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Abstract

Structure and Function of Methyltransferases that Modify the Ribosome and Ribosome-
Associated Factors
By Emily Gretchen Kuiper

The ribosome is the molecular machine responsible for translating messenger RNA
into proteins. Ribosome assembly and function is modulated by posttranscriptional and
posttranslational modifications of the ribosomal components and its associated factors.
Additionally, other modifications allow the ribosome to adapt to stressors in the
environment. While many ribosomal modifications have been identified, less is known
about the structural and molecular mechanisms of catalysis of the modification enzymes. In
this dissertation I elucidate novel structural and functional characteristics of three
methyltransferases that aid bacteria in adapting to environmental stressors such as
infection of a host or survival in the presence of antibiotics.

Deletion of EftM, the EF-Tu trimethyltransferase, decreases Pseudomonas
aeruginosa adherence to and infection of host cells. I show via homology modeling and
mutation of the putative S-adenosyl-L-methionine binding motif that EftM belongs to Class |
methyltransferases. Further, | show that the observed temperature regulation of the
modification is due to a novel regulatory mechanism where the methyltransferase unfolds
at the restrictive temperature, resulting in the observed repression of EF-Tu methylation.

Loss of the Mycobacterium tuberculosis constitutive ribosomal RNA
methyltransferase TlyA renders ribosomes resistant to the antibiotic capreomycin. |
identified and characterized a novel auxiliary cosubstrate-binding motif, within an
interdomain linker that is essential for cosubstrate binding. This motif is conserved in TlyA
orthologs, suggesting that it is functionally important. We speculate that this motif likely
coordinates substrate recognition via an amino-terminal domain with cosubstrate binding
and catalysis.

The thiostrepton-resistance methyltransferase (Tsr) confers antibiotic resistance in
the thiostrepton antibiotic-producing bacterium Streptomyces azureus. Here, I elucidate
Tsr’s cosubstrate binding affinity and catalytic mechanism and show that as a dimer, each
protomer acts independently to bind cosubstrate and methylate its 23S rRNA substrate.
Furthermore, I present a novel substrate recognition mechanism where Tsr induces
conformational changes in the rRNA substrate prior to catalysis. My studies begin to
elucidate the coordination involved between the two protomers and between substrate-
recognition and catalytic domains for proper enzyme function.

Together, my studies describe the molecular mechanisms of methyltransferases
which complements cellular studies that examine the function of a modification in a
bacterium or in adaptation to stress.
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CHAPTER 1. INTRODUCTION TO DISSERTATION

Cells from all three kingdoms of life contain three major polymers, DNA, RNA and proteins, that
store information and carry out the major functions for cell survival. Bacterial DNA is packaged
into chromosomes that are typically circular. The gram-negative bacterium Escherichia coli (K-
12) for example, contains one chromosome made up of 4.64 million base pairs encoding 4294
proteins (1). To convert a single gene into a protein, the gene is transcribed by a DNA-dependent
RNA polymerase creating a messenger RNA (mRNA) molecule, in a process called transcription.
In a second process termed translation, a ribosome deciphers the mRNA nucleotide sequence and
creates a protein, which goes on to perform a defined function in the cell. This protein can be
posttranslationally modified, which typically modulates the protein’s activity (2,3). As translation
is one of the key processes in a cell, the ribosome and its associated translation factors are highly
modified either on the rRNA as posttranscriptional modifications or on the proteins as
posttranslational modifications. These modifications aid in the assembly and canonical function

of the ribosome, or can alter its activity.

1.1 THE RIBOSOME AND THE TRANSLATIONAL MACHINERY

It is estimated that in a rapidly growing bacterium, approximately 50% of available ATP is used
for protein synthesis (4). Ribosomes are the molecular machines that, along with ribosomal
factors and transfer RNA (tRNA) adaptor molecules, are responsible for decoding the mRNA and
translating almost all proteins within the cell. Ribsomes are made up of two subunits, the 30S and
508, which are composed of both ribosomal RNA (rRNA) and protein. The E. coli 30S subunit is
composed of 16S rRNA containing 1542 nucleotides and 21 proteins, while the 50S subunit is

made up of 23S and 5S rRNA containing 2904 and 120 nucleotides, respectively, and 33 unique



proteins (5). The 30S and 50S subunits associate to form the 70S ribosome of 2.6 MDa (Figure

1.1).

Translation of the mRNA message is a sequential process. Each message undergoes three phases
of translation: initiation, elongation and termination. During elongation the mRNA nucleotide
sequence is read in groups of three nucleotides called codons. For every mRNA codon, there is a
tRNA that contains a corresponding anti-codon that is chemically linked to a specific amino acid
(amino-acylated tRNA). tRNAs cycle through the ribosome, first binding in the acceptor site (A
site) and then translocated to the peptide-transferase site (P site), which houses the tRNA bound
to the nascent polypeptide chain and finally to the exit site (E site) where deacylated tRNAs
dissociate from the ribosome. The meticulous execution of all translation steps, initiation,

elongation and termination, is required for proper protein synthesis.
1.1.1 Translation Initiation

To initiate a new round of translation the 30S subunit must bind mRNA and initiator N-formyl-

methionine tRNA ™M

(Figure 1.2). Three initiation factors (IF-1 to 3) aid in this assembly
process. Initiation of translation begins with a 30S subunit bound to initiation factor 3 (IF-3),
which inhibits non-productive 50S binding (6). Binding of the mRNA is directed by the base
pairing of the mRNA Shine-Delgarno sequence with the 3" end of the 16S rRNA to properly
position the start codon (AUG or GUG) in the P site (7). IF-2, which has affinity for tRNA™
delivers the tRNA to the P site, while IF-1 binds 30S, blocking the A site and interacting with IF-

2 to position tRNA™*!

(8). In addition to its role in preventing 50S binding, IF-3 also increases
the efficiency and fidelity of the codon-anticodon interaction (9, 10). To allow for 50S
association, first, [F-1 and IF-3 dissociate from the 30S initiation complex followed by IF-2
orienting the aminoacylated CCA end of the tRNA into the peptidyl-transferase center (PTC) of

the 50S subunit (11,12). Once the 70S has formed, IF-2 hydrolyses its bound GTP and dissociates

from the ribosome that is now ready to begin elongation of the polypeptide chain.



1.1.2 Translation Elongation

tRNAs and two GTPases, elongation factor-Tu (EF-Tu) and elongation factor-G (EF-G), work
with the 70S ribosome to translate the mRNA message into a protein. As discussed above, tRNAs
are ribonucleic acids that serve as an adaptor between the mRNA codon and an amino acid. There
are 86 tRNAs in E. coli for the standard 20 amino acids (13). The exact size of each tRNA varies,
but each tRNA is roughly 76 nucleotides and all tRNAs have similar secondary and tertiary
structures (14). Each tRNA is aminoacylated by its cognate amino acyl tRNA synthetase which
covalently links the correct amino acid to the 3" end of the tRNA via an ester linkage. To protect
the ester bond and deliver the now aminoacylated (or charged) tRNA to the ribosome, the tRNA

1s bound to the ribosome-associated GTPase EF-Tu.

The translation elongation cycle begins with a vacant A site and tRNA bound in the P site (either
tRNA™" or a tRNA linked to the nascent peptide chain) of the 70S ribosome (Figure 1.3). In the
latter case, corresponding to a later round of elongation, the growing polypeptide chain snakes
through the peptide exit tunnel where it is exposed to the cellular environment. To extend the
polypeptide chain, the correct aminoacylated tRNA has to be delivered to the ribosome by GTP-
bound EF-Tu. Base-pairing between the first two nucleotides of the mRNA A-site codon and the
tRNA anti-codon is inspected by nucleotides of the 16S rRNA: A1492, A1493 and G530 (15).
The 30S then undergoes a conformational change and ‘closes’, creating new contacts between
EF-Tu and the shoulder domain of the 30S subunit (16). These structural rearrangements promote
changes in EF-Tu allowing for GTP hydrolysis and dissociation of EF-Tu-GDP and
accommodation of the tRNA into the A site. GDP is removed from EF-Tu and exchanged for

GTP by the guanine exchange factor elongation factor-Ts (EF-Ts) (17).

Once the A-site tRNA has been accommodated, spontaneous peptide bond formation occurs in
the peptidyl transferase center (PTC). 23S rRNA nucleotide A2451 has been implicated in

peptide bond formation, but its exact role is still highly debated (18,19). After peptide bond



formation, the peptide chain is attached to the A-site tRNA and the ribosome undergoes a
spontaneous ratcheting movement that leaves the 3" end of the A-site tRNA in the 50S P site,
with its anticodon in the 30S A site. Concurrently the P-site tRNA moves its 3" end to the 50S E
site with the anticodon in the 30S P site, resulting in an arrangement called the hybrid state of the

ribosome.

In order for a subsequent amino acid to be added to the elongating amino acid chain, the tRNAs
and mRNA need to be shifted, or translocated, by one codon on the 30S subunit to fully open the
A site. This translocation is performed by the GTPase EF-G. EF-G, bound to GTP, preferentially
binds the ribosome in a ratcheted conformation, and in doing so, stabilizes the hybrid tRNA state.
EF-G interacts with both 50S and 30S subunits including the GTPase activation center (GTPase
center) of the 50S, which includes the sacrin-ricin loop (H95), the L11-binding domain of 23S
rRNA (H42-44) and ribosomal proteins L11 and L12 (20, 21). Proper positioning of EF-G
domain IV near the anticodon of the A-site tRNA disrupts interactions between A1942, A1943
and G530 and the codon-anticodon base pair (22). Coupled with hydrolysis of GTP by EF-G,
movement of the 30S head domain (see Figure 1.1) causes the ribosome to unratchet,
translocating the mRNA and tRNA, and rearranging the ribosome into the classical conformation
and dissociating EF-G (23, 24). This cycle of aminoacylated tRNA delivery, peptide transfer and

mRNA translocation continues until a stop codon is encountered in the A site.

1.1.3 Translation Termination

A stop codon in the A site signals the end of the polypeptide chain (Figure 1.4). Stop codons are
not recognized by tRNA, but instead recognized by the Class 1 release factors, RF-1 and RF-2,
which recognize UAA/UAG, and UAA/UGA, respectively (25). Upon binding the ribosome, the
RF1/RF2 structure adopts an open conformation that allows the RF to interrogate the stop codon
in the 30S A site and promote peptide chain release in the PTC (26, 27, 28). Release factor 3 (RF-

3), a GTPase, binds the ribosome to release bound RF-1/RF-2 and causes rotation of, and



conformational changes in the 30S that promote tRNA movement from the P site to E site. Upon

hydrolyzing GTP RF-3 dissociates from the ribosome.

After the peptide chain has been released, the 70S ribosome is still assembled and contains bound
mRNA and tRNA. Ribosome recycling factor (RRF) and EF-G are responsible for dissociating
the 30S and 508 subunits. RRF binding disrupts intersubunit bridges and coupled with EF-G
binding and GTP hydrolysis, is sufficient to dissociate the two subunits (29, 30, 31, 32). After

dissociation, IF-3 rebinds the 30S and prepares the subunit for another round of translation (6).

1.2 ANTIBIOTICS INHIBIT IMPORTANT FUNCTIONAL AREAS OF THE RIBOSOME

Antibiotics revolutionized medicine when they were introduced in the 1940°s (33). Antibiotics
exploit differences in unique aspects of prokaryote cell biology, such as the bacterial cell wall, or
common machinery that is sufficiently structurally and functionally divergent from eukaryotes,
like the ribosome. The ribosome is the target for a variety of different classes of antibiotics, each
inhibiting a different functional area (34, 35). Studies investigating how antibiotics inhibit the
ribosome expand our understanding of the functional intricacies of the machine, which could
underpin the development of new or modified antibiotics. The following sections describe
mechanisms for select ribosome-targeting antibiotics to illustrate important functional centers of
the ribosome and introduce antibiotics that are used as tools to dissect ribosome biology including

those relevant to the studies in Chapters 2-5.

1.2.1 Peptide Exit Tunnel

The peptide exit tunnel (PET) is located near the PTC and is gated by 23S rRNA nucleotides
A2058 and A2059. Antibiotics of the macrolide, ketolide (a synthetic class of antibiotics derived
from macrolides), lincosamide, and streptogamin B classes have different chemical structures, but
all bind in the peptide exit tunnel and disrupt the elongation of the peptide chain (Figure 1.5A).

Biochemical experiments with defined translation systems showed that different macrolide



antibiotics inhibit the growth of the polypeptide chain at defined lengths and can even disrupt
peptide bond formation if the molecule extends close to the PTC (36, 37). Crystal structures of
antibiotics bound to 50S subunits or 70S ribosomes support these biochemical finding as all of
these antibiotics bind near A2058, A2059, and some antibiotics extend chemical moieties near the

PTC thereby disrupting peptide bond formation (38, 39).

1.2.2 Peptidyl-Transferase Center

Several classes of antibiotics bind and inhibit the PTC including phenicols (e.g.
chloroamphenicol), oxazolidinones (e.g. linezolid) and hygromycin A (Figure 1.5B) (40).
Biochemical studies have shown that chloramphenicol and hygromycin A compete for the same
binding site in the PTC (41). Structures of either bound, show that these two antibiotics allow for
tRNAs to bind, but the CCA end of the tRNA cannot be accommodated into the acceptor site of
the PTC inhibiting peptide bond formation (38, 42). Additionally, the antibiotic puromycin has
been used extensively in characterizing the ribosome as it is a mimic of the tRNA amino-acylated
CCA end and disrupts the elongation of the nascent peptide chain by binding in the acceptor site

of the PTC, and promoting the transfer of the nascent polypeptide chain to the antibiotic (43).

1.2.3 308 Subunit and Decoding Center

The decoding center of the 30S subunit is responsible for interrogating the codon-anticodon base
pairing. Conserved nucleotides A1492/A1493 and G530 flip out of h44 and the shoulder domain,
respectively, and interact with the minor groove of the first two base pairs of the codon-anticodon
pair. A productive interaction, leads to 30S domain closure and the timely activation of GTP-
hydrolysis on EF-Tu (15,16,44). Antibiotics of the aminoglycoside class disrupt the fidelity of
decoding by binding h44 and pushing A1492 and A1493 into a state resembling that of a proper
codon-anticodon pair (Figure 5C) (45,46). This structural change decreases the proofreading

ability of the ribosome, increasing the miscoding of the mRNA (47). Furthermore, the constant



interrogation of the codon-anticodon pair by A1492 and A1493 disrupts mRNA translocation as
tRNA affinity is increased, which increases the activation energy needed to break this interaction

and translocate the mRNA and tRNAs, further disrupting translation (48,49).

The decoding center is also the binding site of two similar tuberactinomycin cyclic peptide
antibiotics, viomycin and capreomycin. These antibiotics share a partially overlapping binding
site with aminoglycosides on the 30S subunit, but also contact the 50S through the intersubunit
bridge made up of h44 and H69 (Figure 1.5C) (50). Like aminoglycosides, viomycin and
capreomycin flip A1492 and A1493 out of h44 to interrogate the codon-anticodon base pairing,

however they exert their inhibitory effect by disrupting translocation (49-52).

1.2.4 GTPase Activation Center and GTPases

The ribosome associated GTPases, EF-Tu and EF-G, as well as the GTPase activation center
(GTPase center) are other antibiotic targets. The GTPase center is made up of ribosomal proteins
L11 and L7/L12, and the 23S rRNA L11-binding domain (helices H42, H43 and H44) and sarcin
ricin loop (H95). Thiopeptide antibiotics including thiostrepton, nosiheptide and micrococcin
bind to the GTPase center, disrupting the interactions between the ribosomal GTPases and the
ribosome (53). Biochemical studies and X-ray crystal structures of the ribosome show that
thiostrepton binds at the interface between the RNA (the apex of H43 and H44, which fold
against each other) and the L11-amino-terminal domain (NTD, Figure 1.5D) (53-55).
Thiostrepton was initially shown to inhibit EF-G binding and translocation, until more recent
kinetic studies revealed that thiostrepton specifically inhibits EF-G enzymatic turnover by
preventing inorganic phosphate release, a step prior to mRNA translocation (56,57). While
thiostrepton and micrococcin bind the ribosome in a similar location, micrococcin disrupts EF-G
by stimulating its GTPase activity, rather than inhibiting the activity (58,59). Thiostrepton and
micrococcin can also inhibit the IF-2-dependent initiation complex as IF-2 and EF-G share an

overlapping ribosome footprint (58).



Antibiotics also directly bind to EF-G and EF-Tu, to inhibit their functions. Kirromycin does not
bind near the GTP molecule, but its binding causes conformational changes in EF-Tu that mimic
a GTP bound state (Figure 1.6A) (60). In the presence of kirromycin, GTP bound to EF-Tu can
be hydrolyzed and EF-Tu-tRNA, in the absence of GTP, is delivered to the ribosome. This results

in translation inhibition as EF-Tu fails to dissociate from the ribosome (61-63).

Fusidic acid binds near the GTP cofactor of EF-G (Figure 1.6B). Biochemical and structural
studies of EF-G suggest that fusidic acid binds EF-G only after it has bound the ribosome and
hydrolyzed GTP, as the antibiotic has low affinity for free EF-G and the antibiotic stabilizes a
EF-G conformational state which happens only after GTP hydrolysis (21,64). Additionally, since

EF-G functions in ribosome recycling, fusidic acid also interferes with that process (65).

It is clear from the discussions above, that antibiotics have been found to disrupt virtually every
important step in protein synthesis from initiation to ribosome recycling. Antibiotics serve as life-
saving therapeutics for the promotion of human health and are fundamental to many advances of
modern medicine including surgeries and treatments requiring immune suppression such as organ
transplants and chemotherapy for the treatment of cancer. Antibiotics have additionally served as
tools to dissect the elegant molecular machine that is the ribosome. As many of these antibiotics
are natural products originally isolated from bacteria, understanding how drug producers resist
their toxic product and when and how such mechanisms can be transferred to human pathogens is
critical in an era threatened by the continued emergence of multiple antibiotic-resistant

pathogens.

1.3 METHYLATION OF THE RIBOSOMAL MACHINERY: FINE TUNING RIBOSOME

FUNCTION, ANTIBIOTIC RESISTANCE AND PATHOGENESIS

Ribosome function is predicated on the proper folding and assembly of its constituent rRNA and

ribosomal protein components, as well as its interactions with ribosome associated factors.



However, proper function is also dependent on posttranscriptional and posttranslational
modification. rRNA and tRNAs are highly decorated with posttranscriptional modifications,
many of which are essential for error-free translation. Additionally, posttranslational

modifications fine-tune enzymatic functions and can globally affect translation.
1.3.1 Posttranscriptional Modifications of rRNA

There are 35 constitutive modifications on the E. coli ribosome including the 2’-O-methylation of
the ribose, mono or dimethylation of the nucleotide base, pseudouridylation and saturation of the
uridine ring creating dihydrouridine (and combinations of these, for instance 23S rRNA m’¥1915
or 16S rRNA m*Cm1402). Methylations are the most common modifications with 24 identified in
the E. coli ribosome (Figure 1.7). All modifications have recently been identified in ribosome
structures revealing a network of modifications and explaining decades of biochemical work

describing their locations and functions (63).
1.3.1.1 Constitutive modifications aid in ribosome function: 30S subunit

When rRNA modifications are highlighted within the ribosome structure, they cluster at two
functional centers: the decoding center of the 30S subunit (A and P-tRNA binding sites) and the
PTC of the 50S subunit. Posttranscriptional modifications of 16S rRNA m*Cm1402 and
m’U1498 are positioned between and interact with the mRNA backbone and m®A1519 and
m®A1518 in the P site (Figure 1.7B). Loss of m*Cm1402 methylation increased the use of non-
AUG start codons and decreased the rate of stop codon read through, suggesting that this
modification fine-tunes the decoding center (66). Additionally, deletion of RsmA (KsgA), the
A1518/A1519 di-methyltransferase, increased non-AUG start codon usage and exhibited a cold-
sensitive growth phenotype with ribosome assembly defects (67,68). RmsA is also proposed to

remain bound to the assembling 30S subunit, incorporating its modifications as a signal for



10

completed 30S assembly confirming a role for these modifications in ribosome function and

assembly (69).

When initiator tRNA binds the P site, m’G966 and m°C967 secure the positioning of the tRNA
anticodon—codon base pair. Deletion of both RsmB (G967) and RsmD (C967) decreased bacterial
fitness and a translation initiation defect was observed, suggesting that these methylations are
important for translation initiation, but have some redundancy in the action (70). Furthermore,
this translation initiation defect causes differential expression of translation-regulated genes such

as the tryptophan operon, confirming a role for these modifications in fine-tuning translation (71).
1.3.1.2 Constitutive modifications aid in ribosome function: 50S subunit

The 2'-O-methylation of U2552 is important for the function and assembly of the PTC. This
nucleotide is 57 to G2553, which stabilizes the CCA end of the A-site tRNA. Deletion of the
methyltransferase, RImE (formerly RrmlJ, or FtsJ) confers a bacterial growth defect and decreases
the rate of programmed frame-shifting and stop codon read through, suggesting a role in
translational accuracy (72). Additionally, this modification serves as an important late step in
ribosome biogenesis as its loss results in 50S subunit assembly defects (73). Furthermore,
addition of the methyltransferase during in vitro reconstitution of 50S subunits, aids in ribosome
assembly, promoting rRNA domain interactions and ribosomal protein L.36 binding and resulting
in the organization of the PTC (74). These studies demonstrate the importance of this

modification in 50S assembly and function.

Methylations within the PET are important for ribosome function, ribosome assembly and
antibiotic resistance (discussed below). Loss of methylation at m'G745 by RImA resulted in
drastic changes in cellular growth and defects in ribosome function including decreased peptide
elongation and a decrease in the number of 70S particles and polysomes (75). Additionally, loss

of m*A 1618 modification by RImF also decreased cellular growth and fitness and, since
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methylation only occurred on partially assembled 50S subunits, this methylation is likely to be
important for ribosome assembly (76). These findings illustrate the importance of rRNA

methylations in ribosome assembly in the PET.

Not all methylations are important for the function or ribosome assembly under laboratory
conditions. Defects in cellular fitness were observed during competition growth experiments
between individual methyltransferase deleted E. coli strains (RImI (m°C1962), RImH (m’¥1915),
RImM (Cm24980)) and control strains that otherwise have no cellular growth or ribosome
assembly phenotype (77,78). Further, loss methylation of m*A2030 by RImJ, Gm2251 by RImB,
m’U1939 by RImD (formerly RumA) displayed no phenotype when grown under laboratory
conditions (79-81). However, these modifications could be required to fine-tune the ribosome

function under other conditions like cellular stress.
1.3.1.3 Constitutive modifications aid in antibiotic binding and inhibition

As both antibiotic binding sites and rRNA modifications cluster at functional areas of the
ribosome, has been be hypothesized that they influence each other. Indeed, some modifications
are not only important for ribosome function, but make up the binding site of antibiotics and
removing such modifications can lead to antibiotic resistance. For examply, in a Staphlococcus
aureus isolate, loss of RImN, the 23S m>A2503 methyltransferase, conferred resistance to the

antibiotic linezolid (82).

Modifications in the decoding center are also important for binding antibiotics. Binding of the
aminoglycoside antibiotic kasugamycin to the 30S subunit is dependent on two 16S rRNA
dimethyations, m62A15 18 and m®1519. Loss of these modifications by mutation or deletion of
the methyltransferase RsmA (KsgA) renders the ribosomes drug resistant (83). Additionally,
m°G1407 in the A site interacts with aminoglycoside antibiotics that bind near h44 and loss of

this methylation decreases aminoglycoside binding and has a modest effect in antibiotic
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susceptibility (84). In Mycobacteria tuberculosis loss of the housekeeping methyltransferase
TlyA, which incorporates 16S rRNA Cm1409 and 23S rRNA Cm1920 modificaitons, causes
resistance to the cyclic peptide antibiotics capreomyin and viomycin used to treat multi-drug
resistant TB (Figure 1.8A) (85). Documenting and understanding the role of constitutive
methylations and how they differ between E. coli and pathogenic bacteria is important for

understanding resistance and developing new therapies.
1.3.1.4 Posttranscriptional modifications can confer antibiotic resistance

Just as loss of constitutive methylations can disrupt antibiotic binding, antibiotic-producing
bacteria commonly encode rRNA methyltransferases that block their own antibiotic products
from binding their target rRNA sites. Methylation typically causes a direct steric clash with the
antibiotic, disrupting binding and causing a high-level of resistance (86). While these antibiotic-
resistance methyltransferases are most commonly found in antibiotic-producing bacteria to
protect themselves from their own toxic product, these enzymes can be spread by lateral gene

transfer to pathogenic bacteria contributing to the antibiotic resistance epidemic (87).

As described above, the PET is a major binding site for the clinically relevant macrolide and
ketolide antibiotics. Members of the Erm family of methyltransferases either N°-mono- or
dimethylate A2058 causing resistance to these drugs (see Figure 1.5A) (88,89). Erm enzymes are
endogenous to Streptomyces fradiae (tylosin producer) and Streptomyces erythreus (erythromycin
producer) and have been found in E. coli, B. subtilus, Clostridium perfringens, Streptococcus
pneumonia, M. tuberculosis (90,91). With this wide assortment of bacteria that possess Erm it is

not surprising that these resistance determinants have been spread by lateral gene transfer (92).

