, ribosomes, are
macromolecular complexes of diameter ~ 15 nm. In addition to the ribosome’s biochemical
necessity, ribosomal genes catalog 3.8 billion years of evolutionary history and inform
paleogenetic study of extinct nodes in the tree of life (Battistuzzi & Hedges, 2009). Because
ribosomal genes encode machinery that has been essential to life since life began, their
evolutionary divergence bears witness to the origin of species. | hypothesize that ancient
ribosomal gene products assemble into particles with electrophoretic profiles similar to
those of E. coli ribosomes.

In Bacteria and Archaea, each ribosome consists of a large (50S) and small (30S) subunit (Fig.
1). The 30S helps enforce the genetic code, ensuring that the anticodon of each tRNA
complements the codon in the mRNA blueprint. The tRNAs deliver amino acids (protein building
blocks) to the ribosome. The 50S catalyzes covalent peptide bond formation between the
carboxy- end of the nascent protein and the amino group of the delivered amino acid. In
Bacteria, the 30S consists of one ribosomal RNA and 22 ribosomal proteins; the 50S consists of
two rBRNA molecules and 33 rProteins. Electrostatic interactions between the 58 ribosomal
molecules form two complexes, the 50S and 30S, which are stable independently and as a 70S
complex. In concert with several elongation factors, the two subunits “ratchet” along the
messenger RNA, condensing amino acid building blocks into protein product (Frank & Agrawal,
2000). | focus on engineering the rProteins and rRNA of the large subunit.

The presence of ribosomal genes in all living species makes them convenient phylogenetic
markers; newly discovered taxa group with previously-known taxa based on rRNA and rProtein
sequence similarity. Given a hypothesis, or model, of character replacement rates, bifurcating
tree topology, and branch length, phylogenetic algorithms evaluate the likelihood of the data (the
sequence alignment). Typical algorithms maximize likelihood using the Monte Carlo method to
iteratively propose refinements to an initial tree. Felsenstein (1981) explained how to calculate
the likelihood of phylogenetic data given a model.

The resulting phylogenetic trees are the basis for ancestral sequence reconstruction, which
infers the most likely nucleic acid or protein sequences at ancestral (internal) tree nodes.
Ancestral sequence reconstruction considers both the tree and the alignment as “data,” and
alternative ancestral states as alternative models. Using the paradigm of Felsenstein (1981),
ancestral reconstruction calculates the probability of alternative models (ancestral character
states) given the data (tree and sequence alignment), and the prior probability of the ancestral
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state (Yang et al., 1995). For an internal tree node, for each site in the multiple sequence
alignment, the ancestral reconstruction is a probability distribution over all possible character
states (4 for nucleic acids and 20 for proteins). At an internal node, at each position of the
sequence alignment, choosing the ancestral character with the highest probability yields the
most probable ancestral sequence.

Ancestral sequences are a cornerstone of evolutionary synthetic biology. Aside from their
therapeutic and industrial utility (Gaucher, 2011; Zhou et al., 2012), ancestral phenotypes reveal
characteristics of the early Earth’s environment. For ancient nodes close to the bacterial
cenancestor, Gaucher and coworkers found that ancestors of the translational protein
Elongation Factor Thermo-Unstable (EF-Tu) are stable at thermophilic temperature (Gaucher et
al., 2008). This result is consistent with geochemical data indicating that the distant ancestors of
extant Bacteria lived in a hot environment. Ancient EFs may also be useful for nuclease-free
ribosome-display in-vitro evolution of thermostable enzymes (Zhou et al., 2012). Ancestral
enzymes are often promiscuous, and their “hot swappable” character (Cole & Gaucher, 2011)
may improve cell-free systems that add to the growing use of synthetic biology.

Using resurrected rProteins and rRNA from an ancient node in the tree of life (Table 1,
Figure 2), | will investigate the in vitro assembly of the Bacterial ribosome's large
subunit.

My approach takes inspiration from the seminal work of Nomura (e.g., Mizushima & Nomura,
1970) and Nierhaus (e.g., Herold & Nierhaus, 1987) whose respective labs demonstrated in
vitro assembly of the E. coli 30S and 50S subunits. Incubating purified small subunit proteins
with 16S rRNA leads to intact and active 30S. The same is true for the 50S, although successful
assembly of this particle in vitro usually requires an intermediate increase in temperature and
Mg2++ concentration. The traditional in vitro 50S assembly reaction takes 90 minutes, which is
much longer than the two minutes’ required for assembly in vivo®.