Resistance to antibiotics that bind the PTC, including phenicols (chloramphenicol), lincosamides
(clindamycin), and streptogramin A, can be caused by methylation of m*A2503 by the Cfr

methyltransferase (see Figure 1.5B) (93,94). This methyltransferase has been identified on
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plasmids isolated from Staphylococcus sciuri and Staphlococcus aureus from animal sources as
well as humans (95,96). As Cfr confers resistance to a number of clinically relevant antibiotics,

the spread of this enzyme to pathogens diminishes treatment options for drug-resistant infections.

Resistance to aminoglycosides antibiotics occurs through methylation of the 16S rRNA at
m’G1405 and m'A1408 (see Figure 1.8B). The m’G1405 modification confers resistance to all
4,6-disubstituted deoxystreptamine aminoglycosides while m' A1408 confers resistance to some
4,5 and 4,6-disubstituted members of aminoglycoside family including kanamycin and apramycin
(97). G1405 modifiers have been found in antibiotic-producing bacteria (eg. Sgm from the
sisomicin producer Micromonospora zionensis) and on mobile genetic elements including
transposons and plasmids (ArmA, RmtA-G) (98-100). Members of the A1408 methyltransferase
family are typically from antibiotic-producing bacteria (eg. KamB from Streptomyces
tenebrarius) but one member, NpmA, was found on a plasmid from an E. coli (ARS3) clinical
isolate (101-103). The presence of these genes on mobile genetic elements threatens the clinical

effectiveness of these antibiotics if these genes continue to spread among pathogens.

Modification of the antibiotic binding site conferring resistance has also been documented for
GTPase center targeting antibiotics thiostrepton and nosiheptide (Figure 1.5D). Resistance to
these antibiotics is conferred by 2’-O-methylation of A1067 by ¢sr and nhr (104). However, since
their usage has been limited in the clinic, resistance to thiostrepton and nosiheptide has only been
documented in the antibiotic-producing bacteria Streptomyces azureus and Streptomyces
actuosus, respectively (105,106). While not a threat in the clinic today, Tsr and Nhr, are part of
the ‘antibiotic resistome’ that describes all potential mechanisms of resistance that could spread

given the correct selection pressures.

Methylation of the antibiotic target site is one mechanism of antibiotic resistance that threatens
treatment options in the clinic. As the spread of mobile genetic elements containing antibiotic

resistance genes increase, the effectiveness and use of the safest antibiotics declines. This forces
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clinicians to turn to second-line drugs and combinations of drugs, which increases the toxicity of
the treatment and decreases the effectiveness of the treatment. In order to combat resistance, a

complete understanding antibiotic resistance conferring enzymes should be described.

1.3.2 Posttranslational Modifications

1.3.2.1 Ribosomal protein modifications

Like rRNA, ribosomal proteins and associated factors are also chemically modified. Six
ribosomal proteins are methylated (S11, L3, L11, L7/L12, L16, L33), three are acetylated (S5,
S18, L7) and one is methylthiolated (S12). While all three acetyltransferases have been
identified, the methyltransferases for S11, L7/L12, L16 and L33 have yet to be identified. PrmA,
the L11 methytransferase, methylates three amino acids of E. coli L11: Lys3, Lys39 and the
amino group of the N-terminal alanine (107,108). All three methylations occur on the flexible
NTD of the protein that interacts with ribosomal GTPases as part of the GTPase center, however
the modifications appear dispensable for ribosome function under normal growth conditions

(109).

PrmB methylates L3 on the amide of GIn150 (110). Loss of PrmB confers a cold growth
sensitivity. As L3 is one of the first proteins assembled onto the 23S rRNA, it is likely that this

modification is important for ribosome assembly (111).

The identity of L7/L12 is linked to its posttranslational modifications. These proteins have the
same primary sequence, but L7 is monomethylated at Lys81 and L12 is acetylated at Serl by
RimL (112). Methylation is temperature dependent with almost no methylation at 37°C, but
increasing to ~60% as the temperature is decreased (113). Acetylation of L12 is dependent on the
growth conditions, with 85% not acetylated during log phase and the extent of modification
increasing as cells approach stationary phase (114). The function of these modifications is not

fully understood.
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RimJ and Riml acetylate S5 and S18, respectively (115). Deletion of RimlI showed no deleterious
effect on cell growth, while a cold growth phenotype was observed for RimJ due to the disruption

of ribosome assembly and reduction of translational accuracy (116).

1.3.2.2 Modifications of ribosome factors

As ribosomal factors control translation, it should not be surprising that their activity is
modulated by posttranslational modifications. PrmC methylates Class I release factors (RF1/2),
which detect the presence of a stop codon in the ribosomal A site and stimulate peptide bond
release (117). The GIn252 of the GGQ motif of RF1/2, which probes the tRNA in the PTC
stimulating peptide release, is methylated. Loss of this modification decreases termination

efficiency of the ribosome (118,119).

The elongation factor EF-P aids the ribosome in translating poly-proline stretches (120,121). EF-
P is posttranslationally modified with B-lysine at Lys34 (122,123). Modified EF-P increased
peptide-bond formation (in a N-formyl-methioyl-puromycin reaction) by four-fold over
unmodified EF-P and the mutation K34A inactivated EF-P, demonstrating the importance of this

modified lysine (123).

1.3.2.3 Control of EF-Tu function by modification during different phases of bacterial growth

The GTPase EF-Tu is the target for multiple modifications including methylation and
phosphorylation. Three sites of phosphorylation have been described. In the B. subtilus forespore,
a metabolically dormant entity, YabT phosphorylates the conserved Thr63 near the GTP binding
site. This phosphorylation allows GTP to bind, but decreases GTP hydrolysis and modulates EF-
Tu function in translation, likely keeping the forespore in a metabolically inactive state (124). In
M. tuberculosis phosphorylation at as many as three unidentified sites resulted in decreased GTP
binding, but also rendered the enzyme insensitive to the antibiotic kirromycin, suggesting a

protective role in translation for the modification (125). Lastly, the toxin Doc, which is found in
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E. coli and other species of Entrobacteria including pathogens, phosphorylates Thr382

inactivating EF-Tu down-regulating translation during the bacterial stress response (126).

Methylation has also been documented to regulate the function of EF-Tu. EF-Tu Lys56
methylation depends on E. coli growth phase with mono-methylation identified during
logarithmic growth and di-methylaion during stationary phase. This modification decreases GTP
hydrolysis, but its biological function is not well understood (127). Also in E. coli, methylation of
a membrane bound fraction of EF-Tu increases in response to nutrient deprivation, however the
biological role for this methylation has not been elucidated (128,129). In Pseudomonas
aeruginosa EF-Tu is trimethylated at Lys5 (130). However, this modification is only present
when the bacterium is grown near environmental temperatures (25°C), rather than host
temperatures (37°C). A role for this modification in translation has not been studied, but loss of
the methyltransferase decreases the adherence to and infection of host cells by P. aeruginosa
(131). These studies suggest a link between the bacterium’s environment and a role for EF-Tu

trimethylation either in translation or in adherence.

1.4 PREVAILING QUESTIONS IN METHYLTRANSFERASE STRUCTURE AND

FUNCTION

It is evident that posttranscriptional and posttranslational modifications of the translation
machinery are necessary for ribosome function in translating proteins and for bacterial survival
when adapting to changing environments (such as environmental stressors or the presence of
antibiotics). While the functions of many methylations have been described, less is known about
the methyltransferases and the molecular mechanisms needed to catalyze the reactions including:
enzyme structure and S-adenosyl-L-methionine (SAM) binding, substrate recognition and
catalytic mechanisms (Figure 1.9). In the following chapters, I describe studies that examine the
molecular characteristics of three methyltransferases, defined by their methyltransferase class, to

understand their enzyme structure and features that regulate their activity.
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Two of the methyltransferases TlyA and EftM, are belong to the most common family, Class I,
containing a Rossmann-like methyltransferase fold. Within this fold, specific conserved motifs
have been identified (I-V) including the SAM-binding motif (motif I) with a consensus sequence
GxGxG (132-134). Additional structural elements or domains can accessorize the
methyltransferase domain, for example to confer specific substrate recognition. Our studies of the
rRNA methyltransferase TlyA from M. tuberculosis and EF-Tu trimethytransferase EftM from P.

aeruginosa will address the following questions:

— What is the structure of these methyltransferses and what auxiliary domains decorate the
methyltransferase domain?

— What structural elements govern SAM binding and with what affinity do these enzymes
bind SAM?

- What controls the temperature regulation of the EftM modification?

Studies of a third methyltransferase, Tsr, will extend initial characterizations of the structure,
which defined the enzyme as a Class IV SpoU/TrmD (SPOUT) methyltransferase (135). The
majority of identified SPOUT methyltransferases are obligate homodimers with amino acids of
each protomer functioning in each round of catalysis. Like Class I methyltransferases, SPOUT
methyltransferase contain additional features or domains important for substrate recognition. Our
studies of the 23S rRNA methyltransferase Tsr from S. azureus will address the following

questions:

- What role does the dimerization of the enzyme play in substrate recognition and
catalysis?

— How does Tsr recognize its rRNA substrate?

Through these studies I gained novel insights into methyltransferase structure, SAM binding and

substrate recognition. Together these studies will describe mechanisms that control enzyme



activity that influences important biological processes, and could underpin the development of

future antibiotics.
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FIGURE 1.1 Structure of the bacterial 70S ribosome. 4, Crystal structure of the 70S ribosome
bound to E, P and A-site tRNAs and EF-Tu (PDB ID: 5SAFI). Components are colored as follows:
rRNA (grey), 50S proteins (tan), 30S proteins (cyan), E-site tRNA (purple), P-site tRNA
(magenta), A-site tRNA (blue), and EF-Tu (orange). B, Front view of 30S with componets
colored as (A). The general location of the shoulder domain is shown. C, Top view of 30S as

colored in (A) and also showing the mRNA (green) and general location of 30S head domain.
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FIGURE 1.2 Translation initiation. 4, Initiator fmet-tRNA™ (brown) is positioned in the
tRNA P site in the 30S by initiation factors (IF1- IF3). B, IF-1 and IF-3 dissociate before the
GTPase IF-2, which helps position the 50S subunit onto the 30S. C, Upon GTP hydrolysis IF-2

dissociates and the ribosome is poised for elongation.
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FIGURE 1.3 Translation elongation. 4, EF-Tu delivers tRNA to the A site and hydrolyses
GTP. B, EF-Ts acts as a guanine exchange factor dissociating GDP from EF-Tu. C, the tRNA is
accommodated into the peptidyl-transferase center (PTC) and the nascent peptide chain is
transferred to the A site amino acid through peptide bond formation. D, EF-G binds near the A
site and translocates the tRNA and mRNA one codon. After EF-G hydrolyses GTP, it dissociates

leaving an empty A site, (E).
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FIGURE 1.4 Translation termination and ribosome recycling. 4, A stop codon (red ticks)

) H

appears in the A site. B, Release Factor 1 or 2 (RF1/2, depending on the codon) recognizes the
stop codon and binds in the A site with GTP-bound RF-3 and stimulates hydrolysis of the peptide
chain from the P-site tRNA. C, RF-3 hydrolyses GTP and RF1/2 and RF-3 dissociate. D,
Ribosome recycling factor (RRF) and EF-G bind in the A site and with GTP hydrolysis,
dissociate the 50S and 30S subunits shown in E. F, IF-3 binds 30S preparing it for another round

of protein synthesis (see Figure 1.2).
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FIGURE 1.5 Antibiotic binding sites in the ribosome. 4. Antibiotics bind in the peptide exit
tunnel (PET). Overlay of 70S structures bound to examples of macrolide (PDB: 4V7U,
erythromycin, cyan), lincosamide (PDB: 4V7V, clindamycin, pink), streptogramin B (PDB:
4V'56, quinuprist, orange). m°A2058 confers resistance to macrolides, lincosamides and
streptogramin B (red sphere). Ribosome features are colored as follows: 23S nucleotides A2058
and A2059 designate the entrance to the PET (yellow), A2451 designates the PTC (green), rRNA
(gray), r-proteins (tan surface), P-site tRNA (red) and A-site tRNA (blue). B. Antibiotics bound
to the peptidyl-transferase center. Overlay of 70S structures of chloramphenicol (PDB: 4V7W,
green), hygromycin A (PDB: 5D0Y, cyan), CC-puromycin (PDB:1VY6, orange). m®A2503
methylation confers resistance to these antibiotics (red sphere). Coloring same as (A). C,
Antibiotics binding the decoding center. Overly of 30S structures bound to capreomycin (PDB:
4V7TM, purple), paramomycin (PDB: 4V5D, pink), neomycin (PDB: 4V52, orange). mRNA
(green), A-site tRNA (pink), ‘decoding’ 16S nucleotides (G530, A1492, A1493, yellow). D,
Thiostrepton bound to 50S subunit GTPase activation center (PDB: 3CFS5, blue ). 2"-O-
methylation of A1067 confers thiostrepton resistance (red sphere). Coloring scheme is a follows:

L11 (tan), L11-binding domain of 23S rRNA (pink),
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FIGURE 1.6 Ribosomal GTPases EF-Tu and EF-G bound to inhibitory antibiotics. 4, EF-
Tu: tRNA complex bound to kirromycin and GTP (PDB 10B2). Components colored as follows:
tRNA (blue), EF-Tu (orange), kirromycin (yellow), GTP (green), and sites of posttranslational
modification (red spheres). B, EF-G (green) bound to fusidic acid (orange) and GDP (brown;

4V5F).
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FIGURE 1.7 Posttranscriptional modifications of rRNA. 4, View of ribosome from the tRNA
A site highlighting sites of modification (PDB: 5AFI). Components colored as follows: rRNA
(grey), 50S r-proteins (tan), 30S r-proteins (cyan), mRNA (green), P-site tRNA (red), methylated
nucleotides (blue), pseudouridine (orange). B, Methylated nucleotides of the decoding center as

colored in (A) and methylation sites (orange spheres).
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FIGURE 1.8 Antibiotic resistance conferred by loss of posttranscriptional modifications. 4,
Loss of methylation of 16S rRNA Cm1409 and 23S rRNA Cm1920 (green spheres) by TlyA
confers resistance to capreomycin (4V7M, purple). Other highlighted ribosome features are the
mRNA (green), A-site tRNA (blue), and the ‘decoding’ nucleotides A1492, A1493, G530
(yellow). B, Acquired methylations m’G1505 and m'A 1408 (red spheres) confer resistance to

aminoglycosides such as gentamicin (PDB: 4V53, light green) and neomycin (PDB: 4V52, pink).
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FIGURE 1.9 Current knowledge and prevailing questions for Tsr, Tlya and Eftm
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mechanistic studies. Studies will elucidate the structure and biochemical properties of these
enzymes and describe mechanisms of activity regulation by substrate recognition, cofactor

binding or enzyme structural stability.
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2.1 ABSTRACT

Pseudomonas aeruginosa is a Gram-negative opportunistic pathogen that trimethylates
elongation factor-Tu (EF-Tu) on lysine 5. Lysine 5 methylation occurs in a temperature-
dependent manner and is generally only seen when P. aeruginosa is grown at temperatures close
to ambient (25°C), but not at higher temperatures (37°C). We have previously identified the gene,
eftM (for EF-Tu modifying enzyme), responsible for this modification and shown its activity to
be associated with increase adhesion to and invasion of respiratory epithelial cells. Bioinformatic
analyses predicted EftM to be a Class I S-adenosyl-L-methionine (SAM)-dependent
methyltransferase. An in vitro methyltransferase assay was employed to show that, in the
presence of SAM, EftM directly trimethylates EF-Tu. A natural variant of EftM, with a glycine to
arginine substitution at position 50, in the predicted SAM-binding domain lacks both SAM
binding and enzyme activity. Mass spectrometry analysis of the in vitro methyltransferase
reaction products revealed that EftM exclusively methylates at lysine 5 of EF-Tu in a distributive
manner. Consistent with the in vivo temperature dependence of methylation of EF-Tu, pre-
incubation of EftM at 37°C abolished methyltransferase activity, while this activity was retained
when EftM was pre-incubated at 25°C. Irreversible protein unfolding at 37°C was observed and
we propose is the molecular basis for the temperature dependence of EftM activity. Collectively,
our results show that EftM is a thermolabile, SAM-dependent methyltransferase that directly

trimethylates lysine 5 of EF-Tu in P. aeruginosa.

2.2 INTRODUCTION

Protein post-translational modification (PTM) adds an additional level of complexity that can
influence protein function, as well as change the protein charge and tertiary structure. The protein
PTM landscape is vast; more than half of the natural amino acids are substrates for chemical
modification and lysine, for example, can be modified with at least 10 different PTMs, including

methylation (1).
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Though first discovered on the bacterial flagellum (2), the study of lysine methylation in
prokaryotes has lagged behind that of eukaryotes. In eukaryotes, the most well-studied effect of
lysine methylation is within the field of epigenetics, where patterns of methylation form the
‘histone code,” and serve as another level of DNA transcriptional control (3). In bacteria,
methylated lysines have been found on flagella, specific outer membrane proteins, and the
ribosome translational machinery; however, for the most part, the functional consequences of

these modifications are not known (2,4-8).

PTM of proteins involved in protein synthesis has the potential to exert a significant effect on
bacterial gene expression. Lysine methylation of components of the translational machinery,
including essential translation factors such as elongation factor-Tu (EF-Tu), which binds to and
delivers aminoacylated tRNA (aa-tRNA) to the ribosome has been identified (9). In Escherichia
coli for example, EF-Tu lysine 57 is mono-methylated during logarithmic growth phase (10) but
as cells transition to stationary phase there is a gradual conversion of mono-methyllysine to di-
methyllysine (11). While methylation of EF-Tu at lysine 57 does not significantly alter its
interaction with GTP, GDP, EF-Ts, or aa-tRNA, there is a two-fold decrease in GTP hydrolysis
when EF-Tu is 20% mono- and 80% di-methylated compared to unmethylated (11). These
findings suggest that in vivo, any methylation of lysine 57 of EF-Tu would prolong the interaction
of EF-Tu-GTP-aa-tRNA complex with the ribosome leading to an increase in translational

accuracy (11,12). To date, the enzyme responsible for this modification in E. coli is not known.

We recently recognized that Pseudomonas aeruginosa EF-Tu is trimethylated at lysine 5 in a
temperature dependent manner (13). Through screening of a P. aeruginosa transposon mutant
library at 22°C, a strain lacking methylated EF-Tu was identified and subsequent analysis

revealed a transposon insertion in eftM. A mutant constructed with a deletion in eftM does not
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trimethylate EF-Tu, and plasmid complementation with efiM restored trimethylation of EF-Tu on
lysine 5, indicating that eftM is necessary for this process (13). EftM activity is associated with
increased adhesion to and invasion of respiratory epithelial cells and is more prominent at 22-
25°C than at 37°C (14). These observations and the fact that modified EF-Tu can be recognized
by antibodies to phosphorylcholine (ChoP) lead to the speculation that trimethylation of EF-Tu
functions like ChoP-modified surface-associated molecules of other respiratory pathogens.
Similar to ChoP-modified molecules, trimethylated EF-Tu interacts with platelet-activating factor
receptor (PAFR) on host cells. In many ChoP-containing microbes, the expression of this
modification is controlled in a variable manner; for example, phase variation controls ChoP
expression in commensal Neisseria spp. and Haemophilus influenzae (15). Trimethylation of EF-
Tu is also variable being more prominent at lower, but not higher temperatures (13). This
temperature-dependent activity appears independent of transcriptional regulation of eftM, as both
RNA-seq (16) and DNA microarray (17) studies of P. aeruginosa grown at 37°C show no
differences in eftM transcription when compared to P. aeruginosa grown at lower temperatures.
Therefore, how EftM activity and the modification of EF-Tu are controlled by temperature is not

known.

In the current study, we show that EftM is structurally homologous to Class I S-adenosyl-L-
methionine (SAM)-dependent methyltransferases and that purified recombinant EftM is
necessary and sufficient for the trimethylation of P. aeruginosa EF-Tu in the presence of SAM
cosubstrate. Analyses of EftM stability reveal that the protein undergoes an irreversible structural
reorganization at 37°C resulting in loss of methyltransferase activity. Together, these data suggest
that the in vivo temperature-dependent methylation and associated effect on adhesion may be
explained by direct thermoregulation of EftM resulting in structural instability at human body

temperature (37°C).
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2.3 EXPERIMENTAL PROCEDURES
2.3.1 Bacterial strains, plasmids and primers — The strains and plasmids used in this study are
listed in Table 1. All DNA oligonucleotide primers used for cloning and sequence analysis in this

study are listed in Table 2.

2.3.2 Plasmid construction — For complementation experiments, the PAHM?23 eftM gene (with
G148C mutation encoding a G50R amino acid substitution) was cloned into the broad-host-range
expression vector pUCP18 ApGw, as previously described for the wild-type gene from PAO1
(13). Briefly, the coding sequence was amplified using purified PAHM23 genomic DNA as
template with primers 0oJPO18 and 0JPO19 (Table 2). The amplicon was cloned into the Gateway
entry vector pPENTR/SD/D-TOPO (Life Technologies) following manufacturer’s instructions.
Gateway LR Clonase II enzyme mix (Life Technologies) was then used to clone from the entry
vector into the destination vector pUCP18ApGw (13) to generate plasmid pJPO7. The nucleotide

sequence of the plasmid insert was verified using automated DNA sequencing.

To create plasmids for overexpression of wild-type and K5A substituted EF-Tu, the coding
sequence of PAO1 tufB (PA4277) was amplified from PAO1 genomic DNA with an engineered
amino-terminal hexahistidine (N-Hise) affinity tag using primer pairs tufBF and tufBR or
tufBFK5A and tufBR, respectively (13). Amplicons were Gateway cloned as described above
into the destination vector pDEST14 (Life Technologies) to generate expression plasmids pJPO4
and pJPOS containing N-Hise fufB and N-Hise tufB K5A, respectively. Similarly, for EftM, the
coding sequences of PAO1 eftM (PA4178) and PAHM23 eftM (G50R) were amplified from
PAO1 and PAHM23 genomic DNA, respectively, using primers 0JPO20 and 0oJPO21 (Table 2).
PCR products were digested with Ndel and HindIII (New England Biolabs) and cloned into
pCOLD II (Takara Bio) in-frame with a N-Hise affinity tag to generate expression plasmids

pJPO1 and pJPO2, respectively.
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2.3.3 Protein expression and purification — Expression of N-His¢-tagged EF-Tu or EF-Tu K5A
was accomplished in E. coli BL21-Al cells transformed with pJPO4 or pJPOS, respectively, in 1
L cultures of ZYM-5052 media (18) supplemented with 0.2% arabinose [wt/vol] and carbenicillin
(100 pg/mL). Cultures were incubated with shaking at 25°C for 14 hours. Cells were pelleted at
12,000 x g for 10 minutes at 4°C and resuspended in 25 mL of lysis buffer (GoldBio Bacterial
Cell Lysis Buffer and 10 mM imidazole) with 100 pl of DNase I (10 mg/mL, GoldBio), 300 pl
ProBlock Gold Protease Inhibitor (GoldBio), and 0.2 mg/mL lysozyme (Roche). Cell suspensions
were lysed using a French Pressure Cell (American Instrument Company) at 16-18k PSI. Lysates
were then subjected to centrifugation at 12,000 x g for 10 minutes at 4°C to remove cellular
debris before applying the supernatants to columns containing HisPur Ni-NTA resin (Thermo
Scientific). The columns were washed three times with 1 mL wash buffer (50 mM sodium
phosphate, 150 mM sodium chloride, 20% glycerol [vol/vol], 6 mM B-mercaptoethanol, and 50
mM imidazole, pH 7.4) and eluted in four sequential 1 mL fractions of elution buffer (wash

buffer with 250 mM imidazole).

For over expression of N-His¢-tagged EftM (PAO1) and N-Hise-tagged EftM G50R (PAHM23),
chemically competent BL21(DE3) cells were transformed with pJPO1 or pJPO2, respectively,
along with pG-Tf2 helper plasmid encoding groES-groEL-tig (Takara Bio) and cultured
overnight, at 37°C in lysogeny broth (LB) containing chloramphenicol (20 pg/mL) and
carbenicillin (100 pg/mL). LB (1 L) supplemented with carbenicillin, chloramphenicol, and
tetracycline (5 ng/mL) was inoculated with 14 mL of overnight culture and then incubated at
37°C until the ODgg reached 0.8-1.0. Cultures were then cooled in a 15°C water bath for 30
minutes before the addition of 0.5 mM IPTG for induction of protein expression. Induced cultures
were incubated with shaking at 15°C for a further 20 hours. Purification was accomplished as

described for EF-Tu but with altered compositions of the lysis buffer (50 mM Tris-HCL, 10 mM
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magnesium acetate, 250 mM ammonium chloride, 20% glycerol [vol/vol], 6 mM -
mercaptoethanol, and 10 mM imidazole, pH 7.5) and wash buffer (50 mM Tris-HCI, 150 mM
sodium chloride, 50 mM imidazole, 5 mM magnesium chloride, 20% glycerol [vol/vol], 6 mM B-
mercaptoethanol, pH 7.5). EftM was further purified by gel filtration chromatography on a
Superdex200 10/300 column (GE Healthcare) equilibrated in gel filtration buffer (Tris-HCI pH
7.5, 75 mM potassium chloride, 150 mM sodium chloride, 5 mM magnesium chloride, 20%

glycerol, and 2 mM B-mercaptoethanol).

2.3.4 Preparation of P. aeruginosa whole-cell extracts — Cells were grown overnight with
shaking in LB at either 25°C or 37°C. Whole cell extracts were prepared by taking a volume
equivalent to 0.5 mL of an ODgg = 1.0 culture, pelleting the cells, and resuspending in 60 pl of
1x Laemmli buffer (BioRad). Samples were boiled for 10 minutes before being analyzed by

immunoblot analysis.

2.3.5 Immunoblot analysis — Immunoblots were performed by running samples on 10% Mini-
PROTEAN TGX gels (BioRad), transferring proteins to PVDF membranes (BioRad), and
blocking for 1 hour in 5% non-fat dry milk [wt/vol]. After blocking, blots were incubated in
primary antibody specific for di/trimethyl lysine (DTmK) (Millipore) or RpoA (Neoclone)
overnight at 4°C, and then an appropriate secondary antibody (anti-rabbit IgG or anti-mouse IgG,
respectively) conjugated to horseradish peroxidase (Sigma) at room temperature for 1 hour.
Antibody binding was detected using BioRad Clarity Western ECL reagent and the BioRad

ChemiDoc MP imager. All images were analyzed using Image Lab version 5.1 (BioRad).

2.3.6 EftM homology modeling — The amino acid sequence of EftM was analyzed using the
homology detection program HHpred (19). The hit with the highest probability (DesVI, PDB ID

3BXO) was used as a template for comparative modeling using MODELLER software (20).
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DaliLite (EMBL-EBI) was used to align (superimpose) the DesVI-SAM structure and the EftM
structural model. SAM was modeled on EftM by overlaying the EftM homology model and the

DesVI-SAM complex structure in PyMOL (Schrédinger, LLC).

2.3.7 In vitro methyltransferase assay — Methyltransferase assays comparing modification of
wild-type EF-Tu or Ef-Tu K5A by EftM or EftM G50R contained 1x HMT reaction buffer (New
England Biolabs; 50 mM Tris-HCI, 5 mM magnesium chloride, 4 mM dithiotreitol, pH 9), 10 pM
EF-Tu, 1 mM SAM (Sigma-Aldrich), and 6 uM EftM. Reactions were incubated at 25°C for 20
minutes and heat inactivated by boiling in 2x Laemmli sample buffer (BioRad) for 5 minutes. All
samples were analyzed using immunoblotting with antibodies to detect DTmK (Millipore). These

assays were repeated at least three times with similar results.

Methyltransferase assays with heat pre-treatment were performed in gel filtration buffer and
contained 10 uM EftM, 16 uM EF-Tu and 1 mM SAM. EftM was preincubated at either 25°C or
37°C for 0, 5, 10 and 20 minutes prior to addition to the methyltransferase assay. Reactions were
incubated at 25°C for 20 minutes and inactivated as described above. Samples were run on 14%
SDS-PAGE gels and stained with Coomassie or immunoblotted using a DTmK antibody (Upstate

Biotek). These assays were repeated two times with similar results.

2.3.8 MS analysis — MS analysis was used to assess EF-Tu methylation in vivo and from in vitro
assays performed under conditions designed to produce partial or complete methylation. For in
vivo methylation, recombinant N-His¢-tagged EF-Tu was purified from P. aeruginosa strain
PAO1 grown at 25°C as described in Barbier ez al. (13) and digested directly with chymotrypsin
for MS analysis. Partial methylation of EF-Tu was accomplished using products of in vitro
methyltransferase assays performed with excess SAM and EF-Tu but limiting EftM (0.6 pM) and

short incubation times (5 and 10 minutes). Products of in vitro assays were run on a 10% SDS-
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PAGE gel (BioRad) and stained with GelCode Blue (Thermo Scientific) for protein visualization.
Bands were excised and protein digested in-gel with chymotrypsin. The resulting peptides were

extracted with a solution of 5% formic acid and 50% acetonitrile and speed vacuumed to dryness.

An equal volume of each peptide sample was resuspended in loading buffer (0.1% formic acid,
0.03% trifluoroacetic acid, 1% acetonitrile) and peptide eluents were separated using a 15 cm 1.9
um C18 (Dr. Maisch, High Performance LC GmbH, Germany) self-packed column (New
Objective) on a NanoAcquity UHPLC (Waters) and monitored on an Q-Exactive Plus mass
spectrometer (ThermoFisher Scientific). Elution was performed over a 120-minute gradient at a
rate of 325 nl/minute with buffer B ranging from 3% to 80% (buffer A: 0.1% formic acid and 5%
DMSO in water, buffer B: 0.1 % formic and 5% DMSO in acetonitrile). The mass spectrometer
cycle was programmed to collect one full MS scan followed by 10 data dependent MS/MS scans.
The MS scans were collected at a resolution of 35,000 (300-1800 m/z range, 1,000,000 automatic
gain control (AGC), 100 millisecond (ms) maximum ion time) and the MS/MS spectra were
acquired at a resolution of 17,500 (2 m/z isolation width, 30% collision energy, 10,000 AGC
target, and 50 ms maximum ion time). Dynamic exclusion was set to exclude previous sequenced

peaks within a 10 ppm window for 30 seconds.

The SageN Sorcerer SEQUEST 4.3 algorithm was used to search and match MS/MS spectra to a
complete semi-chymotryptic E. coli database harboring the recombinant EF-Tu sequence from P.
aeruginosa PAO1 strain (total with 11,541 entries), including pseudo-reversed E. coli decoy
sequences (21,22). Searching parameters included mass tolerance of precursor ions (£ 20 ppm)
semi-chymotryptic restriction, dynamic modifications for oxidized Met (+15.9949 Da), trimethyl
lysine (+42.0470 Da), four maximal modification sites and a maximum of two missed cleavages.
Only b and y ions were considered for scoring (Xcorr) and Xcorr along with ACn were

dynamically increased for groups of peptides organized by a combination of chymotrypticity
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(fully or partial) and precursor ion charge state to remove false positive hits along with decoys
until achieving a false discovery rate (FDR) of < 5% (< 0.25% for proteins identified by more

than one peptide) (23).

Following discovery-based identification of the trimethylated EF-Tu lysine 5 peptide (m/z =
398.231) and corresponding unmodified peptide (m/z = 377.208), both were quantified on an
LTQ Orbitrap XL hybrid mass spectrometer (ThermoFisher Scientific) using a targeted MS
approach essentially as described (24). A user defined precursor mass tolerance of + 20 ppm was
employed for extracted ion chromatogram (XIC) based quantification. For time course assays,
fully chymotryptic peptides representing unmodified (AKEKF, m/z = 311.68), mono-methylated
(AKEKmeF, m/z = 318.69), di-methylated (AKEKme,F, m/z = 325.70) and tri-methylated
(AKEKmesF, m/z =332.71) EF-Tu lysine 5 were directly monitored and quantified by XIC on an

Orbitrap Fusion mass spectrometer (ThermoFisher Scientific).

2.3.9 Isothermal titration calorimetry — SAM and S-adenosyl-L-homocysteine (SAH) (Sigma-
Aldrich) were each dissolved in gel filtration buffer to 1 mM final concentration and titrated into
EftM (30-50 pM) in 16 % 2.4 pl injections using an Auto-iTC,yo microcalorimeter
(Malvern/MicroCal) at 25°C. After accounting for the heat of dilution by subtraction of the
residual heat measured at the end of the titration, the data were fit using a model for one set of
sites to determine the binding affinity (K4). Values reported are the average of at least two

independent titrations and the associated standard deviation between these measurements.

2.3.10 Circular dichroism spectroscopy — Analysis of EftM (10 uM, in gel filtration buffer)
unfolding by circular dichorism (CD) was recorded using a Jasco J-810 spectropolarimeter with a
Peltier temperature controller. Data were collected using a 1 mm path-length cuvette at 218 nm

collecting data every 0.5°C and a heating rate of 1°C/minute from 20-45°C.
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2.3.11 Differential scanning fluorimetry — The ability of SAM to stabilize the EftM structure was
assessed using differential scanning fluorimetry (DSF) essentially as described by Neisen et al.
(25). Briefly, the change in fluorescence arising from binding of SYPRO Orange dye (5000-fold
dilution) to hydrophobic residues upon unfolding of EftM (24 uM) was measured over a linear
temperature gradient (0.5°C/minute from 25-75°C) in the presence of SAM (150 pM) in a
StepOne Plus Real-Time PCR instrument (Applied Biosystems), and compared to control
experiments containing SAM and dye alone. The first derivative of the melting curve was
calculated using GraphPad Prism software to determine melting temperature (Ty,) corresponding

to 50% unfolded protein.

2.4 RESULTS

2.4.1 EftM is a SAM-dependent methyltransferase — We have previously demonstrated that the
laboratory P. aeruginosa strain PAO1 shows EF-Tu methylation at 25°C, but not at 37°C (Figure
2.1). Deletion of eftM (PAO1AeftM) results in no methylation of EF-Tu at either temperature.
When PAO1AeftM was complemented with eftM under the control of a constitutive promoter,
EF-Tu methylation is present at both temperatures, likely due to the overexpression of EftM
(Figure 2.1) (13). Through the screening of clinical isolates, we identified the strain PAHM?23,
which failed to methylate EF-Tu at either temperature. Sequencing of eftM from PAHM?23
revealed a single nucleotide change (G148C) resulting in a single amino acid substitution, G50R.
To determine whether this amino acid substitution impacted EftM function, we attempted to
complement the EF-Tu methylation-deficient phenotype of PAO1AefiM with the PAHM?23 eftM
gene. In contrast to previous experiments with wild-type PAOI1 eftM gene (13), the eftM gene
from PAHM23 was unable to complement PAO1AefiM (Figure 2.1). This result thus identifies

an amino acid residue critical for EftM activity.
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To define the function of EftM, we analyzed the amino acid sequence of EftM using the remote
homology detection program HHPred (19). This search revealed that EftM shares predicted
structural similarity with Class I SAM-dependent methyltransferases and identified the best
homology modeling template as DesVI (PDB ID 3BXO0), a N,N-dimethyltransferase found in
Streptomyces venezuelae (26). The EftM homology model has a core domain consisting of seven
B-strands with three a-helices on either side of the B-sheet (Figure 2.2A), characteristic of the
Class I methyltransferase fold. This fold loosely divides the protein into two lobes, one of which
is responsible for binding to SAM, and the other for target substrate specificity (27).
Augmentations of the conserved Class I methyltransferase core fold vary both in size and
architecture. Based on the DesVI template, EftM is predicted to possess an auxilliary domain
comprised of an a-helix derived from the EftM N-terminus and a C-terminal four-stranded anti-
parallel B-sheet. This domain forms a structure that covers the SAM-binding cleft of the
methyltransferase core fold and could thus define substrate specificity and/or access to the bound

SAM cosubstrate.

To experimentally test the structural prediction that EftM is a SAM-dependent methyltransferase
and whether SAM and SAH have similar binding affinities (Kg) for EftM, we used isothermal
titration calorimetry (ITC). These analyses revealed that EftM binds SAM and SAH with K4
values of 20 = 10 uM and 26 £ 19 uM (Figure 2.2B,C), respectively. Although relatively weak,

these binding affinities are comparable to other bacterial methyltransferases (28,29).

EftM residue G50 is located in a SAM-binding motif (motif I, E/DXGXG) conserved among
Class I methyltransferases (30), corresponding to residues 46-52 of EftM. To test whether a
defect in SAM binding results in the inactivity of the EftM-G50R variant from PAHM23, we
again used ITC to assess the EftM-G50R-SAM interaction. EftM-G50R affinity for SAM was

dramatically reduced, falling below the limit of detection by ITC (~millimolar) (Figure 2.2D).



57

This result confirms the importance of G50 for interaction with SAM and explains the

observation that PAHM23 EftM-G50R fails to modify EF-Tu (Figure 2.1).

2.4.2 EftM is necessary and sufficient to methylate EF-Tu — To determine if EftM is sufficient to
directly methylate EF-Tu in the presence of SAM, an in vitro methyltransferase assay was
employed. Purified EftM was incubated with and without SAM and purified EF-Tu at 25°C.
Modified EF-Tu was detected by immunoblot analysis using an anti-di/trimethyl lysine antibody
only when EftM, SAM, and EF-Tu were all present in the reaction (Figure 2.3A). The EftM
G50R substitution in EftM ablated methylation of EF-Tu in the assay (Figure 2.3A), consistent
with in vivo observations (Figure 2.1) and the effect of the substitution on SAM binding affinity
in vitro (Figure 2.2D). Additionally, no modification was detected using a K5A variant of EF-Tu,

consistent with exclusive in vitro methylation at this residue (Figure 2.3A).

Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis was used to further
confirm the amino acid methylated by EftM in the in vitro assay was lysine 5, as observed for in
vivo methylated EF-Tu (13). EF-Tu from in vitro reactions with and without EftM was subjected
to LC-MS/MS and the peptide corresponding to EF-Tu amino acids 1-6 was identified in both
reactions. However, in the reaction containing EftM, a mass shift of 42 Da was observed on the y,
and y; ions in the MS/MS spectrum (Figure 2.3B, lower panel) compared to the unmodified
peptide spectrum (Figure 2.3B, upper panel). Comparison of the complete MS data showed no
other differential methylation of EF-Tu. Taken together, these results confirm our previous
observations that the site of lysine trimethylation as EF-Tu specifically on residue 5 (13) and
further that both purified EftM and its co-substrate SAM are necessary to specifically and

exclusively methylate K5.
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2.4.3 EF-Tu methylation by EfiM is distributive — Examination of the precursor (MS1 scans)
extracted ion chromatograms showed that trimethylated lysine 5 peptide (m/z = 398.231) was
observed only when EftM was present in the in vitro reaction (Figure 2.3C, right). However,
while exclusively unmodified EF-Tu peptide (m/z = 377.208) was detected in the untreated
sample, some unmodified peptide was also found in the EftM-treated sample (Figure 2.3C, left).
In these samples from an end-point methylation reaction, no mono- or dimethylated lysine 5 was
detected. This result could indicate that EftM acts in a processive manner such that trimethyl
lysine 5 is the only product of the enzyme. Alternatively, the observation could reflect a complete
reaction with a remaining fraction of recombinant EF-Tu that is not an active substrate of EftM,
e.g. due to misfolding. In this scenario, whether EftM could act in a processive or distributive
manner would be ambiguous. To address this question, we performed similar MS analyses on in
vivo methylated EF-Tu and with an in vitro methylation time course designed to capture

intermediate species should they exist.

To determine if species other than trimethylated lysine 5 exist in vivo, recombinant EF-Tu was
purified from P. aeruginosa grown at 25°C and analyzed by MS. This analysis revealed that
while the majority of purified EF-Tu (79%) was indeed trimethylated at lysine 5, each of the un-,
mono-, and dimethylated species could also be detected, albeit at much smaller percentages of the
purified EF-Tu: 6%, 5%, and 10%, respectively. To determine whether such intermediates,
indicative of a distributive enzyme action, are also observed in a controlled in vitro methylation
reaction, additional EftM methyltransferase assays were performed using 10-fold lower enzyme
concentration compared to our standard assay. Under these conditions, Western blot analysis of
reaction time course showed a modest level of modification 5 minutes, which increased after 10
minutes (Figure 2.4). MS analysis of EF-Tu modification at each of these time points revealed
that the majority of EF-Tu was not trimethylated. Concomitant with a decrease in unmethylated

lysine 5, the amount of mono-, di-, and trimethylated lysine 5 was greater after 10 minutes
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compared to 5 minutes (Figure 2.4). This distribution of methyl species indicates that EftM

functions in a non-processive (distributive) manner.

2.4.4 EftM methyltransferase activity is thermosensitive — In the wild-type strain PAO1,
methylation of EF-Tu was observed exclusively at 25°C and not at 37°C (Figure 2.1). To assess
whether EftM was not only sufficient for the methylation of EF-Tu, but in addition whether the
temperature-dependent phenotype is recapitulated using purified proteins in our defined in vitro
methylation assay, EftM was pre-incubated at either 25°C or 37°C for between 0-20 minutes and
then used in the in vitro methyltransferase assay at 25°C. Pre-incubation of EftM at 25°C at all
times tested had no effect on its activity. In contrast, pre-treatment of EftM at 37°C for 5 minutes
resulted in a sharp decrease in EF-Tu modification; by 10 minutes no in vitro modified product
was detected (Figure 2.5). Amounts of both EftM and EF-Tu present in the reaction were
verified, and the levels of each remained constant in each of these reactions (Figure 2.5, lower
panel) indicating that protein degradation was not responsible for the decreased activity. When
EftM was subjected to pre-incubation at 37°C in the presence of 2 mM SAM, methyltransferase

activity was still lost (data not shown) suggesting that SAM does not stabilize the activity.

2.4.5 Structural thermolability regulates EftM activity — As EftM methyltransferase activity is
abolished at 37°C both in vivo and in vitro, we investigated using circular dichroism (CD)
spectroscopy whether temperature is affecting the enzyme secondary structure, which might
account for this temperature sensitivity. At 25°C, the CD spectrum of recombinant EftM is
consistent with a well-folded protein of mixed o/ secondary structure. To determine the
unfolding temperature (T,,) of EftM, we monitored the CD signal at 218 nm (CD,;5) over a linear
temperature gradient. The EftM structure remains stably folded over the range 20-30°C but
subsequently begins unfolding as the temperature is increased further. The decrease in strongly

negative CD;;g signal is indicative of the secondary structure unfolding with an estimated melting
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temperature (50% unfolded, T,,) of 37°C (Figure 2.6A). The observed unfolding was irreversible:
the alteration in CD spectrum was retained upon cooling and induced visible precipitation of the
protein. We conclude from these results that the temperature sensitivity of EftM activity is due to

irreversible protein unfolding at elevated temperature.

We next asked whether EftM is stabilized by its obligatory co-substrate SAM. As the addition of
SAM complicates CD analysis, we used differential scanning fluorimetry (DSF) to measure the
thermal stability of EftM in the presence of the co-substrate (Figure 2.6B). DSF experiments
monitor the binding of SYPRO Orange dye to hydrophobic amino acids as they become
progressively exposed during protein unfolding at higher temperatures (25). The T,, for EftM
unfolding in the absence of ligand is comparable to that derived from the CD melt, with a value
of 30.5°C. The difference in measured Ty, is likely due to the dye binding and stabilizing an
unfolded form of EftM resulting in a lower T,,, compared to CD analysis. Adding SAM (150 uM)
stabilized EftM, raising the T, to ~36°C (Figure 2.6B). Though EftM may be modestly stabilized
by its co-substrate SAM, this effect would not be sufficient to preserve the enzymatic activity at
the elevated temperature. These protein-unfolding experiments thus show that EftM is
thermosensitive and becomes nonfunctional at higher temperatures, revealing the molecular basis

for the temperature dependence of EftM activity observed in vitro and in vivo.

2.5 DISCUSSION

Bacteria possess multiple strategies to adapt to changes in temperature: the heat shock, cold
shock, and the low and the high temperature responses (31). These distinct pathways each employ
DNA, RNA, or protein molecules as the effectors of the response. In contrast to the heat shock
response, which is induced incrementally and is transient, the high temperature response requires
a specific elevated temperature and remains active above that point. As such, the high

temperature response is an important mechanism by which pathogenic bacteria can detect entry
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into a mammalian host, leading to induction and continued expression of virulence genes.
Temperature related changes in gene expression are typically regulated at the level of
transcription, via changes in DNA structure that expose RNA polymerase, activator or repressor
binding sites, activation of alternative sigma factors, or through changes in promoter or repressor
protein structure or oligomeric state that influence DNA binding. Alternatively, regulation can
occur at the level of translation initiation through “RNA thermometer” structures that allow the
ribosome access only at the elevated temperature (31). In this study, we have provided evidence
for another mechanism of thermoregulation through direct protein structural changes in the P.

aeruginosa methyltransferase EftM.

Collectively, our results demonstrate that EftM is a SAM-dependent methyltransferase that
rapidly loses activity via irreversible unfolding of its protein structure at ~37°C. The temperature
optimum for growth of P. aeruginosa is ~37°C (32), but this opportunistic pathogen can grow at
temperatures from to 22°C-45°C (33). Our finding that EftM unfolds at 37°C suggests that the
activity of this enzyme is not essential for maximum P. aeruginosa growth but, rather, may play
an important role in the transition from environment to host. “Moonlighting roles” for EF-Tu
have been described in various bacteria, and include chaperone-like properties involved in the
bacterial stress response (34) and, through its localization to the bacterial surface, involvement in
adherence to numerous proteins and host factors (13,14,35-40). A P. aeruginosa EftM mutant
that cannot methylate EF-Tu adheres and invades epithelial cells less well compared to a wild-
type strain and that this strain is also less virulent in a murine acute pneumonia model (13). While
we have not excluded that EftM may methylate other targets, we have shown that trimethylated
EF-Tu binds to epithelial cells better than non-modified EF-Tu (13) indicating a direct role of this
modification in adherence and presumably virulence. Collectively, these observations and our

new findings suggest that the temperature dependence of EftM activity may be one mechanism by
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which this opportunistic pathogen promotes adherence via lysine 5 trimethylated EF-Tu as it

transitions from the environment to the host.

EftM thermoinstability can rapidly halt methyltransferase activity but does not influence the fate
of previously methylated EF-Tu. In P. aeruginosa, modified EF-Tu persists for at least 4 hours in
cells switched from growth at 20°C to 37°C (41), providing good evidence that there is no
demethylase capable of specifically reversing EF-Tu lysine 5 trimethylation. Thus, the ultimate
loss of trimethylated EF-Tu over a timeframe of several hours is likely dependent on the rate of
EF-Tu, and not EftM, turnover, implying that the effects of trimethylated EF-Tu will continue to
be manifested as P. aeruginosa transitions from the environment to the human host during the

disease process.

In contrast to the potential influence of lysine 57 modification on E. coli growth, we observed no
alteration in growth rate in an eftM deletion mutant under standard laboratory conditions (13).
Although our MS analysis of in vivo modified recombinant EF-Tu suggests the majority of
protein is trimethylated at lysine 5, the fraction of native EF-Tu that is trimethylated in P.
aeruginosa is not known. If a large proportion of lysine 5-modified is observed, as was seen with
the recombinant EF-Tu protein, this could point to an influence upon EF-Tu function in protein
chain elongation (e.g. altering the speed of translation and/or increasing fidelity). The potential
that EF-Tu lysine 5 methylation could impact protein chain elongation is supported by the finding
that that residues 1-4 of E. coli EF-Tu are responsible for properly aligning residues 5-9 to
complex with guanine nucleotides and aa-tRNA for efficient protein chain elongation (42).
Perhaps the distribution of mono-, di-, and trimethylated EF-Tu impact these interactions
differently, which may provide a previously unappreciated means to control gene expression. If,
on the other hand, if a relatively small fraction of EF-Tu is methylated, it could suggest that

methylation specifically targets EF-Tu to perform functions outside its established role in protein
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synthesis. And, while the effect of EF-Tu as an adhesin has been described (14,39), whether
and/or how methylation influences the export of EF-Tu to the bacterial cell surface is currently

unknown.

In summary, we have expressed and characterized the thermoregulated SAM-dependent
methyltransferase EftM, responsible for methylating lysine 5 of the essential translation factor
EF-Tu. EftM binds SAM and SAH with similar affinity and appears to modify EF-Tu in a
distributive manner. Most importantly, we have shown that the EftM structure is thermosensitive,
a feature which we propose is responsible for driving the observed temperature-dependent
methylation phenotype in P. aeruginosa. The ability to express and purify functional EftM is a
major step necessary for detailed structural and functional analyses of EftM cosubstrate and
substrate recognition, and enzymatic turnover. Additionally, this work provides a platform to
study the potential impacts of EftM methylation of EF-Tu on its canonical role in protein
synthesis and other moonlighting functions in P. aeruginosa. Methylation of translation factors
may be a conserved means of regulating protein chain elongation in bacteria and, as such, has the
potential to provide us with deeper understanding of the mechanisms that bacterial protein

synthesis.
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FIGURE 2.1 Wild-type but not G50R substituted EftM is able methylate EF-Tu in vivo.