Nierhaus omitted different combinations of LSU rProteins and rRNAs from in-vitro assembly
reactions and analyzed the mixtures using ultracentrifugation followed by SDS-PAGE.
Determining the rProtein composition of the “heavy particle” in the sucrose gradient revealed
that some rProteins depend on the prior binding of others. In vitro formation of the full E. coli
50S occurs through a contingent series of binding events. The Nierhaus experiments
demonstrate cooperative assembly of 50S particles from individually purified E. coli
rProteins and rRNA.

! rRNA transcription in E. coli proceeds at 42 nt/sec (Gotta et al., 1991). 3000 nt / 42 nt/sec = 71 seconds,
and in vivo rProtein binding is co-transcriptional with rRNA. Shajani et al. (2011) note two studies
indicating that rProtein binding events may occur in two stages, the longer of which is a refolding event on
the timescale of seconds. Thus it seems that in vivo assembly occurs in less than two minutes.

? The slow and non-physiological character of traditional in-vitro assembly probably stems from
competition between early and late binding rProteins. In vivo rProtein synthesis occurs in concord with
rRNA synthesis and is further regulated by the presence of other rProteins. In vivo ribosome biogenesis is
an intricately regulated process (Nierhaus, 2004).
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Figure 1. The E. coli 70S ribosome. Portions of the rRNA are hidden to Table 1. After inferring ancestral 50S ribosomal
emphasize the rProteins, active site, and nascent peptide. The nascent sequences, we performed NCBI BLAST searches, using the
product is ~ 5.5 nm long. We show the small subunit in white. This ancestral predictions as queries. Listed are the top hits for
image combines renderings of aligned models from several labs each search as well as the % identity of a pairwise align-
(Llano-Sotelo et al., 2010; Agirrezabala et al., 2012; Frauenfeld et al., ment between query and subject.

2011; Bingel-Erlenmeyer et al., 2008; Zhou et al., 2012; Seidelt et al.,
2009; Schmeing et al., 2002) (retrieved from DARC).
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Figure 3. Separation of large and small ribosomal subunits using a
composite gel (recipe from C. M. Dunham, personal communication,
2011). Empty plasmid and L2-Anc cultures grew in LB and were induced
at OD 0.2 with IPTG to 100 uM. The L12u-Anc culture grew in autoinduc-
tion media. Clarified lysates were rocked with 2 mL Ni-NTA 50% slurry
(Qiagen) and 10 mM imidazole for 30 mins at 4 °C. Wash volumes were
30-60 mL 20 mM imidazole and 300 mM NaCl. We eluted with 6 mL of
300 mM imidazole, separating into 0.6 mL fractions. Fractions were
concentrated on Amicon 100K membranes.

In-house-D

Figure 2. A model of Bacterial evolution, inferred
using MrBayes 3.2 and alignments of 17 rProtein
families. As far as we know, alignment data for the
50S rProteins fit this model better than any
published model. The blue dot indicates our node
of interest.



Other workers demonstrated the translational activity of chimeric ribosomes. Friedman (1971)
showed that Bacillus stearothermophilus ribosomes are more thermostable than Escherischia
coli ribosomes. Altenberg & Saunders (1971) showed that E. coli 30S + B. stearothermophilus
50S form active ribosomes that are more thermostable than E. coli 50S + B. stearothermophilus
30S hybrids. Nomura et al. (1968) reconstituted hybrid 30S using rProteins from E. coli and
rRNA from B. stearothermophilus, and found that these chimeras were active in translation.

Bacterial ribosomal components may be interchangeable. This model fits the published
data as well as my initial results. Preliminary experiments suggest that ancestral
rProteins assemble in to active E. coli ribosomes. Following overexpression of the
ancestral L2-6xHis gene, a subpopulation of ribosomes likely contains ancestral L2-
6xHis instead of E. coli L2. Similarly, ancient L12u-6xHis probably replaces its modern
counterpart in some ribosomes, when this gene overexpresses in E. coli. | arrive at this
interpretation by comparing UV absorbance (not shown) and electrophoretic data (Figure 3) of
wash fractions with elution fractions. These data are consistent with the interpretation that His-
tagged ancestral L12u and L2 bound specifically to E. coli ribosomes, and the His tags bound to
an Ni-NTA affinity column, immobilizing chimeric 70S until elution with imidazole.

These initial results do not compel the interpretation that ancient rRNA cooperates with ancient
rProteins to assemble a ribosomal or subribosomal 50S-type particle in vitro. However, they are
consistent with the model that ribosome assembly is a) intrinsic to the isolated ribosomal
machinery (Nierhaus, 2004), and b) conserved throughout Bacteria.