Western blot analysis of whole cell lysates from the indicated P. aeruginosa strains, as well as a

previously described eftM deletion mutant, PAO1AefiM, complemented with a plasmid

(pUCP18ApGw (eftM)) containing the wild-type PAO1 EftM (+eftM) or a plasmid (pJO7)

containing the G50R EftM (+eftM G50R) blotted with both anti-DTmK (upper) and anti-RpoA

(lower) antibodies.
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FIGURE 2.2 EftM shares structural homology with Class I SAM-dependent

methyltransferases and binds cosubstrate. (A) Homology model of the EftM-SAM complex
produced using the structure of DesVI as template. The conserved Class I methyltransferase
domain (light blue), variable domain (blue) and SAM (pink sticks) are indicated. The box
indicates the SAM binding pocket of EftM shown in a magnified view on the right. The a-

carbons of residues G50 and G52 (orange spheres) of the conserved E/DXGXG SAM binding

motif are highlighted. Isothermal titration calorimetry (ITC) analysis of wild-type EftM
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interaction with (B) SAM and (C) SAH. (D) ITC analysis of EftM-G50R interaction with SAM.
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FIGURE 2.3 In vitro lysine 5 trimethylation and quantification on recombinant EF-Tu. (A)
A representative in vitro methylation assay (n = 3) with wild-type (WT) PAO1 EftM or EftM
G50R and wild-type PAO1 EF-Tu or EF-Tu K5A shows that EftM requires SAM and methylates
EF-Tu exclusively at lysine 5. Upper panel: Western blot of methyltransferase assay products
detected with DTmK antibodies. Lower panel: Coomassie stained gel of the same reaction
products. (B) Chymotrypsin-digested EF-Tu from in vitro reactions examined by LC-MS/MS.
Representative MS/MS spectra are shown of the EF-Tu doubly charged (M+2H)>" unmodified
(top) and EftM modified (bottom) peptide sequence corresponding to residues 1-6. Fragment ions
v, and y; (green) are shifted by 42 kDa in mass, confirming lysine 5 trimethylation. Precursor
(MS1 scans) extracted ion chromatograms (measured as the percentage intensity using +20 ppm
mass tolerance) for (C) the unmodified EF-Tu peptide (m/z = 377.208; m/z =377.2018
theoretical) and (D) the trimethylated EF-Tu lysine 5 peptide (m/z = 398.231; m/z = 398.2253
theoretical) are shown for EftM treated and untreated samples (top and bottom in each panel,
respectively). The X-axis indicates the retention time when the peptide eluted from the LC
column. Peptide intensities were normalized to 100% for sample with the most intense signal in

each panel.
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FIGURE 2.4 EftM adds methyl groups to EF-Tu lysine 5 in a distributive manner. Western
blot of methyltransferase assay products using antibodies to detect DTmK. Reactions were
performed using excess SAM and EF-Tu at 25°C and analyzed at 5 and 10 minute time points.
The proportion of each lysine 5 methyl species (un-, mono-, di- and trimethylated) as determined
by mass spectrometry are shown. Percentages indicate the proportion of total signal intensity of

all lysine 5 peptides detected represented by each methyl lysine 5 species.
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FIGURE 2.5 EftM activity is thermolabile. Representative Western blot (upper) using
antibodies to detect DTmK of products from methyltransferase assays using wild-type PAO1
EftM and EF-Tu, and 1 mM SAM incubated at 25°C after incubation (0 minutes-20 minutes) at
25°C or 37°C. Loss of activity is not due to protein degradation as seen by Coomassie staining of

reaction products (lower) (n = 2).
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FIGURE 2.6 EftM structure is thermolabile. (A) EftM secondary structure unfolding over a
linear temperature gradient as shown by CD signal at 218 nm (black; left axis) with the first-
derivative of the unfolding curve (gray; right axis). (B) DSF analysis of the thermal stability of

EftM alone (black circles), in the presence of EftM and 150 uM SAM (blue circles), or with 150

uM SAM alone (blue line).
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Strain Relevant Characteristics or Genotype Source/
Reference
P. aeruginosa PAO1 Wild-type (14)
P. aeruginosa Deletion of eftM derived from PAO1 (14)
PAO1AeftM
P. aeruginosa Chronic infection isolate with G50R mutation in eftM (15)
PAHM23
E. coli BL21 fhuA?2 [lon] ompT gal [dem] AhsdS New England
Biolabs
E. coli BL21-Al F ompT hsdSg(rgmg’) gal dem araB::T7RNAP-tetA Invitrogen
E.coli Topl0 F mcrA A(mrr-hsdRMS-mcrBC) ®80lacZAM15 AlacXT74 Invitrogen
recAl araD139 A(ara-leu)7697 galU galK rpsL (Str™)
endAl nupG
E. coli DH5a Library F ¢80lacZAM15 A(lacZY A-argF)U169 recAl endAl Invitrogen
Efficiency hsdR17(ry,my phoA supESS thi-1 gyrA96 relA1 N
Plasmid Description Source/
Reference
pUCP18ApGw Gateway compatible broad-host-range vector (14)
pENTR/SD/D-TOPO Gateway”™ compatible directional cloning entry vector with Life
Shine-Dalgarno sequence; Km" Technologies
pUCP18ApGw pUCP18ApGw + PAOI eftM C-terminal FLAG fusion (14)
(eftM)
pUCP18ApGw pUCP18ApGw + PAOL1 tufB N-Hisg tag (14)
(1ufB)
pJPO7 pUCP18ApGw + PAHM23 (G50R) eftM C-terminal FLAG This study
fusion
pCOLDII Cold shock expression vector; Ap' Takara
pDEST14 Gateway® compatible arabinose inducible expression Life
vector; Ap" Technologies
pG-Tf2 Tetracycline inducible chaperone plasmid containing Takara
groES-groEL-tig; Cm'
pJPOI1 pCOLDII + eftM N-Hisq fusion This study
pJPO2 pCOLDII + eftM G50R N-Hisg fusion This study
pJPO4 pDEST14 + tufB N-Hisq fusion This study
pJPOS5S pDEST14 + rufB K5A N-Hisg fusion This study

Ap'- Ampicillin resistance, Km' - Kanamycin resistance, Cm" - Chloramphenicol resistance
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Primer Sequence Description

1ufBF CACCATGCATCATCATCATCATCATATGGCTAA See (14)
AGAAAAATTTGA

tufBR TTATTCGATGATCTTGGCAACC See (14)

tufBF CACCATGCATCATCATCATCATCATATGGCTAA See (14)

K5A AGAAGCATTTGA

0JPO18 CACCATGTCCGCCACCGCGCTG eftM Forward Gateway

oIPO19 igg%i%? CCATCGTCATCCTTGTAGTCGCGCTTC ofiM Reverse C-FLAG

oJPO20  CATCATATGTCCGCCACCGCGCTG eftM Forward Ndel

0JPO21 CTAAAGCTTCTAGCGCTTCACGCAGACGAACAG  eftM Reverse HindIIl

0JPO120 CATCCATGGCATCCGCCACCGCGCTGTACA eftM Forward Ncol

oIPO121 ATGAAGCTTCTACTTGTCATCGTCATCCTTGTAG eﬁM Reverse FLAG
TCGCGCTTCACGCAGAC HindIlI
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3.1 SUMMARY

Capreomycin is a potent ribosome-targeting antibiotic that is an essential component of current
antituberculosis treatments, particularly in the case of multi-drug resistant (MDR) Mycobacterium
tuberculosis (Mtb). Optimal capreomycin binding and Mtb ribosome inhibition requires
ribosomal RNA (rRNA) methylation in both ribosome subunits by TlyA (Rv1694), an enzyme
with dual 2’-O-methytransferase and putative hemolytic activities. Here, we present structural
and functional analyses of M¢b TlyA interaction with its obligatory cosubstrate for
methyltransferase activity, S-adenosyl-L-methionine (SAM). Despite adopting a complete Class I
methyltransferase fold containing conserved SAM-binding and catalytic motifs, the isolated TlyA
carboxyterminal domain (CTD) exhibits no detectable affinity for SAM. Further analyses identify
a novel tetrapeptide motif (RxWV) in the TlyA interdomain linker as indispensable for
cosubstrate binding. Our results also suggest that structural plasticity of the RxWV motif could
contribute to TlyA domain interactions as well as specific recognition of its two structurally

distinct rRNA targets.

3.2 INTRODUCTION

Mycobacterium tuberculosis (Mtb), the etiological agent of tuberculosis (TB), infects
approximately one-third of the world’s population and resulted in an estimated 9.6 million new
cases of active TB disease and 1.5 million deaths in 2014 ((WHO), 2015). Of further significant
concern is the rising number of TB cases involving Mb strains that are either multidrug-resistant,
defined as being resistant to the first-line antibiotics isoniazid and rifampicin, or extensively drug-
resistant, defined as being additionally resistant to any fluoroquinolone and at least one of the
three injectable second-line drugs, amikacin, kanamycin, or capreomycin (Dorman and Chaisson,

2007; Mukherjee et al., 2004).
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Capreomycin is a cyclic aminoglycoside-like peptide antibiotic belonging to the
tuberactinomycin family of antibiotics, which are among the most effective drugs against
multidrug-resistant M¢b. Capreomycin targets the mycobacterial ribosome at the interface of the
small and large subunits (Stanley et al., 2010) and requires ribosomal RNA (rRNA) methylation
for optimal binding and thus inhibition of ribosome function. Resistance to capreomycin in Mtb
can arise via mutation of #/y4, the gene encoding the protein TlyA (Rv1694), a proposed
virulence factor for Mtbh with dual hemolytic and rRNA methyltransferase activities (Johansen et
al., 2006; Maus et al., 2005a, b; Rahman et al., 2010). Resistance to ribosome-targeting drugs is
generally associated with the addition of methyl groups rather than their loss (Conn et al., 2009;
Cundliffe, 1989; Long and Vester, 2009). Thus, TlyA belongs to a unique group of
methyltransferases for which loss of function confers bacterial antibiotic resistance. Additionally,
as many bacterial genera lack #/y4, the potent antibiotic activity of capreomycin is specific
against Mtb (Johansen et al., 2006; Wren et al., 1998). However, treatment of TB has become
problematic due not only to the side effects of aminoglycosides but also to the increased
incidence of virulent, capreomycin-resistant M¢b strains generated by inactivation of #/y4 (Avent

et al., 2011; Johansen et al., 2006).

The S-adenosyl-L-methionine (SAM)-dependent methyltransferase activity of TlyA
results in ribose 2°-OH methylation of two cytidine residues: 16S rRNA C1409, which is located
within the 30S (small) ribosomal subunit “decoding center”, and 23 rRNA C1920, present in a
highly conserved region of the 50S (large) ribosomal subunit near the subunit interface (Johansen
et al., 2006; Stanley et al., 2010; Wimberly et al., 2000). Despite the importance of TlyA
methyltransferase activity in capreomycin action and resistance, many molecular details of
TlyA’s mechanism of action remain largely unknown, including interaction with cosubstrate

SAM and how TIlyA recognizes and methylates its two structurally distinct substrates (23S and
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16S rRNA). Therefore, detailed molecular studies of TlyA are urgently required to better

understand this resistance determinant and its contribution to capreomycin susceptibility.

Here, we demonstrate experimentally that TlyA folds into two stable structural domains
connected by a protease-sensitive linker, with rRNA binding and SAM binding/
methyltransferase activities expected to reside in the amino- and carboxy-terminal domains (NTD
and CTD), respectively. A high-resolution X-ray crystal structure of the TlyA CTD reveals a
Class I methyltransferase fold containing all expected conserved SAM binding and catalytic
motifs. Remarkably, however, this isolated protein domain has no detectable affinity for SAM
and further structural and functional studies reveal a novel tetrapeptide motif (RxWV) in the
region linking the two structural domains as indispensable for cosubstrate binding. Finally, our
results also suggest that structural plasticity within this interdomain linker could play a role in

TlyA recognition of its two structurally distinct rRNA targets.

3.3 RESULTS
3.3.1 Construct Design, Protein Expression and Purification of TlyA for Structural Studies.

A plasmid encoding N-terminally hexahistidine-tagged Mb TlyA (His-TlyA) was generated for
heterologous expression in E. coli and the resulting protein purified to near homogeneity using
Ni*"-affinity and gel filtration chromatographies. The circular dichroism (CD) spectrum of His-
TlyA is consistent with that of a well-folded protein with a mixed o/ structure (Figure 3.1A).
We additionally showed our purified recombinant His-TlyA to be active in methylation of both
target nucleotides, C1920 (23S rRNA) and C1409 (16S rRNA), by primer extension analysis of in

vitro methylated E. coli 50S and 30S subunits (Figure 3.1B).

We next attempted to crystallize full-length His-TlyA to solve its high-resolution X-ray

crystal structure but efforts to obtain suitable crystals were unsuccessful. Therefore, His-TlyA
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was treated with various proteases with the goal of identifying stable fragment(s) of TlyA better
suited to structural studies. The endopeptidase GluC, a serine proteinase that selectively cleaves
peptide bonds C-terminal to glutamic acid residues (Drapeau et al., 1972), produced two stable
fragments of ~10 kDa and ~20 kDa (Figure 3.2A). Based on the observed digestion pattern and
inspection of the TlyA sequence and homology model (Arenas et al., 2011), we identified
glutamic acid 59 (Glu59) as the most likely site of GluC cleavage. The TlyA homology model
predicts Glu59 to be surface exposed in an unstructured region that links the predicted NTD and
CTD (Figure 3.2B), and GluC cleavage this residue would result in products of 7.9 or 6.2 kDa
(NTD; with or without the hexhistidine tag) and 21.8 kDa (CTD), correlating well with the
observed products. Cleavage products of similar sizes were also previously observed for TlyA
treated with Proteinase K which was hypothesized to target a site within the interdomain linker
(Rahman et al., 2010). To test whether Glu59 was indeed the GIuC cleavage site, a TlyA-E59A
variant was generated and the purified protein similarly subjected to GluC cleavage. Although
GluC cleavage was not abolished, the pattern of fragments produced from the variant protein was
altered, suggesting that Glu59 is the major, but not the only, cleavage site recognized by the
protease (Figure 3.S1). We next asked whether these two GluC-derived TlyA fragments remain
stably folded and associated by applying partially cleaved protein to a gel filtration column. Two
major peaks were observed (Figure 3.2C), with the earlier eluting protein corresponding to the
remaining uncleaved full-length His-TlyA protein. Although eluting at a volume corresponding to
a significantly lower molecular weight entity, the later peak was found to contain both stable
fragments (Figure 3.2C,D) suggesting that the TlyA NTD and CTD remain stably folded and

associated following GluC cleavage.

We conclude from these results that treatment of His-TlyA with GluC produces two
stable protein fragments that likely correspond to the predicted TlyA NTD and CTD, and that

these domains have sufficient affinity that they remain associated following cleavage under the
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solution conditions used. Based on these observations, we generated a new expression construct
for crystallographic studies of the TlyA methyltransferase domain (CTD) beginning at residue
Ser64, which immediately follows the predicted interdomain linker and corresponds to the first
amino acid of a-helix 1 (al) in the TlyA homology model (Figure 3.2E). Crystals of TlyA CTD

suitable for structural determination formed within five days and diffracted to 1.7 A resolution.

3.3.2 The TlyA CTD Adopts a Class I Methyltransferase Fold

The structure of TlyA CTD was solved using a TlyA homology model and unambiguous electron
density allowed modeling of amino acids Ser64-Pro268, producing a final refined model with
Ryork/Reree 0 0.188/0.218 (also see Table 3.S1). The TlyA CTD structure contains a RrmJ/FtsJ
Rossmann-like methyltransferase fold comprising seven B-strands (with topology
13121121415]716) sandwiched between six a-helices (Figure 3.3A). The TlyA CTD structure
contains the glycine-rich SAM binding motif I GxGxG (Kagan and Clarke, 1994) albeit with the
atypical sequence G’ ASTG”, containing a central Gly to Ser variation. The TlyA CTD structure
additionally confirms the location of the proposed TlyA catalytic tetrad K/D"**/K'**/E**®

(Arenas et al., 2011; Feder et al., 2003).

The TlyA CTD domain overlays well with other Class I methyltransferases including the
archetypical member of the TlyA family the 2'-O-methyltransferase RrmJ, and the DNA C5-
methyltransferase Hhal (Bugl et al., 2000; O'Gara et al., 1999). Structural superimposition of
TlyA-CTD with other Class I methyltransferases was used to model the likely location of SAM in
the TlyA binding pocket. While most features of protein secondary structure overlay well
between TlyA and RrmJ (PDB ID: 1EIZ), severe clashes were observed when the RrmJ bound
SAM was placed within the TlyA CTD via protein superimposition due to differences in the

loops that link the core B-strands. In contrast, modeling using the SAM-bound structure of either
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the Hhal DNA methyltransferase (PDB ID: 2HMY) or RImM 2’-O-methyltransferase (PDB ID:
4B17) (Punekar et al., 2012), places SAM nicely into the TlyA binding pocket with no significant
clashes (shown for Hhal in Figure 3.3B). The modeled SAM is positioned on top of the loop
connecting TlyA core strand Pl and a2 which contains the SAM-binding motif I G*’ASTG"*. The
central Ser residue of TlyA’s atypical SAM-binding motif is oriented toward the modeled SAM
and positioned to directly hydrogen bond with the ribose 3'-OH. Additionally, by adopting a
different rotomeric state, the hydroxyl of residue Thr93 within this motif would be positioned for
interaction with the carboxyl end of the modeled SAM. Finally, the SAM adenine moiety is
modeled within a largely hydrophobic pocket on the surface of TlyA comprising the side chains
of residues Vall13, Alal36 and Ile158, the backbone of Gly114, and Asn135 (Figure 3.3C).
Thus, the TlyA CTD structure possesses the expected features necessary for interaction with the

obligatory methyltransferase cosubstrate SAM.

We additionally note that the proposed TlyA catalytic residue Asp154 is positioned
adjacent the transferable methyl group of the modeled SAM (Figure 3.3B, C). Interestingly, two
aromatic amino acids Tyr115 and Phel57 also line the SAM binding pocket, but are oriented into
the solvent. These residues could play an important functional role in recognizing the rRNA
substrate and coordinating the target nucleotide for catalysis as seen with NpmA-30S complex

(Dunkle et al., 2014).

3.3.3 The Isolated TlyA CTD Protein Does Not Bind SAM

To begin examining TlyA-cosubstrate interactions, we used isothermal titration calorimetry (ITC)
to compare binding of SAM and the methylation reaction by-product S-adenosylhomocysteine
(SAH) to the full-length enzyme. His-TlyA bound both SAM and SAH with similar affinities in

the low micromolar range (Figure 3.4A, Table 3.1), comparable to other rRNA
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methyltransferases (Savic et al., 2008; Witek and Conn, 2016). Surprisingly, however, despite
retaining a complete Class I methyltransferase SAM-binding fold with the expected conserved
motifs, the isolated TlyA CTD protein did not exhibit detectable binding of SAM (Figure 3.4B,
Table 3.1). In contrast, GluC-cleaved full-length His-TlyA (His—leAGluC), i.e. the co-purified
NTD and CTD fragments (Figure 3.2D), bound SAM with similar affinity to the intact protein
(Figure 3.4C, Table 3.1). Together, these data indicate that the methyltransferase fold of our
TlyA CTD construct is not sufficient for SAM binding and, thus, one or more elements of the N-

terminal 1-63 residues of TlyA must also play a critical role in SAM cosubstrate binding.

3.3.4 The RAWYV Tetrapeptide Interdomain Linker is Critical for TlyA CTD-SAM Interaction

To assess the potential contribution of the TlyA NTD to SAM binding, an N-terminal domain
expression construct was created corresponding to residues 1-63 ending with the RAWV
tetrapeptide domain linker sequence (NTD**VV; Figure3. 2E). Expression and purification of the
NTD**WY required an N-terminal SUMO-fusion tag which was removed using the ubiquitin-like
protease (Ulp) prior to use in experiments. Using this new construct, we first tested whether the
NTD*"Y and CTD proteins interact, recapitulating the retained association of the GluC-derived
NTD and CTD fragments of His-TlyA (Figure 3.2C). The NTD**"" and CTD proteins were
mixed with 1:1 stoichiometry and applied to a gel filtration column under identical conditions as
used previously for the full-length and GluC-cleaved His-TlyA. In contrast to GluC-cleaved His-
TlyA, each individual protein domain eluted as a separate peak with no evidence for their direct
association (Figure 3.5A). Additionally, no SAM binding was detected by ITC when SAM was
titrated into in the sample cell containing NTD**"V"/ CTD mixture (data not shown). Thus,

separate expression of the NTD**"V

and CTD proteins and in vitro reconstitution failed to
recapitulate the observed domain association and SAM binding affinity of the GluC-cleaved full-

length His-TlyA protein.
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We reasoned that the inability of the separately expressed TlyA domains to interact and
bind SAM (either the CTD alone or as an NTD**"V"/ CTD mixture) might arise from an
inappropriate choice of domain boundary in our expression constructs. Although the NTD and
CTD derived from full-length TlyA by GluC cleavage appear to remain strongly associated
(Figure 3.2C), we determined that dialysis against high salt (1 M NaCl) containing buffer and
subsequent application to the gel filtration column was sufficient to isolate a sample highly
enriched for TlyA CTD" (Figure 3.5B). This CTD"“ bound SAM with an affinity essentially
identical to full-length His-TlyA despite depletion of the NTD fragment (Figure 3.5C, Table
3.1), indicating that the majority of the NTD is dispensable for TlyA interaction with cosubstrate.
We therefore prepared a new TlyA CTD expression construct corresponding to the precise
fragment produced by GluC at the predicted Glu59 cleavage site, thus placing the RAWYV
tetrapeptide interdomain linker sequence on the N-termus of the CTD (residues 60-268,
RAWVCTD; Figure 3.2E). Remarkably, addition of the RAWYV sequence in “*""CTD restored
wild-type SAM binding affinity to the isolated domain protein (Figure 3.5D, Table 3.1). Thus,

the RAWYV tetrapeptide sequence appears essential for SAM binding in TlyA.

Given the predicted location of the RAWYV sequence in the region linking the two
domains of TlyA, we next evaluated the possibility that this tetrapeptide motif might also
contribute to TlyA domain interaction only when present on the CTD. An additional construct
was therefore generated corresponding to the N-terminal 1-59 amino acids of TlyA (NTD; Figure
3.2E) and the purified, tag-free NTD/ **"VYCTD domain proteins mixed and applied to the gel-
filtration column as before. Although SDS-PAGE analysis revealed less than stoichiometric
association, some NTD protein was found to co-elute with **“VCTD, in contrast to the alternate
fragment combination NTD**"Y/ CTD (compare Figure 3.5E and 3.5A, respectively). We
speculate that the weaker association observed for the separately expressed NTD/ **“VCTD

domain mixture compared to the GluC-cleaved protein likely arises due to the need to
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accommodate, within the protein-protein interface, an additional Gly-Ser dipeptide on ***VCTD
arising from the thrombin cleavage site used to remove its N-terminal His tag (Figure 3.2E).
Additionally, given that the isolated NTD protein required an N-terminal SUMO fusion for
soluble expression, the Ulp-cleaved TlyA NTD may also be heterogeneously folded compared to
the native domain derived from full-length TlyA. Nonetheless, while not fully recapitulating the
domain complex stability following cleavage with GluC, this result suggests that the RAWYV
tetrapeptide linker may play a role in association and coordination of the TlyA domains, in

addition to being essential for SAM binding.

3.3.5 Trp62 and Val63 are the Most Critical Residues for SAM Binding

BLAST search and multiple sequence alignment of the “*VVCTD sequence in UniProt revealed
that the tetrapeptide sequence is strongly conserved in the top 250 TlyA homologs. In particular,
position 62 is most highly conserved as a tryptophan and position 63 is invariant as either a valine
or alanine (Figure 3.6A). Proteins identified as TlyA homologs include TlyA 2"-O-
methyltransferases, RrmJ methyltransferases, cytotoxins/hemolysins, cytochrome C oxidase
subunit I, and TlyA family members. Similar analysis of all SAM-binding proteins within this
set of homologs (i.e. either TlyA or RrmJ methyltransferases) revealed an almost identical pattern
of sequence conservation as for all 250 proteins (Figure 3.6B). In contrast, among Mycobacterial
methyltransferases and hemolysins, Arg60 was more conserved and Trp62/Val63 were invariant.
TlyA homologs from all other species were more variable with valine and proline conserved at
position 60 and alanine conserved at position 63 (Figure 3.6C,D). Finally, among six
functionally characterized TlyA methyltransferases with overall identities of 38-100% to Mtb
TlyA (Monshupanee et al., 2012), Val63 was found to be invariant, with either a tryptophan or
tyrosine present at position 62 (Figure 3.6E). Based on this conservation, we predicted Arg60

and, in particular, Trp62 and Val63 may play important roles in TlyA function.
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To begin experimentally testing the impact of the RAWYV tetrapeptide sequence on the
TlyA-SAM interaction, individual single amino acid substitutions were made of each of the four
residues within full-length TlyA. Each variant was expressed and purified similarly to the wild-
type protein, and CD spectroscopy was used to confirm that none of the substitutions resulted in
gross changes to the protein fold (data not shown). The SAM binding affinity of each variant was
then measured by ITC as before (Table 3.2). Arg60 substitution with either Ala or Glu modestly
impacted SAM binding affinity (~3-fold decrease), while an A61V variant had wild-type affinity
for the cosubstrate. In contrast, substitution of Trp62 with Phe or Ala resulted in ~4- and 10-fold
reduction in SAM binding affinity, confirming a significant role for Trp62 in SAM binding and
suggesting that the aromatic nature of the side chain is important given the lesser impact of the
Trp to Phe substitution. Finally, the most pronounced decrease in SAM binding affinity was
observed for the V63 A variant (20-fold) pointing to a critical role for this hydrophobic residue in

SAM binding.

3.3.6 Structural Plasticity of the RAWYV Motif

As Trp62 and Val63 are not predicted by our TlyA CTD structure or the TlyA homology model
to interact with SAM, we next wanted to determine their local structural environments to assess
how they might stabilize amino acids that directly contact SAM. Two different crystallization
conditions were identified for TlyA **“YCTD that produced distinct crystal forms with the same
space group and similar cell dimensions, but which differed slightly in their packing within the
crystal lattice. In both crystal forms of **“VCTD, the presence of a symmetry related molecule
near the SAM binding site precluded obtaining a structure of SAM-bound **“*YCTD via soaking
of preformed crystals with SAM and efforts to complex crystals by direct co-crystallization were
unsuccessful. Nevertheless, the two structures of **“VCTD offer significant insight into the

potential molecular mechanism by which the RAWYV motif influences SAM binding. While the
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core methyltransferase fold in the two structures is essentially identical (aligning with 0.27 A
r.m.s.d. for 160 residues), the structure and position of the RAWYV motif varies significantly,
adopting an unstructured loop in one crystal (“Form 1-Loop”) and an extension of al of the

methyltransferase domain in the second (“Form 2-Helix”; Figure 3.7A,C).

In Form 1-Loop, electron density allowed modeling of Trp62 and Val63 peptide
backbone and also the Trp62 side chain (Figure 3.7B). In Form 2-Helix, clear density was also
observed for the peptide backbone of RAWYV motif as well as side chains of residues Ala61-
Val63 (Figure 3.7D). In the Form 2-Helix structure, extension of al by the RAWYV tetrapeptide
sequence positions Trp62 to interact with the backbone of Lys254 and Gly255 of a symmetry-
related molecule. This arrangment is similar to that of the CTD structure (which lacks Trp62) in
which an extended al would be accommodated, if the RAWYV sequence were present, without
clashing with a symmetry related molecule. In contrast, the altered crystal packing of Form 1-
Loop restricts the ability of the RAWYV sequence to extend al. Strikingly, the RAWYV sequence
instead adopts the same structure as observed for the equivalent sequence in hemolysin proteins
from Streptococcus thermophilus (PDB ID: 3HP7) and Lactococcus lactis (PDB ID: 30PN) with
Trp62 overlaying with Tyr62 and Tyr36, respectively, and stabilized by a hydrophobic interaction
with Val99/99/73 (TlyA/ 3HP7/ 30PN; Figure 3.7E). Although detailed interpretations are
potentially complicated by the influence of crystal packing contacts on the position of the
RAWVCTD N-terminus residues, the two structures nonetheless reveal that the Mth TlyA RAWYV
motif is capable of adopting two strikingly different conformations. We speculate that these two
conformations might reflect an important functional transition in TlyA, for example if the relative
orientation of the NTD and CTD is altered by interaction with ribosomal subunit substrate. An
important final question, however, is whether one or both of the observed conformations of the
RAWYV motif can provide a suitable mechanistic explanation as to its contribution to SAM

affinity.
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Comparison of the two **"VCTD structures and the CTD structure reveals changes in
regions surrounding the SAM binding pocket in addition to those in the RAWYV sequence
structure itself (Figure 3.7F). In the a-helical conformation Trp62 is rotated by 180° from its
position in the Form 1-Loop structure. On the opposite side of the SAM binding pocket, a shift in
the peptide backbone is also observed for the loops containing Thr134 and Tyr115, with
movements of 3.1 A and 3.9 A for their Co atoms, respectively, upon comparison of the Form 1-
Loop to Form 2-Helix structure. As Tyr115 interacts with symmetry related molecules in each
structure, we cannot eliminate the possibility that this structural change is influenced in part by
crystal packing. However, it is noteworthy that while the Tyr115 backbone moves away from the
SAM molecule, its side chain is reoriented closer to the SAM pocket such that it could contribute

to positioning of SAM or the target nucleotide in the TlyA active site.

The most striking differences between the two "*VCTD structures surround Val63, the
residue most critical for SAM affinity. In the extended al of the Form2-Helix structure, Val63,
shifted 4.4 A towards Thr93 of the SAM binding moitf I (Figure 3.7G). Additional small
differences are seen in the positions of both Thr93 and Ser92 Ca, shifted 1.4 A and 1.9 A,
respectively, towards the expected position of the bound SAM. Additionally, we note that in both
the Form 1-Loop and, to a lesser extent, CTD structures that the Thr93 side chain is oriented with
its hydroxyl group oriented away from the SAM pocket. In contrast, in the Form 2-Helix structure
the Thr93 side chain is reoriented with its hydroxyl group pointing into the SAM pocket and
positioned to interact directly with the cosubstrate carboxylate group. The position and influence
of Val63 in its a-helical conformation thus appears to drive formation of an optimally formed
SAM-binding pocket, underpinning the unexpected contribution of the RxWV motif and this

residue in particular to TlyA-SAM binding affinity.
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3.4 DISCUSSION

In the present study we have shown that the TlyA methyltransferase contains a Class I Rossmann-
like methyltransferase fold with a complete SAM-binding motif. However, the methyltransferase
domain (amino acids 64-268) is not competent for SAM binding, and we identified an additional
tetrapeptide motif RxWV as essential for SAM interaction with the methyltransferase domain. In
particular, the final two amino acids, Trp62 and Val63, have the most pronounced impacts on
SAM affinity. Our structural studies illustrated a role for these amino acids in organizing the
conserved GxGxG SAM-binding motif [ when they are part of an extended a helix1 of the TlyA

methyltransferase domain.

Whether the RxWV motif is an important determinant of SAM binding when present in
methyltransferases other than TlyA is an open question. TlyA and its homologs RrmJ and RrmM
contain a SAM binding motif I divergent from the typical ‘GxGxG’ (TlyA G*’ASTG”, RrmJ
ngAéPG“, and RrmM G219AQPG223 (Punekar et al., 2012) that introduces a bulkier amino acid
side chain that could point into the SAM binding pocket, either creating or disrupting interactions
important for SAM binding. In the case of Ala61 and Cys221 of RrmJ and RrmM, respectively,
the bulkier side chain is accommodated through its orientation away from the bound SAM
molecule, and instead positioning the common backbone carboxyl group within hydrogen
bonding distance of the SAM 3’-OH. In contrast, in TlyA, residue Ser92 points towards the SAM
binding pocket suggesting that the side chain could potentially make a direct hydrogen bond with
the SAM 3’-OH. Our structures show that reorientation Thr93, towards the carboxylate of the
SAM molecule is associated with the formation of an extended helical structure within al by the
RxWV motif. As both an atypical SAM binding motif G’ ASTG** and Trp62-Val63 are
conserved in characterized TlyA homologs, Trp62-Val63 could represent a mechanism to
compensate for deleterious effects on SAM affinity arising from the need to correctly organize

the atypical motif 1 of TlyA for optimal SAM binding.
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The RxWYV motif connects the methyltransferase domain to the TlyA N-terminal domain
which is predicted to adopt an S4 ribosomal protein binding fold (Arenas et al., 2011) and likely
plays a critical role in rRNA recognition (Monshupanee et al., 2012). However, precisely how
TlyA recognizes its two different nucleotide targets, 16S rRNA C1409 and 23S rRNA C1920,
remains to be elucidated. While both C1409 and C1920 reside within RNA helical structures with
similar sequences, their overall structural context differs significantly. C1409 is located in a
region of h44 which packs near multiple 16S rRNA helices to form a complex RNA tertiary
surface in the assembled 30S subunit, while C1920 is within a stem-loop (23S rRNA H69) that
protrudes from the surface of the free 50S subunit (Noeske et al., 2015). Could the structural
plasticity we observe in the TlyA interdomain linker (RxWYV tetrapeptide) also play a role in
TlyA’s recognition of its two substrates? A mechanism of this type has been described for the
tRNA G37 methyltransferase TrmD, in which an interdomain linker transitions from being
structurally disordered to helical upon substrate binding (Ito et al., 2015). To begin exploring this
question, we manually appended the TlyA NTD homology model onto each of our two TlyA
RAWVCTD structures followed by geometry minimization to reveal the potential for the NTD to be
oriented in two very different ways (Figures 3.8 and 3.S2). On the Form 1-Loop structure, the
NTD is more loosely associated with the CTD, and in a similar orientation to hemolysin
structures and the full-length TlyA homology model which is based on a hemolysin template
(Arenas et al., 2011). In contrast, modeled on the Form 2-Helix structure, the NTD is significantly
repositioned and packs more closely against the TlyA CTD surface surrounding the SAM binding
pocket, more consistent with our observation that the domain fragments from GluC-cleaved His-
TlyA remain tightly associated. From this preliminary modeling we speculate that TlyA may
employ a mechanism in which specific recognition via the NTD of its two different substrates
may be mediated via a common conformational change in the RxWV interdomain linker.
Substitutions of some positively charged residues in the TlyA NTD are known to have differential

impacts on the activity of TlyA against the 30S and 50S substrates (Monshupanee et al., 2012).
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Thus an appealing feature of a TlyA substrate recognition mechanism exploiting the structural
plasticity of the RxWV motif is that interactions made by different regions of the N-terminal S4
domain, with either 30S or 50S, could lead to a common signal via the interdomain linker for

correct substrate recognition and activation of methyltransferase activity.

In summary, the present study has revealed the unexpected but critical importance of the
RxWYV tetrapeptide motif in the TlyA interdomain linker for SAM binding. Our structures of the
RAWVCTD and modeling further suggest a potential role for the RxWV motif’s structural plasticity
in regulating communication between the TlyA domains and in specific substrate recognition.
Further structural studies of TlyA and its complexes with both 30S and 50S subunits are next
needed to fully understand the molecular details of specific substrate recognition and the role of

the RxWV motif in the activity of this important antibiotic-resistance associated enzyme.

3.5 EXPERIMENTAL PROCEDURES
3.5.1 TlyA Construct Design and Site-directed Mutagenesis

An E. coli codon optimized gene encoding TlyA (Rv1694; UniProt PO9WJ63) from Mtb
(strain ATCC 25618/ H37Rv) was obtained by chemical synthesis (GeneArt) and subcloned into
a modified pET44 plasmid (Zelinskaya et al., 2011) for expression of protein with a thrombin-
cleavable aminoterminal hexahistidine tag (His-TlyA). Screening for proteolytic fragments of
His-TlyA suitable for structural studies with the Proti-Ace kit (Hampton Research) identified the
endopeptidase GluC (Staphylococcus aureus Protease V8) as producing two stable domain
fragments and this observation was used as a guide to produce additional domain constructs (see
Results for details). Plasmids encoding His-CTD (amino acids 64-268), His-**"VCTD (amino
acids 60-268), and full-length His-TlyA with single amino acid substitutions were generated

using a whole plasmid PCR protocol (Miyazaki, 2011). Constructs for expression of amino-
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terminal domain proteins SUMO-NTD (amino acids 1-59) and SUMO-NTD™"V (amino acids 1-
63) were generated by PCR amplification of the corresponding coding region in pET44-His-TlyA
using primers containing Bsal and Xbal sites for ligation of the amplicon into the pE-SUMOpro

vector (LifeSensors).

3.5.2 TlyA Protein Expression and Purification

E. coli BL21 (DE3) cells transformed with protein-encoding plasmid were grown at 37 °C in
terrific broth supplemented with ampicillin (100 pg/ml) to mid-log phase (ODggp ~0.4-0.6),
induced with 0.5 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and grown for an additional
3-4 hours. Following harvesting by centrifugation, cells were resuspended in 50 mM sodium
phosphate buffer (pH 8.0) containing 300 mM NaCl and 10 mM imidazole, and lysed by
sonication. The resulting soluble fraction was applied to a HisTrap HP column (GE Healthcare)
equilibrated in the same buffer. The column was washed with 10 column volumes of 50 mM
sodium phosphate (pH 8.0) buffer containing 300 mM NaCl and 20 mM imidazole, and
subsequently eluted with the same buffer, but containing 250 mM imidazole. Further purification
was accomplished using a Superdex 75 16/60 gel filtration column (GE Healthcare) equilibrated
in gel filtration buffer (20 mM Tris pH 8.0, 10 mM magnesium acetate, 250 mM ammonium
chloride, 6 mM B-mercaptoethanol and 10% glycerol). All domain proteins and sequence variants

were expressed and purified in the same way as full-length His-TIyA.

For removal of the N-terminal hexahistidine tag, protein was mixed overnight with
thrombin (Sigma-Aldrich; 5 U per 1 mg of fusion protein) and passed over tandem HiTrap
Benzamidine FF and HisTrap HP columns (GE Healthcare). To remove the His-SUMO tag, His-

SUMO-NTD and His-SUMO-NTD**VY were incubated with Ulp and passed over a HisTrap HP
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column. After tag cleavage and initial purification step, cleaved TlyA or TlyA domains were

concentrated and purified in a second gel filtration chromatography step (as described above).

3.5.3 CD Spectroscopy

CD spectroscopy was performed for full-length wild-type His-TlyA and variants with single
amino acid substitutions in the RAWYV tetrapeptide sequence on a Jasco J810 spectropolarimeter
using solution conditions and instrument settings as described previously (Witek and Conn,
2014). Spectra (260-190 nm) were collected at 20 °C. Averaging and background correction were
performed using the Spectra Manager software provided with the instrument and analysis of TlyA
secondary structure was accomplished using the CDSSTR deconvolution algorithm via

Dichroweb (Whitmore and Wallace, 2008).

3.5.4 RT Analysis of 16S and 23S rRNA Methylation

Methylation of 30S and 50S was determined using RT assays with £.coli MRE600 30S and 50S
subunits purified as described previously (Moazed and Noller, 1989; Monshupanee et al., 2012).
In brief, E.coli cells were lysed using a French press, and the 50S and 30S ribosomal subunits
fractionated by sucrose gradient centrifugation and individually isolated by pelleting of the
respective fractions. For the methylation assay, 200 pmol purified His-TlyA was incubated for 1
hour at 37 °C with 100 pmol of ribosome subunit (30S or 50S) in the presence of | mM SAM in
10 mM HEPES-KOH buffer (pH 7.5) containing 10 mM MgCl,, 50 mM NH4CI, and 5 mM f3-
mercaptoethanol. The reaction was terminated by phenol/chloroform extraction followed by
ethanol precipitation to recover 16S or 23S rRNA from the 30S or 50S ribosomal subunits,
respectively. The reaction products were analyzed by RT using **P-labeled DNA primers

complementary to E.coli 16S rRNA nucleotides 1457-1473 (5'-CAAAGTGGTAAGCGCCC-3")
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and 23S rRNA nucleotides 1964-1980 (5'-CATTACGCCATTCGTGC-3"). The 2'-O-ribose
methylation on C1409 and C1920 was observed with low dGTP concentration (0.5 pM) in the
presence of 75 uM each of dATP, dTTP and dCTP. Extension products were run on 10% PAGE-

urea gels and visualized using Typhoon Trio phosphorimaging system (GE Healthcare).

3.5.5 Protein Crystallization and Structure Determination

His-CTD (6 mg/ml) was crystallized at 20 °C in 0.2 M Hepes pH 7.5 and 2.5 M NaCl using the
vapor diffusion method. His-"*"VYCTD (8 mg/ml) was crystallized in the same way but using 8%
tascimate pH 8.0 and 20% PEG 3350 (Form 1-Loop) or 0.3 M Hepes pH 7.5 and 2.8 M NacCl
(Form 2-Helix). Crystals were cryo-protected with reservoir solution supplemented with 20%
glycerol and flash frozen by plunging in liquid nitrogen. Data was collected at the Southeast
Regional Collaborative Access Team (SER-CAT) ID-22 beamline at the Advanced Photon
Source (APS) at the Argonne National Laboratory. The initial structure of His-CTD was solved
by molecular replacement using a homology model of TlyA amino acids 59-265 based on the
hemolysin from Lactococus lactis (PDB ID: 30PN) generated by SWISS-MODEL (Arnold et al.,
2006). Data was indexed and scaled using HKL.2000 (Otwinowski and Minor, 1997). Data
analysis, structure refinement and validation for all structures were performed using the programs
of the Phenix crystallography software suite (Adams et al., 2010). The quality of each model was
assessed with PDB_Redo (Joosten et al., 2014). Details of data processing, refinement and
accession codes for the final coordinates deposited in the Protein Data Bank are provided in

Table 3.S1.
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3.5.6 Isothermal Titration Calorimetry Analysis of SAM and SAH Binding

TlyA was dialyzed at 4 °C against 50 mM Tris buffer (pH 7.5) containing 120 mM NaCl and

10% glycerol, and concentrated to 60-100 pM. The same dialysis buffer was used to resuspend
SAM and SAH (Sigma-Aldrich) at 1.5 mM final concentration. Experiments were performed at
25 °C and comprised 16 injections of 2.4 pl SAM or SAH into the cell containing protein. Data
were fit to a model for one-binding site after subtraction of residual heats yielding equilibrium
dissociation constants (Kp) which are reported as an average of at least three experiments with the

associated standard deviation, unless otherwise noted.

For analysis of the isolated CTD®"“ fragment, gel filtration chromatography on a
Superdex 75 16/60 column was used to separate the major protein fragments generated by GluC
cleavage of full-length His-TlyA. Following overnight dialysis against gel filtration buffer
supplemented with 1 M NacCl, the GluC cleaved His-TlyA was applied to the column and

GluC

fractions containing the GluC-derived caboxyterminal domain fragment (CTD™") were pooled

and concentrated prior to use as above.

3.5.7 Analysis of TlyA Domain Association by Gel Filtration Chromatography

Gel filtration analysis of the GluC cleavage products of full-length His-TlyA was accomplished
using a Superdex 75 16/60 column equilibrated in gel filtration buffer. Collected fractions were
analyzed by SDS-PAGE. For analysis of interaction of separately expressed domain proteins, tag-
free CTD or **“VCTD protein (500 pg) was mixed with an equimolar ratio of the corresponding

tag-free amino terminal domain protein, NTD**""

or NTD, respectively. After incubation for 30
minutes at 4 °C, protein mixtures were analyzed on a Superdex 75 16/60 column and fractions

corresponding to each observed peak pooled, concentrated and an equal mass of protein resolved

on a 15% SDS-PAGE gel.
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3.5.8 SAM and NTD Modeling

SAM from the Hhal DNA methyltransferase (PDB ID: 2HMY) (O'Gara et al., 1999) was
modeled onto the TlyA CTD structures by superimposition of the protein structures in PyMOL.
The TlyA NTD from the homology model was modeled onto the CTD structures by aligning the
CTD structure with the CTD of the homology model, and deleting the homology model CTD.
The NTD was manually translocated and rotated to reduce steric clashes with the CTD and orient
the last amino acid of the NTD with the first amino acid of the CTD (Ala61 with Trp62 of
Form1-Loop, Glu59 with Arg60 of Form2-Helix CTD). Each model of the TlyA (NTD homology
model-CTD structure):SAM complex was then regularized using geometry minimization in

Phenix (Adams et al., 2010).

3.6 ACCESSION NUMBERS

Structures were deposited in the Protein Data Bank under accession numbers: TlyA CTD

(5EOV), RAWV-CTD, Form 1-Loop, (XXXX) and RAWV-CTD, Form 2-Helix (5KS2)
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FIGURE 3.1. Recombinant Mtbh His-TlyA (Rv1694) is well-folded and active in vitro against
both 30S and 50S ribosomal subunit substrates. 4, CD spectrum of His-TlyA and results of
secondary structural deconvolution (insef). B, RT analysis of in vitro 2'-O-methylation by TlyA
(solid arrowheads) of residues C1409 (16S rRNA, /eft) and C1920 (23S rRNA, right). The

positions of nearby modifications normally present in E. coli are also indicated (open

arrowheads).
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FIGURE 3.2. GluC cleavage of TlyA generates two domain fragments that remain
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associated. 4, SDS-PAGE of His-TlyA (black arrow) and stable fragments generated by GluC

cleavage: CTD"C

kDa are shown to the left). See also Figure S1. B, Homology model (PM0076044) of TlyA

highlighting the locations of the proposed GluC cleavage site (Glu59; red), the tetrapeptide

(grey arrow) and NTD

GluC

(blue arrow); M is protein gel standards (masses in

interdomain linker (RAWYV motif; orange), and the predicted SAM (yellow) binding site modeled

using the structure of Hhal methyltransferase (PDB ID: 2HMY). C, Gel filtration chromatogram

of His-TlyA (black) and TIyA partially digested with GluC (grey). D, SDS-PAGE of pooled

fractions from peak 1 indicating the CTD"® and NTD"“ as in panel 4. E, Schematic diagrams

of full-length TlyA and individual domain expression constructs highlighting the proposed GluC

cleavage (red arrowhead), thrombin cleavable hexahistidine tag (black arrowhead) and amino
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acids retained after thrombin cleavage (lowercase text), and the Ulp cleavable SUMO domain
(white arrowhead). Solid and dashed lines for the N-terminal tags (His and SUMO) denote those

retained and cleaved in the expressed proteins used in the present studies, respectively.
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FIGURE 3.3. The TlyA CTD adopts a Class I methyltransferase fold. 4, Two orthogonal
views of the TlyA CTD crystal structure with the conserved seven-stranded B-sheet core (/eff) and
six surrounding a-helices (right) highlighted in purple. B, Model of the TlyA CTD interaction
with SAM (yellow; from PDB 2HMY) shown in the same orientation as panel A. Residues
highlighted are from the SAM binding motif I G*’ ASTG®* (pink backbone, purple side chains)
and D154 of the proposed TlyA catalytic tetrad (green). C, Amino acids proposed to make up the

SAM binding pocket in TlyA, colored as in panel B.
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FIGURE 3.4. The isolated TlyA methyltransferase domain (CTD) does not bind SAM. ITC

analysis of TlyA-SAM interaction for titration by SAM into the cell containing 4, His-TlyA, B,

tag-free CTD and C, His-TlyA after cleavage with GluC (His-TlyA" ).
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FIGURE 3.5. The TlyA RAWY tetrapeptide sequence is necessary for SAM binding. 4, Gel
filtration analysis of His-TlyA (black) and individually expressed and purified, tag-free NTDMWY
and CTD (grey dashed line). /nset, SDS-PAGE of pooled fractions from peaks 1 and 2. B, SDS-
PAGE of sample enriched for TlyA CTD derived from GluC cleavage of full-length His-TlyA
(CTD ). C, ITC analysis of SAM binding to the CTD™" fragment. D, ITC analysis of SAM
binding to the **WYCTD protein construct. E, Gel filtration chromatogram of His-TlyA (black)

and individually expressed and purified, tag-free NTD and **“VCTD (grey dashed line). Inset,

SDS-PAGE of pooled fractions from peaks 1 and 2.
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Top 250
homologs

SAM
dependent

Mycobacterial
TIlyA

Other
TIlyA

TIyA subset

Yv (characterized)
60 61 62 63

FIGURE 3.6. RxWYV motif conservation. 4, Weblogo representation of RAWYV conservation of
the top 250 homolog sequences retrieved using a BLAST search with the TIyA-**“"VCTD
sequence in UniProt. Additional Weblogo representations for subsets of these 250 homologs: B,
all SAM-dependent (methyltransferase) proteins; C, TlyA family members from Mycobacteria
(sequence identity 68-100%); and D, TlyA family members from species other than
Mycobacteria (sequence identity 66-68%). E, Conservation of the RAWYV sequences among
TlyA homologs functionally characterized by Monshupanee and colleagues (identity 38-100%)

(Crooks et al., 2004; Monshupanee et al., 2012).



108

FIGURE 3.7, The TlyA RAWY motif can adopt two distinct conformations. 4, Cartoon of
Form 1-Loop "*VYCTD structure. The amino acids side chains of Trp62 and Val63 are shown as
orange sticks. B, Zoomed view of Trp62 and Val63 in Form 1-loop shown in 2mFo-DFc omit
electron density contoured at 1. C, Form 2-Helix structure shown as a cartoon with all side
chains of the RAWYV sequence shown as sticks (cyan). D, Zoomed view of the helical RAWV
sequence shown in 2mFo-DFc omit electron denisty contoured at 1c. E, Overlay of Form 1-Loop
with two hemolysin structures (PDB ID: 3HP7 and 30PN, blue and green, respectively). F,
Superimposition of TlyA CTD (purple), Form 1-Loop (tan) and Form 2-Helix (teal) structures
modeled with SAM (PDB ID: 2HMY; yellow). Val63 and Trp62 are as colored as in panels 4 and
C. Additional residues which differ in their Ca positions between the two structures are shown as

spheres. G, Zoomed view of Val63 and Thr92 reorientation towards the modeled SAM.



109

NTD

FIGURE 3.8. Modeling of the TlyA NTD on the two **"YCTD crystal structures. Two
approximately orthogonal views of the overlaid TlyA NTD modeled onto Form 1-Loop (orange

NTD) and Form 2-Helix (teal NTD). See also Figure S2



TABLE 3.1. Co-substrate binding affinity of
full-length TlyA and individual domains.