How conserved is Bacterial 50S assembly cooperation? This thesis connects sequence
evolution with phenotype evolution. | propose to build ancient 50S-like particles, using
rProteins and rRNA unknown to modern biology (Table 1). The in vitro assembly
experiments that | propose ask: how conserved is Bacterial 50S assembly cooperation?

2. Motivation

Assembling ancestral ribosomal machinery will enrich the origin of life, macromolecular
assembly, and in vitro translation fields.

If the RNA world hypothesis is true, and emergence of the peptidyltransferase center of the
ribosomal RNA marked the beginning of the genetic code and life as we know it (Fox & Naik,
2004), then it seems plausible that the road from the RNA world to the RNA+protein’ world is a
series of rRNA and rProtein duplication events®. The experiments proposed here explore
the RNA world hypothesis.

I am interested in the specificity with which ancestral rRNA — rProtein assembly cooperations
occur. Are the binding events of ancestral assembly the same, different, or more flexible than
those of modern assembly? Has the dependency network (Nierhaus, 2004) evolved from

’ See Dworkin et al. (2003) for a discussion of alternative origin-of-life scenarios, and a rationale for why
the RNA world to RNA+protein world model seems most likely.

* For example, Agmon et al. (2005) observed that the peptidyltransferase center situates within a
structurally symmetrical region of the 23S rRNA. These authors found no evidence for sequence
homology between the two sides of the RNA. However, rapid divergence can obscure homology.
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one specific state to another, from dense to sparse, or from sparse to dense (Fig. 4)?
Any of these scenarios would be interesting to the ribosome and origin-of-life community.
Ancestral enzymes often have more promiscuous activity than their modern-day counterparts
(Cole & Gaucher, 2011). If this is the case for ribosomal proteins, then one rProtein may be able
to stand in for several others. Such a scenario would be consistent with rProtein families sharing
common ancestors — that is, several or all of the rProteins may be ancient paralogs™.

I will assay rProtein binding dependency for the A [ 235rRNA | [a-235rRNA |
“second-to-last” common ancestor of Bacteria’. ’
These tests may not show a change in rProtein/ LZZ,L
rBNA assembly cooperation. Such a result would L%
L9

L32 L

—) o 2‘/5!4N>au

not necessarily refute the paralog hypothesis, if the
vast majority of Bacterial rProtein specialization
occurred along the branch leading from the
cenancestor of life to the cenancestor of Bacteria. B [23srrna |  [[a-23srRNA ]
On the other hand, if rProteins underwent significant
subfunctionalization during Bacterial divergence, we
may find evidence of ancestral assembly
promiscuity in these binding assays.

5
L15
29

My thesis centers on ribosome assembly in vitro. L5
However, collaborative work in the Gaucher lab
could have the potential to identify commercially
relevant properties of ribosome-derived particles in  Figure 4. A. Ancestor with sparse dependency
the area of translational activity (e.g., Cole & network suggesting that ribosomes evolved
Gaucher, 2012). A deeper understanding of natural ~Promiscuous assembly cooperation over time.
solutions to macromolecular assembly and function B+ Ancestor with dense dependency network
. suggesting that ribosomes evolved specific assem-
may  inform i _human gpproaches to real-wqud bly cooperation over time. (Dependency maps in
challenges. Initial analysis of our ancestral rProteins  |eft column are for modern E. coli, from Nierhaus
and rRBNA indicate that they will be thermostable |ab. Maps in right column are speculative.)
upon purification. Individual rProteins and rRNA
purified from ancestral and E. coli sequences would create a large space of potential chimeric
ribosomes that could result from assembly reactions taking components from different sources.
Each chimera could stimulate a different set of productive questions useful for increasing the
yield and longevity of in vitro translation systems.

The components of the ancestral ribosome in this thesis will probably be purified by over
expression in E. coli, because this approach is presently more economical than in vitro
translation such as the PURE system®. However, an eventual consequence of this project is

> For examples of ancient paralogs, see lwabe et al. (1989) or Gogarten et al. (1992).

% | am not the first to have this idea (Jue et al., 1980; Fox, 2010), but to my knowledge | am the first to
propose an experiment that might support it.

" My trees describe the divergence of 115 Bacteria and 94 Archaea. Assuming that the root lies between
these two domains of life, the “second-to-last” common ancestor of Bacteria is the earliest Bacterial node
whose sequences can be reconstructed reliably. This constraint exists because some of the Bacterial
rProteins are found only in Bacteria, and have no Archaeal outgroup.

¥ In vitro transcription of rRNA, absent the S30 extract, is unlikely to be useful for assembling active
ribosomes, because of the guaranteed absence of methylation.
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improved-yield in vitro translation; future ribosome assembly projects may be entirely in vitro.

3. Experimental strategy

To conduct a survey of ribosomal sequences in Bacteria and Archaea, | used BLAST and
keyword searches of the NCBI and the PDB, as well as a literature review®. Fig. 1 and Table 1
summarize this census; every family name corresponds to a set of rProtein or rRNA sequences,
and every sequence corresponds to one taxon of the 209 considered by this study. | chose taxa
with completely sequenced genomes, that had been used in previous phylogenetic studies’,
and that seemed diverse.

| aligned the 23S rRNA using structure as a guide. | aligned the H. marismortui (3G71), E. coli
(B3ORB), and T. thermophilus (2X9S) 23S rRNA models using UCSF Chimera. | expanded this
seed alignment using the ARB, GenBank, and Sanger databases. | used CLUSTAL to generate
initial alignments of the rProteins and rRNA. | inspected and adjusted each alignment by hand,
using MacClade.

Evolutionary models that consider rate correlations of base-paired sites in RNA estimate the
likelihood of the data more accurately than those models that ignore this parameter (Jow et al.,
2002). | used RNAVIEW and VARNA to extract the 23S basepair information in dot-bracket
notation from E. coli and H. marismortui PDB files. | used PHASE to infer the consensus
secondary structure from the aligned dot-bracket strings.

This project reconstructs sequences using published phylogenies as well as phylogenies
resulting from my own analysis. | performed a RAxML analysis (CIPRES cluster) for a
concatenated rProtein alignment assuming that each site evolved independently and that the
site-specific rates were Gamma-distributed (WAG model). | also performed a MrBayes 3.2 run
for 7000000 generations (WAG+G) (Biocluster). This run allowed the gamma distribution to
differ for each rProtein family. This extra parameter contributed to a much longer runtime for
MrBayes over RAXML. However, the extra effort yielded a phylogeny with significantly better
likelihood than that generated by RAxML, as determined by the Approximately Unbiased test
(Shimodaira & Hasegawa, 2001). My rProtein alignment data fit the MrBayes and RAxML
models significantly better than published models, as well as the model | generated using the
23S alignment.

Most evolutionary models do not consider insertions and deletions. To reconstruct ancestral
character states when gaps are considered as a potential ancestral state, | used the GASP
algorithm (Edwards & Shields, 2004) as well as the GLOOME webserver (Cohen et al., 2010).

Based on the GASP or GLOOME output | generated a set of alignments that include only those
sites inferred as present in the node of interest. | ran these alignments in PAML (or PHASE, for
the rRNA), and used the best-fitting topology as determined earlier. These runs generated the
ancestral sequences that | am using to build an ancient ribosome or sub-ribosomal particle.

? (Nierhaus, 2004; Arnold & Reilly, 1999; Sykes et al., 2010; Tatusov, 1997; Lecompte, 2002; Yutin et al.,
2012)
10 (Battistuzzi & Hedges, 2009; Brochier-Armanet et al., 2011; Wu & Eisen, 2008).
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Figure 5. At left, a composite agarose-acrylamide gel showing separation of large and small ribosomal subunits,
stained with EtBr. Lanes (L to R): 100 bp ladder, 6 uL 350 nMT. thermophilus 50S, 6 uL 350 nM E. coli 70S, 15 uL 350
nM E. coli 70S, 40 uL 350 nM E. coli 70S. Three bands were cut from the gel as shown, heated in 30 uL Laemmli
loading buffer for 10 mins at 95°C, and loaded into the wells of a gel for SDS-PAGE (right). SDS gel was stained with
Coomassie.

My genes will have terminal His-tags and restriction sites to enable removal if appropriate. The
imidazole side-chains in a histidine tag bind Ni-NTA with an affinity of 14 nM (Knecht et al.,
2009). | will use Ni-NTA columns to individually purify the ancestral components under
denaturing conditions'’. Ancestral rRNA purification could follow (Leonov et al., 2003): the
ancestral rRNA would contain a binding site for streptavidin. | would load a streptavidin column
with clarified lysate from the ancestral rRNA culture. Eluting with 10 mM biotin would yield
chimeric E. coli ribosomes incorporating ancestral 23S or 5S rRNA. The proteins could be
removed by performing an RNeasy MaxiPrep (Qiagen). | may also try adding an MS2 binding
site to the 23S (Youngman & Green, 2005), depending on the success of the streptavidin
approach. | will probably use plasmid pK4-16 to express the ancient 23S in E. coli. This plasmid
contains the rrnB operon (Quan et al., 2010; Yale CGSC).