Protein Ligand Bmlil;l%:l\f/gglty’
His-TlyA SAM 234429
His-TlyA SAH 392+73
His-TlyA%"® SAM 17.3

CTD SAM No binding
CTDMC SAM 17.9
RAWYCTD SAM 200+ 1.1
NTDR*WY SAM No binding

*Values are the average Kp from three independent
experiments =+ standard deviation, except for GluC-cleaved
proteins which were performed once.
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TABLE 3.2. Cosubstrate binding affinity of TlyA RAWV

variants.

TlyA Binding affinity, Decrease compared to
variant Kp (uM)* wild-type (fold)
R60A 87.2+8.5 3.6

R60E 62.8 +23 2.7

A61V 21.1+43 0

W62A 234 +56 10

W62F 98.5 £27 4.3

V63A 470 =19 20

*Values are the average Kp from three independent experiments =

standard deviation.
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3.8 SUPPLEMENTAL INFORMATION

0 10 15 30 mins

M WTE59A WTE59A WT E59A WT E59A

15

10

FIGURE 3.S1. Related to Figure 3.2. Time course of a partial digest of wild-type (WT) and E59A
substituted TlyA with GluC protease demonstrating that the ES9A substitution decreases GluC cleavage
and alters the cleavage pattern. TlyA (black arrow) and stable fragments generated from GluC cleavage
highlighted: CTD"“ (grey arrow) and NTD“" (blue arrow); SDS-PAGE standards (M, in kDa) are

shown to the left.
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NTD (Loop)

FIGURE 3.S2. Related to Figure 3.8. Two approximately orthogonal views of each individual model
with the NTD appended to 4, B, the Form1-Loop structure and C, D, the Form2-Helix structure. The same

structures are shown overlaid in Figure 8 in the main text.



TABLE 3.S1. Related to Experimental Procedures: X-ray data collection and refinement statistics for

TlyA CTD structures.

c1D RAWCTD RAWVCTD.
(Form 1-Loop) (Form 2-Helix)
PDB code SEOV HitHH# 5KS2
Space group P452,2 P452,2 P4;2,2
. a 47.93-1.70 34.8-1.90 47.98-2.18
Resolution (A) (1.73-1.70) (1.97-1.90) (2.24-2.18)
Cell dimensions
a, b, c(A) 67'7880’ 33'78’ 70.92,70.92,79.88  67.85, 67.85, 79.46
a, B,y (°) 90, 90, 90 90, 90,90 90, 90, 90
Wavelength (A) 1.000 1.000 1.000
Rmergeb 0.109 (0.871) 0.121 (0.763) 0.319 (0.984)
Ryim 0.025 (0.234) 0.035 (0.762) 0.079 (0.431)
CCy (0.891) (0.928) (0.558)
1/l 65.2 (3.2) 45.8 (3.6) 19.2 (4.7)
Completeness (%) 100.0 (100.0) 99.9 (99.9) 99.9 (99.9)
Redundancy 19.2 (13.7) 12.8 (9.1) 13.2 (5.6)
Total. reflections (used) 407,555 (21,238) (21163, ’742468) (11807”147258)
Ruoc/ Riee 0.188/0.218 0.194/0.244 0.195/0.246
Number of atoms 1,587 1,588 1,622
Protein 1,507 1,528 1,550
Water 80 59 71
Ligand 0 0 1
B-factors
Protein 38.70 36.71 34.61
Water 44.90 37.33 37.84
Ligand - - 30.21
Ramachandran Plot
Favorable (%) 98.00 100.0 98.00
Outliers (%) 0.49 0.00 0.00
R.m.s. deviations
Bond lengths (A) 0.007 0.0108 0.0125
Bond angles (°) 1.09 1.263 1.384

“Values in parenthesis are for the highest resolution shell.

meerge =Xhkl Xi | Ii (hkl) — {I(hkl)) | / Thikl Xi li(hkl).
“Ryork = Zhkl | F, (hkl) — F, (hkl)|/ Zhkl| F, (hkl), where F, and F, are observed and calculated structure factors,
respectively. Rge., applies to the 10% of reflections chosen at random to constitute the test set.
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4.1 SUMMARY

Ribosomal RNA (rRNA) posttranscriptional modifications are essential for ribosome maturation,
translational fidelity and are one mechanism used by both antibiotic-producing and pathogenic
bacteria to resist the effects of antibiotics that target the ribosome. The thiostrepton producer
Streptomyces azureus prevents self-intoxication by expressing the thiostrepton-resistance
methyltransferase (Tsr), which methylates the 2'-hydroxyl of 23S rRNA nucleotide adenosine
1067 within the thiostrepton binding site. Tsr is a homodimer with each protomer containing an
L30e-like amino-terminal domain (NTD) and a SPOUT methyltransferase family catalytic
carboxyl-terminal domain (CTD). We show that both domains of the enzyme are required for
high affinity RNA substrate binding. The Tsr-CTD has intrinsic, weak RNA affinity that is
necessary to direct the specific high-affinity Tsr-RNA interaction via the NTDs, which have no
detectable RNA affinity in isolation. RNA structure probing experiments identify the Tsr
footprint on the RNA and structural changes in the substrate, induced specifically upon NTD
binding, that are necessary for catalysis by the CTD. Additionally, we identify a key amino acid
in each domain responsible for CTD-RNA binding and the observed NTD-dependent RNA
structural changes. These studies allow us to develop a model for Tsr-RNA interaction in which
the coordinated substrate recognition of each Tsr structural domain is an obligatory pre-catalytic
recognition event. Our findings underscore the complexity of substrate recognition by RNA
modification enzymes and the potential for direct involvement of the RNA substrate in

controlling the process of its modification.

4.2 INTRODUCTION

Posttranscriptional modification of RNA is a conserved and essential process in all kingdoms of

life. While many details remain to be uncovered, important roles played by such modifications
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have steadily emerged for tRNAs and rRNAs, which are the best studied and among the most
highly modified RNAs. Many tRNA modifications are essential in bacteria, for example,
methylation of tRNA anticodon stem loop at G37 by TrmD prevents frameshifting during
translation (1). rRNA modifications are not essential for growth under laboratory conditions, but
frequently exhibit cold sensitive growth phenotypes and a variety of translational defects (2).
Deletion of RsmA (formally KsgA; 16S rRNA m®,A1518/ m%A1519) disrupts 30S biogenesis,
while deletion of RsmB and RsmD (16S rRNA m’C967 and m*G966, respectively) disrupts
translation initiation (2,3). Additionally, in antibiotic-producing and resistant pathogenic bacteria,
methylation of rRNA at antibiotic binding sites disrupts drug binding and thus their toxic effects
(4,5). The Escherichia coli 16S and 23S rRNAs contain 24 constitutively methylated nucleotides
and the enzyme responsible for catalyzing each has been identified (6). Structural and
biochemical studies of these enzymes and their homologs have provided significant insight into
their interactions with the essential co-substrate S-adenosyl-L-methionine (SAM) and their
catalytic mechanisms (7,8). However, due to the relative paucity of structural studies
methyltransferase-RNA substrate complexes, much less is understood about rRNA substrate

recognition.

Thiostrepton is the prototypical member of the thiazole-containing class of antibiotics and is
produced by a number of Streptomyces strains including Streptomyces azureus (9). Thiostrepton
has been used in veterinary medicine to treat mastitis and as a topical agent for dogs but, due to
its poor solubility and toxicity, has found only limited applications to date. However, there is
renewed interest in the clinical use of thiostrepton as an antibiotic, and also as a therapy for
cancer and malaria (10-12). Thiostrepton binds to a compact 58 nucleotide (nt) rRNA domain
within 23S rRNA, which is also the binding site for ribosomal protein L11 (13,14). This rRNA-
protein complex forms part of the ribosomal functional center known as the GTPase center which

interacts with the translational factors EF-G, EF-Tu and RF3. Resistance to thiostrepton can arise
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from L11 loss or mutation, rRNA mutation or the specific methylation of the rRNA that makes up

the drug-RNA binding interface (15-17).

In S. azureus, resistance is specifically conferred by methylation of 23S rRNA on the ribose 2'
hydroxyl of adenosine 1067 (A1067, E. coli numbering) by the thiostrepton-resistance
methyltransferase (Tsr) (15,18). Tsr uses the co-substrate SAM to methylate the 23S rRNA,
presumably prior to the assembly of the 50S subunit as the L11 and proposed Tsr binding
surfaces are overlapping. The crystal structure of the Tsr-SAM complex definitively classified the
enzyme as a member of the SPOUT family of methyltransferases (19,20). As such, it is an
obligate homodimer through interactions mediated by its carboxyl-terminal domain (CTD; Fig.
4.14). The CTD also contains a characteristic trefoil knot structure that makes up the SAM
binding site. Furthermore, the Tsr structure illustrated the organization of each CTD and its
associated amino-terminal domain (NTD). The NTD is structurally similar to the yeast ribosomal
protein L30e and is presumed to be involved in RNA substrate recognition. However, its specific
contribution(s) to recognition and which structural elements of the 58 nt RNA domain (Fig. 4.1B)

are essential for interaction with Tsr are unknown.

Two lines of evidence from previous studies have suggested that unfolding the 58 nt RNA
domain tertiary structure may be required in substrate recognition by Tsr. First, stabilization of
the RNA tertiary structure decreased in vitro methylation of the 58 nt RNA by Tsr (21). Second, a
model 29 nt RNA hairpin containing the target loop and its associated stem, but lacking the full
tertiary structure, was more readily methylated than the full 58 nt domain. These observations
suggest that there maybe an energetic penalty paid by the enzyme to unfold the RNA tertiary
structure prior to catalysis (20). We therefore sought to determine whether Tsr must alter the
RNA structure as part of its substrate recognition mechanism. Here, we demonstrate that specific
RNA recognition by Tsr involves docking of its CTD on the A1067 target loop, followed by the

engagement of one or both NTDs in a process that drives specific RNA conformational changes
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at a site distant from the target loop. Further, this RNA structural change is an essential step for
catalysis and may form part of a pre-catalytic recognition signal from the N-terminal RNA
recognition domain. Collectively, these studies reveal new mechanistic details of the intricate
process of specific substrate recognition by Tsr and suggest a direct role for the RNA substrate in

control of catalysis.

4.3 EXPERIMENTAL PROCEDURES

4.3.1 Tsr purification and mutagenesis—Tsr was expressed from plasmid pET28a-Tsr in E. coli
BL21(DE3)-pLysS as described previously (20), and purified using Ni*"-affinity, heparin-affinity,
and gel filtration chromatographies. Elution volume from the Superdex 200 10/300 gel filtration
column (GE Healthcare) was calibrated using Gel Filtration Standards (BioRad). Purified enzyme

was flash frozen and stored at -80 "C.

Tsr mutagenesis was performed using the MEGAWHOP protocol (22) to modify pET28a-Tsr.
The Tsr amino terminal domain (Tsr-NTD) construct was created by inserting two stop codons
after that coding for residue R101. The Tsr carboxy terminal domain (Tsr-CTD) construct was
made by deletion of codons corresponding to amino acids 1-105. Individual domain proteins were
expressed and purified as described for full-length (FL) Tsr. Each protein was expressed with a
6xHis tag and thrombin cleavage site, giving calculated molecular weights of 31 kDa (61 kDa
dimer), 19.5 kDa (39 kDa dimer) and 13 kDa for the FL-Tsr, Tsr-CTD, and Tsr-NTD proteins,

respectively.

4.3.2 RNA in vitro transcription—Wild-type and U1061A 58 nt RNAs (Fig. 4.1B) were in vitro
transcribed from linearized plasmid DNA as previously described (23). Prior to use, RNA was

annealed by incubation at 65 'C for 10 minutes and slowly cooled to 25 "C.
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4.3.3 Hydroxyl radical and ribonuclease RNA structure probing—RNA was dephosphorylated by
alkaline phosphatase treatment and then [**P]-5'-end labeled using [y-""P]-ATP and T4
polynucleotide kinase. The products of the kinase reaction were resolved on a 12% (w/v)
polyacrylamide, 50% urea denaturing sequencing gel, and full-length **P-labeled RNA excised
and recovered from gel slices by soaking in 0.3 M sodium acetate and subsequent ethanol

precipitation.

Hydroxyl radical probing experiments contained FL-Tsr dialyzed overnight against assay buffer,
50 mM Tris pH 7.5, 75 mM KCIl, 5 mM MgCl,, at a final concentration of 20, 10, 5, 1 or 0.2 uM
with annealed **P-labeled RNA (50,000 cpm) in a 20 pl reaction. One microliter each of 50 mM
Fe(SOy4),, 100 mM EDTA, 250 mM ascorbic acid and 3% H,0, were added to the side of the tube
and pulsed in a microcentrifuge to mix rapidly. After 5 minutes on ice, the reaction was quenched
by ethanol precipitation and the recovered RNA resuspended in 8 pl of denaturing loading dye.
Radioactivity was quantified by liquid scintillation counting and equal counts were loaded for
each reaction and resolved on a 12% (w/v) polyacrylamide, 50% urea denaturing sequencing gel.
Gels were run at a constant 55 W for 1.5 hours, dried, exposed to a phosphor screen overnight
and scanned using a Typhoon FLA 7000 laser scanner (GE Healthcare). Band intensities were
quantified using ImageQuant TL software (GE Healthcare) applying the rubber band background
subtraction method. Band intensities were normalized to the most intense band in 0 uM lane and
normalized intensities were compared between 0 and 20 uM Tsr. A nucleotide was considered
protected or enhanced if the difference in relative intensity was + 15%. An alkaline hydrolysis
ladder (AH) and denaturing RNase T1 pattern (guanosine sequence) were used to identify the

specific nucleotides cleaved.

For RNase enzymatic probing experiments, annealed **P-labeled RNA (50,000 cpm) was mixed
with assay buffer alone (supplemented with 10% glycerol) or a final concentration of 20 uM Tsr.

The optimal concentration of each RNase (V1, T1 or A) was empirically identified by performing



126

reactions with 10-fold serial dilutions of the RNase. Additional control reactions with RNA (%
protein), but without RNase were also performed to ensure no contaminating RNases were

present. Reactions were incubated for 10 minutes at 25 C. The RNA was recovered by ethanol
precipitation and resuspended in denaturing gel loading dye. Samples were analyzed by PAGE

and recorded as described for the hydroxyl radical probing experiments.

4.3.4 RNA UV Melting—FL-Tsr and RNA were dialyzed overnight against 10 mM Hepes buffer
pH 7.5, 100 mM NH4CI, 5 mM Mg,SO4, and 10% glycerol. After annealing, RNA (25 pg per
sample) was melted alone or with an equal or half molar ratio of Tsr. The UV absorbance at 260
nm and 280 nm was measured over a linear temperature gradient (18-65 ‘C) with a heating rate of
1 °/min. The first derivative of each melting curve, referred to as its ‘melting profile’, was

calculated as described previously (24,25).

4.3.5 Fluorescence polarization—RNA was 5'-end labeled with a fluorescein analog as described
previously (26). Binding experiments were performed in the same assay buffer as used for
structure probing experiments with a final concentration of 10 nM annealed RNA and protein
concentrations ranging from 1 nM to 50 uM. Polarization was measured in black, non-binding
surface, 96 well plates (Corning) using a Synergy4 plate reader running Gen5 software (BioTek).
Data was background subtracted and non-linear curve fitting performed in GraphPad Prism. Fits
for all binding isotherms were compared between one-site and two-site specific binding, and the

latter accepted only when the p-value was <0.05.

4.3.6 Methylation Assays—Methylation assays using illustra MicroSpin G-25 columns (GE
Healthcare) to separate [*’H]-labeled RNA and remaining ["H]-SAM were performed as described
previously (20) with the following modifications. Assays were performed in 200 pl reactions in
assay buffer supplemented with 10% glycerol. After 30 minutes at 37 'C, 3 x 50 pl samples
(technical triplicates) were applied to the spin column and 40 pl of filtrate was counted in 2 ml of

Ecoscint Ultra scintillation fluid (National Diagnostics). Assays were performed with three
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independent preparations of Tsr. Trituim incorporation values in counts per minute (cpm) were

averaged and plotted with the associated standard error of the mean (SEM).

4.3.7 Electrophoretic mobility shift assay—58 nt RNA (100 nM) was incubated with a range of
concentrations of FL-Tsr or Tsr-CTD (two-fold dilutions from 10 uM to 78 nM) at room
temperature for 15 minutes and then separated on a 10% acrylamide, tris-borate-EDTA (TBE)
native gel. The gel was stained with SYBR Gold and imaged using a Typhoon Trio imager (GE
Healthcare). For binding specificity experiments, 100 nM in vitro transcribed 58 nt RNA, HDV
ribozyme or tRNA™" were incubated with FL-Tsr (1 or 10 uM) or Tsr-CTD (10 uM) and

analyzed as above.

4.3.8 Partial Proteolysis—Purified wild-type and mutant Tsr proteins were treated with
chymotrypsin at 1:100 (w/w) chymotrypsin: Tsr ratio using the same assay buffer as for probing
experiments but supplemented with 10% glycerol. Samples were incubated for 30 minutes at
room temperature. Reactions were stopped by adding SDS-loading dye and heating to 90 °C, and
the products resolved on a 10% SDS-PAGE gel and visualized by staining with Coomassie
Brilliant Blue dye. Otherwise identical samples were run without chymotrypsin as control for

each protein.

4.4 RESULTS

4.4.1 The Tsr NTDs aid in rRNA binding and are necessary for catalysis—We predicted that the
Tsr NTD and CTD domains might form stable and correctly folded proteins in isolation as
homologous proteins are known, e.g. L30e and TrmL (a minimal SPOUT methyltransferase), and
inspection of the Tsr NTD-CTD interface revealed it to be comprised primarily of polar and
charged amino acids with almost no hydrophobic residues that would be exposed to solvent.

Thus, to define the contribution of each Tsr domain to rRNA substrate recognition and catalysis,
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proteins corresponding to FL-Tsr (Fig. 4.14), the NTD (Tsr-NTD; amino acids 1-101) and CTD
(Tsr-CTD; amino acids 106-269) were expressed, purified and their binding and catalytic
activities quantified. Each isolated domain was indeed soluble and could be purified identically to
FL-Tsr. In support of their correct, stable folding, FL-Tsr and Tsr-CTD eluted from the gel
filtration column at a volume corresponding to the dimeric proteins (62 and 39 kDa, respectively),
whereas Tsr-NTD was monomeric (13 kDa) (Fig. 4.24). Further, in each case the target protein
eluted a highly symmetrical peak indicative of well folded proteins suitable for subsequent

biochemical analysis.

The binding dissociation constant (Kp) of FL-Tsr for the 58 nt RNA was determined using
fluorescence polarization (FP; Fig. 4.2B). Interaction of FL-Tsr and the 58 nt RNA was best fit
using a two-site binding model yielding K, values of 160 nM and ~10 uM (Table 4.1). Two
binding events were previously observed for Tsr and other SPOUT-family members using
electrophoretic mobility shift assays (EMSAs) and the shifted bands attributed to dimeric and
tetrameric complexes of enzyme with RNA (7,20,27). We performed EMSAs using a similar
range of Tsr concentrations as the FP experiments and confirmed the presence of these same

complexes and their formation consistent with the Ky values determined by FP (Fig. 4.2C).

We next performed FP binding assays for each Tsr domain protein. In isolation, the monomeric
Tsr-NTD had no measurable affinity for the RNA (Fig. 4.2B) suggesting that the CTD dimer is
necessary to properly position both NTDs to achieve high affinity substrate binding. In contrast,
the isolated Tsr-CTD dimer retained the ability to bind the 58 nt RNA but with >30-fold weaker
affinity than FL-Tsr (Table 4.1), and the data was best fit with a one-site binding model.
However, an EMSA performed with the Tsr-CTD protein (Fig. 4.2D) clearly indicated that the
isolated domain forms equivalent complexes to FL-Tsr, in a protein concentration dependent
manner, albeit with reduced affinities. Fit of the Tsr-CTD FP data using the same two-site

binding model as for FL-Tsr yielded Kp values of ~3 and ~13 uM. We note that these values are



129

entirely consistent with the appearance of protein-RNA complexes in the Tsr-CTD EMSA (Fig.
4.2D), but the errors associated with the fit values are unacceptably large (presumably due to the
transient nature of the faster migrating band with respect to protein concentration and the
closeness of the Kp values compared to FL-Tsr). Most importantly, however, the FP and EMSA
experiments together demonstrate that the catalytic CTD of Tsr interacts with the 58 nt RNA
substrate similarly whether part of FL-Tsr or as the isolated Tsr-CTD but with substantially
reduced affinity in the latter case. This observation is also reinforced by the ribonuclease probing
experiments described below which clearly demonstrate that Tsr-CTD binds the RNA substrate in
an identical manner as when it is part of full-length Tsr. Specifically, Tsr-CTD is able to confer

protection of a subset of the same residues in the RNA as the full-length enzyme.

The proposed RNA-binding cleft of Tsr (20) contains positively charged amino acids on the CTD
surface that could potentially promote non-specific interactions with any nucleic acid. We
therefore sought to explore the specificity of RNA binding by Tsr and Tsr-CTD using EMSAs
with the 58 nt RNA and two other structured RNAs with stem-loops: hepatitis delta virus (HDV)
ribozyme and tRNA**". With both concentrations of FL-Tsr and 10 uM Tsr-CTD, all of the 58 nt
RNA was bound and its mobility retarded, resulting in the absence of a band with mobility
corresponding to the free RNA (Fig. 4.2E). Conversely, neither FL-Tsr nor Tsr-CTD shifted all
HDV RNA, suggesting that both proteins have significantly weaker affinity for HDV than the 58
nt RNA. A similar result was obtained with tRNA**", except that the highest FL-Tsr
concentration, but not Tsr-CTD, resulted in a significant fraction of shifted RNA. These results
indicate that while Tsr does have a propensity to bind other nucleic acids, binding of both Tsr and
Tsr-CTD to the 58 nt RNA substrate is of higher affinity and specificity compared to other

structured RNAs.

Collectively, these RNA binding data for FL-Tsr and the domain constructs indicate that the CTD

plays a direct role in binding the RNA substrate and is critical for optimally positioning the NTDs
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to fulfill their essential role in forming a specific, high-affinity complex. As Tsr-CTD preserves
its dimeric state, binds the 58 nt RNA and, most importantly, maintains both intact SAM binding
pockets and active sites, we next asked whether Tsr-CTD additionally retains any ability to
methylate the 58 nt RNA. We compared the ability of full-length Tsr and Tsr-CTD to methylate
the 58 nt RNA substrate and found that deletion of the NTDs, reduces Tsr activity to background
(Fig. 4.2D). Collectively, from these binding and activity assays we conclude that the CTD has
weak RNA binding affinity, but proper recognition of the substrate by the NTDs is necessary for

substrate specificity and stimulation of catalysis of methyl transfer by its CTD.

3.4.2 Identification of the RNA binding surface and binding-induced perturbations in the RNA
structure by Tsr—To identify the RNA surface contacted by Tsr we performed solution hydroxyl
radical probing of [**P]-5'-end labeled wild-type 58 nt RNA in the absence and presence of
various concentrations of full-length Tsr. Comparison of probing experiments performed without
Tsr or in the presence of 20 uM Tsr revealed the protection of nucleotides 1058, 1059, and 1061-
1068 in Helix 43 (H43) from hydroxyl radical-mediated strand scission, defining at least part of
the Tsr-RNA ‘footprint’ (Fig. 4.3). This region is smaller than expected and most likely does not
reflect the entirety of the interaction surface between Tsr and the 58 nt RNA. One complication in
this analysis is that the compact tertiary structure of the 58 nt RNA protects many nucleotides
from strand scission (28) and as a result such residues might concomitantly be relieved of
protection by RNA-RNA contacts but protected by newly formed RNA-protein interactions. In
support of this are observations of multiple regions of enhancement of hydroxyl radical cleavage
and Tsr-mediated protection from RNase cleavage outside of this observed footprint region

(described below and in the next section respectively).

Enhancement of hydroxyl radical cleavage upon protein binding could arise through Tsr-
mediated distortion(s) of the RNA backbone that make it more susceptible to radical cleavage at

specific nucleotides. In the presence of Tsr, enhancements are observed at three disparate
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locations: U1083/ A1084 of the helical junction; A1087, located opposite the Tsr footprint
surface at the base of H44; and U1094/ A1095 at the apex of H44 (Fig. 4.3). The enhancements
in H44 are likely due to structural rearrangement of the target loop or H43, which are necessary to
orient the target nucleotide A1067 into the catalytic site of Tsr. However, the induced changes to
hydroxyl radical sensitivity more distant from the target nucleotide offer a first experimental
indication of a more global RNA structural alteration, potentially unfolding of the RNA tertiary

structure, induced by Tsr binding.

Given that the 58 nt RNA has a unique, compact tertiary structure with H44 juxtaposed to H43,
and the identified role of the NTDs in activation of catalysis, we sought further evidence that Tsr
could be unfolding the RNA structure. The 58 nt RNA has been extensively characterized by UV
melting analysis and its melting profile includes a low temperature unfolding transition (T, ~45
°C), observed at 260 nm but invisible at 280 nm (Fig. 4.44), that has been definitively
demonstrated to correspond to the RNA tertiary structure (29,30). The remaining RNA secondary
structures unfold in a single apparent transition (with apparent T,,, ~63 °C), corresponding to
multiple two-state unfolding transitions. We tested whether Tsr is capable of altering the RNA
structure upon binding, with the anticipation that stabilization or destabilization of the RNA
tertiary structure would manifest as a higher or lower unfolding T,,, corresponding to a rightward
or leftward shift in the unfolding transition, respectively (Fig. 4.4B8). At 0.5 or 1 molar ratio of
Tsr to 58 nt RNA, the tertiary structure unfolding transition in the melting profile was partially or
fully eliminated, respectively, over the temperature range 20-40 °C. The relatively low unfolding
Tm (~40 °C) and subsequent precipitation of Tsr does not allow for this experiment to definitively
distinguish whether the RNA tertiary structure is stabilized or destabilized. However, it can
nonetheless be concluded that the stability of the 58 nt RNA tertiary structure is indeed altered in

a Tsr concentration-dependent manner. Together, the hydroxyl radical cleavage enhancements
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and UV melting experiments in the presence of Tsr provide strong evidence that Tsr directly

perturbs the RNA tertiary structure upon binding.

3.4.3 RNA conformational changes induced by Tsr are dependent on its NTD—To examine the
Tsr-induced RNA conformational changes in more detail, we assessed the relative sensitivities to
RNases V1, T1 and A of the wild-type 58 nt RNA in isolation and when complexed with either
full-length Tsr or Tsr-CTD (Fig. 4.5). These enzymes preferentially cleave the RNA sugar-
phosphate backbone at double-stranded/ stacked nucleotides, single-stranded G or single-stranded

C/U nucleotides, respectively.

With the exception of G1062, the wild-type 58 nt RNA is almost entirely resistant to RNase V1
cleavage (Fig. 4.54, lane 3). While much of the RNA is base paired, this result is not entirely
unexpected given the highly complex nature of the RNA tertiary structure and distortion of
helices from regular A-form RNA (31). In complex with Tsr, new strong cleavages are observed
at nucleotides 1078-1080 while G1062 is protected (Fig. 4.54, compare lanes 3 and 4).
Protections from RNase cleavage could be due to physical occlusion of the RNase from its target
site (analogous to protections from hydroxyl radicals) or, alternatively, Tsr-induced alteration of
the RNA structure so that it no longer meets the RNase substrate specification. In the case of
G1062, which was also protected from hydroxyl radical cleavage (Fig. 4.3), the observed
protection further confirms the surrounding region as part of the direct Tsr binding surface. The
strongly enhanced RNase V1 cleavage of nucleotides 1078-1080 is unexpected and particularly
noteworthy as it indicates that these nucleotides are substantially remodeled, presumably
becoming more base-stacked, upon Tsr binding. Mapping the changes induced by full-length Tsr
in RNase V1 sensitivities onto the 58 nt RNA structure (PDB ID: 1HCS) reveals that they cluster
around an unusual RNA backbone conformation (Fig. 4.5C). Given their colocalization around
this structurally unique region, protection of G1062 and enhancement of RNase V1 cleavage at

1078-1080 likely arise in concert through their interaction with a specific region of Tsr.
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In contrast to the observed changes upon full-length Tsr binding, Tsr-CTD fails to induce the
same pattern of changes in sensitivity to RNase V1 despite maintaining interaction with the RNA.
Tsr-CTD neither protects G1062 nor induces the strong new cleavage sites at 1078-1080 (Fig.
4.5A, lanes 3 and 5). This result indicates that the Tsr NTD is in proximity of G1062 and directly

implicates this domain as the primary driver of the conformational changes induced in the RNA.

RNase A treatment of the 58 nt RNA revealed six sites of sensitivity at nucleotides U1066,
U1072, U1079, U1083, U1094 and U1097 (Fig. 4.54, lane 6). Binding of full-length Tsr protects
U1066 within the target loop, enhances cleavage of U1083 at the central helical junction, but has
no effect on the sensitivities of U1072, U1079, U1094 and U1097 to RNase A cleavage (Fig.
4.5A4, lanes 6 and 7). In contrast, binding of Tsr-CTD conferred only partial protection of U1066
and failed to induce enhancement of cleavage at U1083 (Fig. 4.54, lanes 6 and 8). These results
indicate, as might be expected given the location of the Tsr catalytic centers, that the CTD binds
at the A1067 target loop directly occluding U1066 from cleavage in both the full-length and Tsr-
CTD complexes. Additionally, the specificity of enhanced RNase A cleavage at U1083 within the
helical junction to full-length Tsr provides further evidence, correlating with the hydroxyl radical
probing results, that the structure of this region of the RNA is modified upon Tsr binding in a

process dependent on the Tsr NTDs.

Subjecting the same samples to RNase T1 treatment revealed a similar pattern. The 58 nt RNA in
isolation was cleaved three times, at residues G1068, G1071 and G1087 (Fig. 4.54, lane 9).
Sensitivity at all three sites was reduced by binding of full-length Tsr, whereas only G1087 was
protected by the Tsr-CTD (Fig. 4.54, lanes 9-11). In the tertiary structure of the RNA, G1087 is
adjacent to 1078-1080 where cleavage was enhanced when probed with RNase V1 (Fig. 4.5C).
This protection could be due to the CTD blocking RNase A from accessing this nucleotide.
Interestingly, while G1068 is immediately adjacent to the target nucleotide A1067, it is only

strongly protected by full-length Tsr, suggesting that its environment and/ or conformation is only
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significantly changed in a catalytically-competent complex and this change in the target loop is

dependent on the distal interactions made by the Tsr-NTDs.

In summary, RNase probing of the isolated 58 nt RNA and its complexes with full-length Tsr or
Tsr-CTD have identified unique RNA structural changes that occur upon Tsr binding and clearly
identify the Tsr NTDs as the primary drivers of the RNA structural rearrangements necessary for

specific recognition and methylation of A1067 by Tsr.

4.4.4 Stabilizing the 58 nt RNA tertiary structure does not interfere with RNA conformational
changes induced by RNase VI—UV melting analysis and both hydroxyl radical and RNase
structure probing indicate that binding of full-length Tsr induces RNA conformational changes,
most likely partial unfolding of the tertiary structure. We next asked, whether a point mutation
(U1061A) known to specifically stabilize the 58 nt RNA tertiary structure (>10 °C to T,,, ~58 °C)
(32) and to reduce Tsr activity (20,21) effects methylation by blocking this unfolding event. We
confirmed that Tsr activity was substantially reduced against the U1061A RNA correlating with a
reduced binding affinity of 1.56 = 0.33 uM, ~10-fold weaker than for the wild-type 58 nt RNA

(Table 4.1, Fig. 4.64,B).

To investigate whether Tsr is still able to induce structural changes in the U1061A RNA, we
probed the isolated RNA and its complex with full-length Tsr with RNases as before. U1061A
RNA is generally more sensitive RNase V1 with weak cleavages throughout both strands of H43,
presumably because this helix is more ordered in this RNA tertiary structure stabilized mutant.
Two pronounced cuts were observed with UL1061A alone, G1062 and U1082, the latter unique to
U1061A (Fig. 4.6C, lane 3). When bound by Tsr, both G1062 and U1082 were protected from
cleavage, while strong enhancements were also observed at U1078-A1080 (Fig. 4.6C, lane 4), as
seen with the wild-type 58 nt RNA. These strong cleavage enhancements at nucleotides 1078-
1080 demonstrate that Tsr is still able to change the tertiary structure of this stabilized RNA. The

pattern of U1061A RNA sensitivity to RNase T1 was also very similar to the wild-type 58 nt
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RNA with three strong cleavages at G1067, G1071 and G1087. As for wild-type 58 nt RNA,

these cleavages were protected in the presence of full-length Tsr (Fig. 4.6C, lanes 7 and 8).

When U1061A RNA was probed with RNase A, eight sites of strong strand scission were
observed at U1060, U1066, C1072, C1075, C1079, U1083 U1094 and U1097. The cleavages at
U1060, C1072, C1075, C1079 are much stronger in UI061A RNA (Fig. 4.6C, lane 5) compared
to the wild-type 58 nt RNA, probably because these nucleotides are stabilized within this
deformed A-helix and better recognized by RNase A. In the presence of full-length Tsr, U1066
and U1094 are protected from cleavage (Fig. 4.6C, lanes 5 and 6), the latter unique to ULI061A
RNA. These protections of U1066 and U1094 are most likely due to direct occlusion of the
RNase by Tsr as they are near the target nucleotide (Fig. 4.6D,E). In contrast, the cleavages at
C1072, C1075, U1083 and C1079 were enhanced, most likely due to the unfolding of the RNA

structure in the presence of Tsr.

These data identify nucleotides with differing environments between the wild-type and U1061A
mutant 58 nt RNAs that result in partially different RNase cleavage sensitivities. In addition,
these data also clearly demonstrate that full-length Tsr can induce similar RNA tertiary
conformational changes. However, the energetic penalty associated with unfolding this stabilized
structure, reflected in the ~10-fold weaker binding affinity, most likely results in the dramatically

reduced methylation efficiency compared to the wild-type 58 nt RNA.

4.4.5 Tsr mutants R162A4 and R26A discriminate between RNA binding and induced
conformational changes necessary for catalysis—We sought to identify key Tsr amino acids
responsible for driving the RNA tertiary structure unfolding through mutagenesis and subsequent
analysis of the ability of the mutant protein to induce the RNase V1-dependent cleavage of
nucleotides 1078-1080. Potential targets for mutation in Tsr were selected based on their
conservation among SPOUT family members with an L30e-like NTD and by inspection of their

location in the modeled Tsr-58 nt RNA complex (20). Seven single alanine point mutations were
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created, each resulting in a mutant enzyme containing two alanine mutations, one on each
protomer of the Tsr homodimer. Each mutant protein was expressed, found to be soluble and
purified as for Tsr. Two arginine to alanine Tsr mutants, R26A and R162A (Fig. 4.74,B), were
found to be deficient in their ability to promote strongly enhanced RNase V1 cleavage of
nucleotides 1078-1080 in the wild-type 58 nt RNA despite retaining the native Tsr fold as
assessed by partial proteolysis (Fig. 4.7C,D). These two Tsr mutants were therefore selected for

further analysis.

We tested whether these mutations disrupted binding to and/ or methylation of the wild-type 58 nt
RNA (Fig. 4.7F and G). Using the FP binding assay as before, the Tsr-R162A CTD mutant was
found to bind with ~100-fold weaker affinity than wild-type Tsr, with a Kpof 18 £ 9.4 uM (close
to the limit of measurement in this assay; Table 4.1). Thus, the R162A mutation dramatically
reduces RNA binding, resulting in an ~3-fold weaker binding affinity than for Tsr-CTD which
lacks the entire NTD. Methylation by Tsr-R162A was effectively ablated and comparable to
background levels, correlating with the weakened affinity for the substrate. Since the RNA
binding ability of Tsr-R162A is disrupted, this mutant cannot unfold the RNA structure. These
data further implicate the CTD in an initial RNA docking event prior to the engagement of the

NTDs, and demonstrate the critical role of R162 in this process.

Binding of the Tsr-R26A NTD mutant to wild-type 58 nt RNA was also reduced but more
modestly with a ~30-fold weaker Kp (4.6 + 1.1 uM), comparable to the affinity for Tsr-CTD
(Table 4.1, Fig. 4.7G). While Tsr-R26A is unable to promote the RNase V1 sensitive RNA
structural changes (Fig 4.7D), this mutant maintains its interaction with the RNA under the
conditions used as demonstrated by the protection of nucleotides G1068 and G1071 from
cleavage by RNase T1 (Fig. 4.7E). Correlating with the lack of structural rearrangement,
methylation of the wild-type 58 nt RNA by Tsr-R26A was reduced to near background levels.

These data demonstrate the critical importance of residue R26 for interaction of the Tsr NTDs
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with the 58 nt RNA and specifically in promoting the RNA structural conformational changes
necessary for activation of catalysis. Furthermore, these two mutants establish a decoupling
between the CTD docking on the RNA target loop and distal RNA structural changes induced by

the NTD necessary for catalysis.

4.5 DISCUSSION

Modifications of rRNA are important for translational fitness and resistance against ribosome-
targeting antibiotics. However, there is limited knowledge about how the enzymes responsible for
their incorporation recognize their modification targets. We therefore sought to biochemically
elucidate how the resistance-conferring enzyme Tsr recognizes its substrate rRNA domain. Our
data show that the Tsr NTD in isolation does not bind the RNA, but must be delivered to the
RNA via the Tsr-CTD-RNA interaction in order to achieve a specific, high-affinity complex. An
essential part of the substrate recognition mechanism for Tsr involves the precise reorganization
of the RNA tertiary and secondary structures coordinated by the accessory NTD in a process that
is indispensable for catalysis in the distant CTD active site. Collectively, our results suggest a
two-step model for substrate recognition (Fig. 4.8) and a direct role for the rRNA in control of

Tsr activity on its substrate.

Tsr is a member of the SPOUT family of methyltransferases. These enzymes contain a common
SPOUT domain catalytic core which may be decorated by several different RNA binding
structural elements, ranging from a few helices as in TrmH (tRNA Gm18) (33,34) or larger
structural domains like the L30e domain of Tsr or PUA domain of RsmE (16S rRNA m*U1498)
(35,36). Our results showed that without its N-terminal RNA binding domain, Tsr is catalytically
inactive despite retaining an ability to bind the RNA substrate with ~30-fold weaker affinity than

the full-length enzyme. Such intrinsic RNA binding ability is also exhibited by the SPOUT
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family tRNA methyltransferase TrmL (formerly YibK; tRNA Um34/Cm34) which does not
contain an accessory RNA-binding domain but instead interacts with its tRNA substrate via a
flexible, positively charged patch of amino acids located on the non-catalytic protomer near the
active site (27). The initial step of Tsr-CTD docking on its RNA substrate proposed in our model
for Tsr action is thus reminiscent of the ability of this minimal SPOUT methyltransferase to bind

its tRNA substrate, despite Tsr containing a defined RNA binding domain.

While the Tsr CTD binds RNA, it is remarkable that a single point mutation in the CTD, R162A,
weakens the RNA binding affinity 500-fold compared to full-length Tsr. This residue is
absolutely conserved in the closely related nosiheptide-resistance methyltransferase (Nhr; 23S
rRNA Am1067) and the avilamycin-resistance conferring methyltransferase AviRb (23S rRNA
Um2479), and functionally conserved in other SPOUT family members (8,37). The dramatic
decrease in binding affinity is readily rationalized by examining the position of each R162 residue
in the dimeric Tsr structure. Each R162 is solvent exposed and positioned ~20 A apart on
opposite sides of a cleft made by the anti-parallel orientation of each Tsr CTD where the RNA
must bind to access the SAM co-substrate. Therefore, the alanine mutation disrupts two essential
interactions with the RNA that may be essential for recognizing the target loop backbone

geometry.

Our studies have revealed that the NTD of Tsr is an essential component of the RNA substrate
recognition mechanism by both promoting high-affinity RNA binding and activation of catalysis
by the CTD. In the absence of the NTD, the Tsr is catalytically inactive despite possessing the
intact SAM binding sites and catalytic center. The Tsr-CTD dimer binds the RNA ~30-fold more
weakly than the wild-type enzyme and, most critically, is unable to promote the NTD-dependent
RNA conformational change. The Tsr NTD is structurally similar to the yeast ribosomal protein
L30e, which binds both yeast 26S rRNA (nucleotides 1711-1733) and its own mRNA for

transcriptional autoregulation. Both RNA domains contain a unique RNA structural motif known
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as a kink-turn (38). While not geometrically identical, the 58 nt RNA also contains an unusual
backbone secondary structure that reverses the RNA backbone in a similar way. Despite these
structural similarities in both protein and RNA target, the Tsr-NTD in isolation showed no
detectable affinity for the 58 nt RNA domain. We conclude, therefore that the weak intrinsic
affinity of the CTD is essential for it to deliver and correctly position the Tsr NTDs in order for
them to productively contribute to high-affinity, specific recognition of the RNA substrate. This
coordinated binding of the CTD and NTD positioning may allow for the potential crosstalk

between the two domains to relay a signal to perform catalysis.

Tsr recognition and subsequent methylation of its substrate requires significant perturbations in
the 58 nt RNA structure. Hydroxyl radical and RNase structure probing of the Tsr-RNA complex
revealed unique cleavage enhancements throughout H43 distant from the target loop, suggesting
that the RNA is being unfolded, presumably to allow for proper orientation of A1067 into the
catalytic center. The most significant specific structural change occurs at nucleotides 1078-1080
and is driven by the Tsr NTD. We have identified arginine 26 as a critical residue for NTD-
mediated RNA recognition and the RNase V1-sensitve RNA structural change. This amino acid is
conserved in the L30e-SPOUT methyltransferases AviRb, Nhr, RrmA (23S rRNA m'G745) and
RImB (23S rRNA Gm2251). In a previously published model of the Tsr-58 nt RNA complex,
R26 is positioned near U1058 (20). Given its sequence conservation, potential role recognizing
the rRNA and demonstrated importance in promoting the RNase V1-sensitive structural change,
we propose that R26 directly recognizes the RNA nucleotides near 1058-1060. In doing so, this
residue enhances base stacking of nucleotides on the opposite strand (1078-1080), increasing
their sensitivity to RNase V1. As the catalytic activity of the Tsr-R26A mutant is drastically
decreased compared to wild-type, we hypothesize that this RNA structural reorganization at the
base of H43 may be relayed to induce changes in the target loop necessary for proper orientation

of A1067 into the active site of Tsr. In further support of this concept is the observation that the
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RNase T1 protection of the adjacent nucleotide, G1068, is also dependent on the presence of the

Tsr NTD.

There is precedent for the direct involvement of RNA structure and structural reorganization in
the process of substrate recognition by rRNA modification enzymes. The crystal structure of
RImD (formerly RumA; 23S rRNA m’U1939) in complex with a 29 nt model RNA (nucleotides
1932-1961) revealed that flipping of U1939 into the RImD catalytic site was facilitated and
stabilized by a major reorganization of the RNA (39). Additionally, two nucleotides fill the space
the flipped target nucleotide 1939 would otherwise occupy, stabilizing the target nucleotide in the
catalytic pocket. In contrast, the crystal structure of the aminoglycoside-resistance conferring
enzyme NpmA (16S rRNA m'A1408)-30S ribosomal subunit complex showed minimal RNA
structural changes were induced upon recognition, with the striking exception of the flipping of
the target nucleotide out of its RNA helix (40). Perhaps, as RImD and Tsr recognize rRNA prior
to subunit maturation, their RNA substrates are structurally more plastic and thus reorganization
of the RNA is an effective mechanism to accomplish the necessary level of discrimination during

substrate recognition.
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FIGURE 4.1. Tsr domain organization and 58 nt RNA substrate secondary structure. 4, Tsr
is a homodimer consisting of protomers each containing an amino-terminal domain (NTD)
proposed to direct substrate recognition and a carboxy-terminal domain (CTD) containing the
catalytic centers and SAM binding sites. B, Secondary structure of the 58 nt RNA substrate
comprising E. coli 23S rRNA Helices 42 through 44 (H42, H43 and H44). The Tsr target
nucleotide (A1067, green) and tertiary structure stabilizing point mutation (U1061A, purple) are

highlighted. Lines indicate key long-range interactions within the 58 nt domain tertiary fold.
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FIGURE 4.2. The Tsr NTDs increase RNA binding affinity and are necessary for catalysis
A, Chromatograms of the final gel-filtration purification for full-length Tsr (FL-Tsr, black), Tsr-
CTD (purple) and Tsr-NTD (teal). Gel-filtration standards are shown (grey) and the approximate
molecular weight (kDa) indicated above each peak. B, FP analysis of FL-Tsr (black), Tsr-CTD
(purple), and Tsr-NTD (teal) binding to the wild-type (WT) 58 nt RNA. Arrowheads (open and
solid) shown in panels B-D indicate Tsr concentrations (1 and 10 uM, respectively) used in the
control EMSASs of panel E. C, EMSA of FL-Tsr (0.078 to 10 uM, left to right lanes) interaction
with 58 nt RNA. Free 58 nt (*), Tsr: 58 nt RNA complex (solid circle) and higher molecular
weight complexes (open circle) are indicated. The dashed box indicates the region of the gel
shown (bottom) at greater exposure. D, As panel C but for Tsr-CTD. E, Control EMSAs
comparing FL-Tsr (1 or 10 puM) and Tsr-CTD (10 pM) affinity for the 58 nt substrate and two
Asn

unrelated in vitro transcribed RNAs: the HDV ribozyme and tRNA™". F, Relative methylation of

58 nt RNA by FL-Tsr and Tsr-CTD, relative to background in the absence of RNA substrate.



* *
0 el TSK
UAHT1++++++OH-

§

3_UGGUCA AA
1108 C

L R A T

143

150

=== No Tsr Changes in OH*
3 —— 20 uM Tsr sensitivity
< Enhancement
2100 [ Protection
E} ————————
2
i=
5 50
c
o
m
0 LBILIN LA DL LR R R R A |
1060 1070 1080 1090 1100
Nucleotide
A A1070 D
1067AG A G
UU AC
CcC-G
H43G—-C
G-C
U 0
1060
G-C
U — A1080
H42 A-U
5~GCCAGGC Uy

A | A

-G
U A
1100C — Gl}ogo
H44 G—-C
A-*G
UA AU



144

FIGURE 4.3. Hydroxyl radical probing identifies the Tsr footprint and cleavage
enhancements upon Tsr binding. 4, Representative hydroxyl radical probing gel of wild-type
58 nt RNA complexed with an increasing concentration of Tsr (left to right: 0.2, 1,5 10 and 20
uM). Untreated RNA (U), partial alkaline hydrolysis nucleotide ladder (AH), and RNase T1
digestion under denaturing conditions (T1) allow nucleotide identification (marked on /ef?); FL is
the full-length 58 nt RNA band, also shown with lighter exposure in the top panel. B,
Quantification of each band in the lanes without Tsr and with Tsr at 20 uM (noted * at top).
Cleavage protections and enhancements are shown as blue and orange shading, respectively.
Changes in sensitivity to hydroxyl radicals are mapped as protections (blue) and enhancements
(orange) onto C, the 58 nt RNA secondary structure, and D, the X-ray crystal structure (PDB ID:

1HCS).
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FIGURE 4.4. UV melting of the wild-type S8 nt RNA with and without full-length Tsr. A,

Melting profile of the 58 nt RNA at 260 (solid line) and 280 nm (dashed line). B, RNA melting

profiles at 260 nm in the presence of 0 (solid blue line), 0.5 (dashed green line) and 1:1 (solid

pink line) molar equivalents of Tsr. Tsr precipitation is denoted by the grey shaded region of the

plot.
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FIGURE 4.5. RNase probing identifies RNA structural changes and cleavage protections

induced upon binding full-length Tsr or Tsr-CTD. 4, Representative RNase structure probing

gel of 58 nt RNA only, and complexes of 58 nt RNA with full-length Tsr or Tsr-CTD. Untreated

RNA (U) and partial alkaline hydrolysis nucleotide ladder (AH) are also shown for nucleotide

identification (numbering noted on /eff). Sites of cleavage are noted for RNase V1 (squares),

RNase A (circles), RNase T1 (diamonds). Changes in sensitivity to RNases (boxed on the gel) are

mapped as protections (blue) and enhancements (orange) onto B, the 58 nt RNA secondary

structure, and C, two views of X-ray crystal structure (PDB ID: 1HCS) related by a 90° rotation

around the vertical axis.
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FIGURE 4.6. Stabilizing the RNA tertiary structure decreases Tsr binding affinity and
catalytic activity independent of RNA structural changes. 4, FP binding analysis of U1061A
RNA and full-length (FL) Tsr interaction. B, Relative methylation activity of full-length Tsr on
the wild-type (WT) and U1061A mutant 58 nt RNAs. C, Representative RNase structure probing
gel of UI061A RNA in the absence and presence of full-length Tsr. Untreated RNA (U) and
partial alkaline hydrolysis nucleotide ladder (AH) are also shown for nucleotide identification
(numbering noted on /ef?). Sites of cleavage are noted for RNase V1 (squares), RNase A (circles),
and RNase T1 (diamonds); cleavage sites unique to the U1061A mutant are shown as outline
symbols. Changes in sensitivity to RNase are mapped as protections (blue) and enhancements
(orange) onto the 58 nt RNA D, secondary structure, and E, X-ray crystal structure (PDB ID:

1HCS).