Given any combination of rProteins and rRNA, the Nomura/ Nierhaus dependency experiments,
in vitro, detected the subset of rProteins that participated in assembly. By performing hundreds
of assembly reactions using different combinations of rProteins with rRNA, the Nomura and
Nierhaus labs showed that certain proteins do not assemble in to the ribosome unless other
proteins have already been incorporated or are present in the reaction. The synthesis of these

! Semrad et al., 2004 found that about half of the E. coli rProteins form inclusion bodies upon
overexpression. Therefore, my purifications will probably be under denaturing conditions.
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experiments yielded “dependency maps” (Nierhaus, 2004). In the traditional LSU setup, a
subset of rProteins incubates at 44 °C for 20 mins at a concentration of 1400 nM each, along
with 700 nM of 23S, in a volume of 200 ulL, with ionic conditions as detailed in Réhl et al, 1982.
The mixture is layered on to a sucrose density gradient and spun at 250,000 g for 2.75 hours.
The “heavy” particles as indicated by an A.g trace are isolated from the gradient, and subjected
to overnight acid treatment, which causes the rProteins to precipitate. The precipitate is isolated,
redissolved in denaturing conditions, run on SDS-PAGE, and the gel is silver-stained. Thus, all
rProteins that bound to the assembly intermediate are present in the gel.

My approach to assembly mapping is similar to the method from Nomura and Nierhaus.
However, composite gels may be used to isolate rRNA-rProtein complexes in lieu of
ultracentrifugation. Although its usefulness for preparing intact ribosomes is unclear, this method
seems suitable for my specific purpose of monitoring rProteins that were bound to rRNA. rRNA-
containing bands can be cut from the composite gel and loaded into the well of an SDS-
Polyacrylamide gel (Fig. 5). SDS-PAGE serves as the readout for rProtein-23S assembly. It
seems feasible to add electrophoretic dimensions, or MALDI, to resolve co-migrating bands.
This thesis will focus on assembly dependencies that seem interesting, and leave an
exhaustive mapping to future studies that use high-throughput approaches (e.g., Sykes et al.,
2010).

This project is a contribution toward the longer-term goal of taking life apart and putting
it back together again. Integrating in vitro translation, transcription, and replication into a
self-sustaining system will reinvent life on human terms. Over the next few decades, this
innovation will advance renewable energy, material science, and medicine. Our present
work in building ancient ribosomal particles explores a fundamental question in
molecular evolution and advances a synthetic biology more amenable to rational design.

Most Probable Schedule

Nov 2012: Finalize sequences
Nov 2012 — May 2013: Individually purify rProteins
Nov 2012 — Dec 2012: Purify Anc-L15pL27e, L15pL27e, Anc-L20u, L20u, Anc-L13, L13
Jan 2013: Purify L3, L5pL11e, L24pL26e, L4, L22pL17e, Anc-L3, Anc-L5pL11e, Anc-
L24pL26e, Anc-L4, Anc-L22pL17e
Feb 2013: Purify L1pL10ae, L23, and/or others (E. coli & Ancestral)
Mar 2013: Purify L29pL35e, L17u, and/or others (E. coli & Ancestral)
Apr 2013: Purify L34u, L33u, and/or others (E. coli & Ancestral)
May 2013: Purify L19u, L30pL7e, and/or others (E. coli & Ancestral)
December 2012 — April 2013: Purify rRNA
Dec 2012: Design affinity tag insertions
Jan 2013: Site-directed mutagenesis on pK4-16 to add restriction sites if necessary
Mar 2013: Insert ancestral and/or E. coli tagged 23S in to pK4-16
Apr 2013: Transform, culture, harvest, purify
December 2012 — May 2013: Solubility optimization
January 2013 — January 2014: Conduct assembly experiments
February 2014 — May 2014: Analyze data and draw conclusions
June 2014: Thesis defense



Budget (excluding wages):

$4000 ..... Synthetic genes

$1000 ..... Media & reagents

$1000 ..... Nitrile gloves, RNase-free tubes & tips
$1700 ..... BugBuster (Novagen)

$300 ..... RNase inhibitor (NEB)

$550 ..... DNase I (NEB)

$1000 ..... Ni-NTA Agarose (Qiagen)

$1000 ..... Streptavidin Agarose (Pierce)
$1000 ..... Mass spectrometry services

$450 ..... RNeasy MaxiPrep (Qiagen)

$1000 ..... Amicon concentrators (Millipore)
$13000 ..... Total
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