148

C WT R26A R162A

E T1

- R26A
FL
1071
F 150 1068 | -
&
c
S
= 100-
=
£
(6]
=
o 501
2
©
Q
(o
0- .
FL-Tsr R162A  R26A  FL-Tsr ]Pfotem
WT58nt WT58nt WT58nt NoRNA |RNA
G 250-
® FL-
& 2004 FL-Tsr
= A R26A
5 m R162A
©
S
IS
[e]
o




149

FIGURE 4.7. Tsr-NTD modification of the RNA structure is necessary for catalysis. 4,
Cartoon representation of Tsr-SAM complex (PDB ID: 3GYQ) with sites of mutation indicated
as sticks: R26 (green) and R162 (blue). SAM co-substrate (magenta) is also shown. B, Surface
representation of the same complex rotated 90° around the horizontal axis. The color scheme is
the same as in panel A. C, SDS-PAGE analysis of protein samples following incubation without
(-) and with (+) chymotrypsin. Partial proteolytic cleavage of wild-type and mutant full-length
Tsr proteins demonstrates that each adopts the same, native fold. D, RNase V1 probing of the
wild-type 58 nt RNA in complex with wild-type and each mutant Tsr. Additional lanes are:
partial alkaline hydrolysis nucleotide ladder (AH), denaturing RNase T1 digest (T1), untreated
RNA (U), and Tsr-RNA complex with no added RNase V1 (U+). E, RNase T1 sensitivity of two
cleavage sites within the 58 nt RNA in the absence (-) or presence of Tsr-R26A mutant. F,
Relative enzymatic activity and G, FP binding analysis of the indicated Tsr mutants with wild-

type 58 nt RNA.
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CTD Docking NTD-induced RNA rearrangement
Catalysis

FIGURE 4.8. Model of the Tsr substrate recognition mechanism. 4, The Tsr CTD mediates
initial docking on the RNA substrate, with binding driven largely by the critical residue R162. B,
Once bound, the Tsr NTDs are engaged and induce a rearrangement of the RNA structure (yellow

shaded region is the most pronounced RNase V1 enhancement) that is signaled to the CTD to

stimulate catalysis.
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TABLE 4.1: Dissociation Constants for Tsr and RNA mutants

Protein 58 nt RNA Kp(pM) Fig.
1)0.16 £0.06
FL-Tsr Wild-type 24
2)10+£6.7
Tsr-CTD  Wild-type 6.1+1.6 24
Tsr-NTD  Wild-type NB 24
FL-Tsr U1061A 1.6+0.3 64
Tsr-R26A  Wild-type 46+1.1 7G
Tsr- Wild-t 18494 7G
R162A Ha-hype '

NB, No binding detected
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5.1 ABSTRACT

Resistance to the antibiotic thiostrepton, in producing Streptomycetes, is conferred by the S-
adenosyl-l-methionine (SAM)-dependent SPOUT methyltransferase Tsr. For this and related
enzymes, the roles of active site amino acids have been inadequately described. Herein, we have
probed SAM interactions in the Tsr active site by investigating the catalytic activity and the
thermodynamics of SAM binding by site-directed Tsr mutants. Two arginine residues were
demonstrated to be critical for binding, one of which appears to participate in the catalytic
reaction. Additionally, evidence consistent with the involvement of an asparagine in the structural

organization of the SAM binding site is presented.

5.2 INTRODUCTION

The methylation of rRNA is vital to the structure and function of ribosomes across all domains of
life [1]. Many of these modifications are carried out by methyltransferases that recruit S-
adenosyl-l-methionine (SAM) for highly specific methylations of RNA base targets. Such
enzymes are in various instances responsible for rRNA methylations that bring about bacterial
resistance to certain ribosome-targeting antibiotics, noteworthy examples of which can be found
in clinically relevant classes such as aminoglycosides and macrolides [2]. This resistance
mechanism also accounts for the majority of natural bacterial immunity to thiostrepton, the
prototype of the ribosome-targeting thiopeptide antibiotics that have attracted renewed attention
as a potential source for antimicrobial lead compounds [3-6].

Thiostrepton exhibits potent bactericidal effects against Gram-positive bacteria by binding the
bacterial ribosome at the GTPase center on 50S subunit through interactions with ribosomal
protein L11 and 23S rRNA, imposing conformational restrictions on L11 that perturb elongation
factor activities and ultimately cause the arrest of protein synthesis at the translocation step of the
elongation cycle [7-9]. Organisms that produce thiostrepton (S. cyaneus, S. laurentii) [10] express

a SAM-dependent methyltransferase, Tsr, that catalyzes a 2’-O-ribose methylation of an adenine
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nucleotide (A1067; E. coli numbering) at the thiostrepton binding site [11], preventing its
association and rendering the organisms resistant to its effects. Analogously, protection from the
related thiopeptide nosiheptide, in the producing organism S. actuosus, is afforded by a
methyltransferase (Nhr) that shares 74% sequence similarity with Tsr [12].

Crystal structures for Tsr and Nhr assign these enzymes to the SPOUT family of
methyltransferases [11,12] that have thus far been found to exclusively target RNA bases [13],
with the exception of a single protein SPOUT methyltransferase [14]. Apart from antibiotic
resistance [11,12,15-18], known biological functions for enzymes from this class include tRNA
modification [19] and roles in ribosome biogenesis [20,21]. Putative SPOUT methyltransferase
genes have also been identified in the biosynthetic gene clusters of other thiopeptide-producing
bacteria, which may indicate that SPOUT-enzyme RNA methylation is perhaps a more general
form of thiopeptide resistance [22,23]. Structural studies show that SPOUT methyltransferases
are functional homodimers, typified by an o/ Rossmann-like fold with a deep trefoil knot at the
C-terminal end that binds SAM, and an active site near the dimeric interface that is constructed
from residues contributed by both subunits [11,12,20,24-27]. Molecular models of RNA
substrates bound to Tsr [11] or to other SPOUT methyltransferases [12,24,27] suggest that methyl
transfer is accomplished by a single catalytic site, although these homodimeric enzymes appear
capable of binding two SAM molecules.

Methylation of rRNA by Tsr, and by SPOUT enzymes in general, proceeds according to the
scheme depicted in Fig. 1A. Implicit from this mechanism is the activation of the methyl group
acceptor that precedes and facilitates nucleophilic attack. Detailed descriptions regarding this step
of the catalytic mechanism, however, are limited to few examples notwithstanding considerable
structural knowledge on this enzyme class. For instance, an Arg residue in the active site of the
tRNA methyltransferase TrmH is thought to carry out deprotonation on the targeted guanine base
that allows for 2'-O-ribose methylation [28], while N-methylation of the guanine targeted by

Trm35 was shown to follow deprotonation at N1 by an active site Glu [29]. In a number of
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additional cases, Arg or Glu residues have again been suggested for this role [18,19,25,27], but
these proposals have broadly lacked substantiation through biochemical investigations.

Tsr is among the SPOUT methyltransferases for which the roles of active site amino acids in the
catalytic mechanism and in interactions with SAM are unresolved. Moreover, Tsr catalysis is not
well understood within the context of two simultaneously occupied cosubstrate (SAM)-binding
sites. In this work, we have examined the interactions of SAM in the Tsr active site by
investigating the catalytic and SAM-binding properties of structure-guided active site mutants.
These studies have lead to the assignment of functional roles in SAM binding to specific residues,
and highlighted the likely steps involved in activation of the methyl group acceptor in the Tsr

catalytic mechanism.

5.3 MATERIAL AND METHODS

5.3.1. Protein expression & purification

The pET28a plasmid construct bearing the Tsr gene fused to a sequence encoding an N-terminal
hexahistidine tag followed by a thrombin proetease cleavage site was previously created [11].
Single amino acid mutations (N129A/D, R135A/K, R165A/K, E220A/Q, K221A, S246A and
N248A/D) were introduced into the S. cyaneus Tsr gene by using this plasmid as the template in
PCR overlap extension reactions with vector-specific T7 primers and Tsr-gene-specific primers
(Supplementary material, Table S1). Mutations were confirmed by DNA sequencing (Mobix Lab,
McMaster University, Hamilton, Ontario, Canada). E. coli BL21 (DE3) pLysS transformed with
plasmid bearing the wt or mutated Tsr gene was cultured at 37°C in Luria Bertani media
supplemented with kanamycin (30 mg/ mL) and chloramphenicol (34 mg/ mL), and protein
expression was induced by addition of IPTG (1 mM) after bacterial growth reached an ODgo of
0.6 — 0.8. Expression was continued for 4 hours and the cells harvested by centrifugation, then
resuspended in buffer comprised of 50 mM Tris (pH 8.0), 500 mM KCIl, 20 mM imidazole and

10% glycerol (v/v). Cells were lysed using an EmulsiFlex-C5 homogenizer (Avestin, Ottawa,
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Ontario, Canada) and the cellular debris removed by centrifugation. For Ni* -affinity purification
of his-tagged proteins, the clarified lysate was applied to a 1 mL HisTrap HP column (GE
Healthcare, Mississauga, Ontario, Canada) pre-equilibrated with resuspension buffer. The column
was eluted with resuspension buffer to remove non-binding proteins, after which his-tagged
proteins were obtained by elution with a buffer comprising 50 mM Tris (pH 8.0), 500 mM KClI,
500 mM imidazole and10% glycerol (v/v), and then dialyzed overnight at 4°C against a buffer
containing 50 mM Tris pH 7.5, 150 mM KCI, 10% glycerol (v/v). The his-tag was removed by
subsequent incubation with thrombin protease (GE Healthcare) for 16 hours at 4°C. Cleaved and
uncleaved protein were separated with the same chromatographic conditions as for obtaining his-
tagged protein. Protein purity was assessed by SDS-PAGE and the expected molecular mass for
mutant Tsr proteins was confirmed by positive ion ESI-MS. If necessary, further purification was
performed by anion exchange chromatography using a MonoQ column (GE Healthcare); Tsr
eluted between 250 and 300 mM of KCI during a linear KCI gradient (50 — 500 mM over 100
minutes) in a buffer containing 50 mM Tris (pH 8) and 10% glycerol (v/v). Purified, his-tag-

cleaved protein was dialyzed as described above, then stored at -80°C for future use.

5.3.2. Size exclusion chromatography

Analytical size exclusion chromatography was performed in a buffer comprised of 50 mM Tris
(pH 8.0), 150 mM KCI and 10% glycerol (v/v), using a Superdex-75 size exclusion column (GE
Healthcare). A mixture of protein standards containing blue dextran, bovine serum albumin,

carbonic anhydrase and cytochrome ¢ was used for the estimation of relative molecular weight.

5.3.3. Methylation assays
Methylation of 16S/23S rRNA isolated from E. coli MRE600 (Roche Life Sciences, Laval,
Québec, Canada) by purified, recombinant wt Tsr or its mutants was assessed using an enzyme-

coupled fluorescent assay (Cayman Chemical Company, Ann Arbor, Michigan, USA) following
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established methods [21,30-32]. The principle of the assay is as follows: the adenine moiety is
enzymatically cleaved from SAH generated as a by-product of methylation [33,34], and then
enzymatically converted to urate with the stoichiometric production of H,O, that is quantified by
conversion of added 10-acetyl-3,7,-dihydroxyphenoxazine (ADHP) into the fluorescent
compound 7-hydroxy-3H-phenoxazin-3-one (resorufin). Assays were performed according to the
manufacturer’s specifications, except that the reaction buffer was supplemented with MgCl, (5
mM) and NH4CI (25 mM) and the pH adjusted to 7.5 to satisfy the optimum requirements for Tsr
activity. These minor alterations did not affect the performance of the commercial assay, which
was robust, displaying linearity with respect to time and enzyme concentration (Supplementary
material, Fig. S1). Fluorescence measurements were carried out in black, 96-well microplates
(Corning Life Science, Corning, NY, USA) using a SpectraMax M5 microplate reader (Molecular
Devices, Sunnyvale, California, USA) that was calibrated to an internal standard. Excitation and
emission wavelengths were 530 nm and 584 nm, respectively, with an emission filter at 570 nm.
Assays monitoring catalytic activity under non-limiting substrate conditions contained 0.35 mM
of 16S/23S rRNA, 1 mM SAM and 0.1 mM of enzyme. For the determination of enzyme kinetic
parameters, SAM concentrations were varied from 0.005 mM to 0.5 mM and initial rate data fit
by non-linear regression to equation 1 (GraphPad Prism 6.0); v is the initial rate at a given SAM
concentration [S], Ky and k., are the Michaelis constant and enzyme turnover, respectively and
[E]: is total enzyme concentration.

(eqn. V=kcatEt[S] 1)

Ku+[S]

5.3.4. Isothermal titration calorimetry

Assessments of SAM binding for wt and mutant Tsr proteins mutants were performed with an
ITC200 calorimeter (GE Healthcare, Mississauga, ON, Canada). Enzyme used for these
experiments was dialyzed extensively against a buffer comprised of 50 mM Tris (pH 7.5), 75 mM

KCl and 10% glycerol (v/v), and the dialysate was used to prepare fresh working solutions of
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protein and SAM. Titrations were performed at 25 °C and consisted of a single initial injection of
0.5 pL, followed by 29 injections of 1.25 mL of SAM (1.98 - 2.50 mM) into a sample cell
containing wt or mutant Tsr (0.0822 - 0.098 mM). Heats from dilution and mixing were obtained
from injections of SAM into ITC buffer lacking protein. Thermodynamic data were analyzed
using Origin 7.0 (GE Healthcare), and fit by non-linear regression to models for single or
sequential binding sites.

Experiments measuring SAH binding were performed essentially as those described for SAM
binding, but using an Auto-iTC200 microcalorimeter (GE Healthcare) and with the following
adjustments: after dialysis against ITC buffer, Tsr was concentrated to 0.05 mM and working
stocks of SAH (1 mM) were prepared using the final dialysate. Titrations were performed at 25

°C and consisted of a single initial injection of 0.5 mL followed by 15 injections of 2.4 mL.

5.3.5. Circular dichroism spectroscopy

Spectra were measured with a Jasco J715 spectropolarimeter (Jasco Analytical Instruments,
Easton, Maryland, USA) in the low UV region (190 — 250 nm), with a bandwidth of 1 nm and a
scanning speed of 100 nm/ min. Spectra from 15 consecutive scans, performed at least twice,
were averaged. Samples were prepared at 2.7 mM, in a buffer comprised of 50 mM Tris (pH 7.5),

150 mM KCl and 10% glycerol (v/v).

5.4 RESULTS

5.4.1. Characterization of SAM binding and turnover by Tsr

Cocrystal structures of SPOUT methyltransferases with SAM, SAH or the methyltransferase
inhibitor sinefungin show a cosubstrate/ inhibitor molecule bound at the CTD of each subunit in
the enzyme dimer [11,12,24,25,27]. We investigated this crystallographically observed
stoichiometry by ITC, determining a 2:1 binding stoichiometry for SAM or SAH with the Tsr

dimer on analysis of thermodynamic binding data with a model for a single set of identical sites;
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i.e. one binding site per enzyme subunit (Fig. 5.1B). The affinity of the methylation by-product
SAH was noted to be 4 times higher than that of SAM (Fig. 5.1B). In the Tsr-SAM crystal
structure, SAM adopts different conformations in structurally non-equivalent binding sites (Fig.
5.1C), which could manifest as differential binding parameters for the two sites. Binding data
were therefore also evaluated with a model for sequential independent sites, as has been used
elsewhere for characterizations of SAM binding by other dimeric methyltransferases [21,26].
Interestingly, this fit generated different SAM affinities for the two binding sites (Kpl and Kp2 of
56.8 mM and 209.6 mM), while the other SAM binding parameters for the two sites were found
to be comparable (DH1, -4.07 £ 0.11 (kcal/ mol); DH2: -3.89 + 0.17 (kcal/ mol); DS1, 5.54
(cal.mol™. deg™); DS2, 3.50 (cal.mol™. deg™)). This fit, however, did not offer a statistically
significant improvement over that from the single site model and furthermore, showed no
distinction in SAH binding between the two sites. Together, these findings were taken to signify
equivalent SAM binding at the two sites on the Tsr dimer despite the previously observed
apparent differences in SAM binding conformation.

Equivalent binding of SAM at two binding sites in the Tsr homodimer conceivably allows for two
catalytic sites in the enzyme, yet Tsr is thought to use a single catalytic center. To examine this
further, initial rate data for SAM turnover by Tsr was analyzed with various kinetic models, using
E. coli 16S/ 23S rRNA as the methyl acceptor. Indeed, Tsr also efficiently methylates RNA
oligonucleotides composed of the minimum target RNA sequence [11,35], but a ribosomal
intermediate has been suggested to be the cellular target [36]. Hence, 16S/ 23S rRNA was used
here to study Tsr activity in the context of a methyl acceptor that perhaps more closely resembles
the biological substrate. In line with catalysis by a single active site, we observed hyperbolic
Michaelis-Menten kinetics for SAM (Fig. 5.1D), with a Ky comparable to that previously
reported for Tsr-catalyzed methylation of total £. coli IRNA [36] or a 93 nt RNA substrate [35].
To investigate the influence of simultaneously occupied SAM binding sites on kinetics, additional

analyses using non-Michaelis-Menten models were performed. Initial rate data did not fit models
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that describe cooperative, allosteric or effector kinetics [37], but a fit was obtained from a model
that accounts for the presence of two independent substrate binding sites, one of which functions
catalytically [37,38] (not shown). Still, as with assessments of SAM/ SAH binding, this fit did not
offer a statistically significant improvement over the single substrate (Michaelis-Menten) model.
These findings therefore support the hypothesis of a single catalytic site and importantly, further

suggest that SAM binding at the non-catalytic site does not affect overall enzyme turnover.

5.4.2. Effect of active site mutations on Tsr activity

The NTD of Tsr and related SPOUT enzymes has been implicated as being principally
responsible for RNA binding [11,12,39]. To identify some of the critical interactions of SAM
with amino acids in the Tsr active site, we introduced single amino acid mutations at a number of
CTD amino acid residues in the vicinity of bound SAM as observed in the crystal structure (Fig.
5.2A, Supplementary Material Fig. S5.2). The catalytic activity of these Tsr variants was then
monitored in the presence of a non-limiting concentration of SAM (~10-fold Ky), and an excess
of 16S/ 23S rRNA acceptor relative to Tsr. (Fig. 2B). Mutations to N129, R135 and R165 were
most deleterious to activity; both N129 variants exhibited approximately 20% relative activity,
and the Ala variants at R135 and R165 showed 30% and 35% relative activity, respectively.
These effects from the Arg mutations matched those for equivalent mutations on the methylation
of 29 and 60 nt RNA substrates by Nhr [12]. For further examinations into the nature of the
contribution made by these Arg residues, especially the presence of electrostatic interactions, Lys
mutants were also generated. For R135, activity remained similar (35%) to that of the
corresponding Ala mutant, but activity for the Lys mutation of R165 was almost 2-fold greater
(65%) than the Ala. Mutations to K221 and E220 resulted in an approximate 50% reduction to

enzymatic activity, while modest effects were noted from mutations to S246 and N248.
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5.4.3. Thermodynamics of SAM binding and kinetics of SAM turnover by select Tsr mutants

The survey of catalytic activity by Tsr variants showed the greatest effects arising from mutations
to N129, R135 and R165. Filter-binding enzymatic assays where a 29 nt RNA served as the
methyl acceptor also confirmed severely impaired activity by the mutants with Ala substituted at
these positions (Supplementary material, Fig. S5.3). The relative activity of these mutants was
lessened further with the 29nt RNA acceptor as compared to 16S/23S rRNA. This discrepancy
was attributed to the significantly shorter sequence length of the former, especially considering
that methylation activity by Tsr (and Nhr) is influenced by the RNA acceptor length and
consequently, tertiary structure [11,12]. We focused subsequent investigations on more in-depth
examinations into the roles of these amino acids, first with evaluations of SAM binding.
Consistent with effects on enzyme activity, SAM binding affinity was significantly reduced
(approximately 2-6 fold increases in Kd) for both N129 mutants and by Ala mutation of R135 or
R165 (Table 5.1). The largest entropic penalties were observed from mutation of R135 and N129
to Ala and Asp, respectively, suggesting the binding sites in these mutants were the least
accommodating to SAM. Tsr mutants with Lys substitutions for R135 or R165, however,
exhibited SAM affinities similar to wt Tsr, with entropic losses offset by favorable changes to
enthalpy (Table 5.1). Notably, SAH binding affinity was markedly less affected by individual
mutants in this group of amino acids as compared to SAM (Table 5.2), possibly due to relaxed
binding constraints in the absence of the methyl group and the absence of positive charge on the
sulfur atom. Also, for Ala mutations of N129 and R135, the slight increase in SAH affinity
accompanied by favorable entropic shifts, may have partly contributed to diminished activity by
these mutants since SAH is known to inhibit the methylation reaction. Collectively, these results
confirm that N129, R135 and R165 engage in interactions with SAM that are integral to its
productive binding. With respect to R135 and R165, electrostatic interactions appear compulsory
as impaired SAM binding resulting from Ala mutations at these sites correlated with the loss of

enzyme activity, but affinity was restored by Lys substitutions presumably because of the
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presence of a side chain that mimics the charge properties of the native Arg. Unlike for R165, the
Lys mutant of R135 did not recover catalytic activity, suggesting that the former is primarily
involved in SAM binding, while the latter contributes an additional role to catalysis.

It seemed probable that this additional function of R135 was related to activation of the
methyl group acceptor. We attempted further verification of this through the determination of
enzyme kinetic parameters for Ala mutants of N129 and R135, in which the respective side chain
functionalities would be abolished. However, activity by these variants could not be detected
under the conditions of the kinetic assay (not shown), emphasizing their indispensible function.
On the other hand, reductions to k.. and k../ Ky observed for the Ala mutant of R165 offered
additional support for a primary role in SAM binding for this residue (Figure 5.3A). Considering
that R135 appears more suitably positioned for methyl acceptor activation than N129, the

observations above are consistent with the catalytic mechanism depicted in Fig. 5.3B.

5.4.4. N129 is involved in the structural organization of Tsr

The orientation of the N129 side chain observed in the Tsr X-ray structure appears prohibitive to
interactions with SAM, yet this amino acid was found essential for SAM binding and Tsr activity.
As well, both N129 mutants exhibited a similar loss of SAM binding affinity in spite of their
differing side chain properties. Such conflicting observations may be explained by changes to
protein structure in response to the alteration of N129, as this amino acid is located in a region
central to Tsr dimerization and construction of the SAM binding pocket [11] (Figs. 5.4A & 4B).
We therefore looked for an effect on Tsr dimerization by the mutation of N129 to Ala, a
substitution that would remove the polar side-chain interactions at this position. On the basis of
size exclusion chromatography, enzyme dimerization appeared unaffected (Fig. 5.4C) and so the
effect of this mutation on protein secondary structure was examined by CD spectroscopy. This
analysis showed a distinct divergence of the spectrum for the mutant from that of wt Tsr (Fig.

5.4D), indicative of differences in a-helical content.
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5.5 DISCUSSION

Tsr and related enzymes have been presumed to use a single catalytic site for methyl transfer.
Here, the Tsr dimer was confirmed to bind two SAM molecules in vitro, but shown to exhibit
Michaelis-Menten kinetics for SAM turnover, which suggests that a single catalytic SAM binding
site operates independently of a non-catalytic binding site when both are occupied with SAM.
This coincides with the recent findings by Yin and co-workers that showed catalytic activity for
an Nhr heterodimer containing a functionally inactivated subunit [40]. However, it could not be
determined whether this functional difference in Tsr is structurally predefined. The apo-structure
for Tsr has not been reported, but apo- and SAM-bound structures of Nhr are largely similar [12],
implying that the catalytic site is fixed and inherently defined. As well, although SAM binding by
the Nhr heterodimer was not evaluated [40], our present findings predict that SAM would
distinguish between two potential binding sites on the Nhr heterodimer and accordingly, catalysis
would proceed from a structurally pre-defined catalytic site. Such structure-defined functional
asymmetry in a homodimeric enzyme is exemplified by the E. coli glyoxylase I, where only one
of the enzyme subunits is able to bind metal and function catalytically [41]. Nonetheless,
mutually exclusive catalysis at either SAM binding site in Tsr cannot be excluded based on our
findings. Indeed, that the cosubstrate binding sites on the Tsr dimer exhibit equivalent binding of
SAM or SAH, with greater affinity for the latter, could imply that SAH release is a rate-limiting
step in catalysis at either binding site. Moreover, considering that RNA binding to the Tsr dimer
ostensibly follows that of SAM, it is possible that the catalytic site becomes designated from the
association of RNA with the Tsr-SAM complex, which could allow for switching of the catalytic
site when RNA substrates are encountered subsequent to dissociation of a methylated RNA
product. Supporting evidence for this is seen by the demonstration of Tsr-induced structural
changes within the RNA substrate that facilitate recognition [39]. Additional study is required to
delineate the interplay between SAM and RNA binding on the catalytic activity of Tsr,

particularly in the context of biologically relevant RNA acceptor substrates.
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In agreement with previous studies, R135 and R165 were found essential for enzymatic activity
and we have shown here that this could be linked to their importance in SAM binding. It is
noteworthy to consider that the observed effects on enzyme activity resulting from mutations of
these amino acids could in part be due to perturbed interactions with the RNA substrate.
However, this seems in contradiction with structural evidence and molecular modeling that
largely excludes these amino acids from such interactions [11,39]. In any event, our findings
clearly demonstrate roles in SAM binding by these amino acids. Moreover, from the comparative
effects from mutations with opposing side chain properties on SAM binding and enzyme activity,
R135 emerged as the most likely candidate responsible for activation of the methyl group
acceptor. Structural studies of SPOUT methyltransferases have often pointed towards Arg in this
role, resembling its function as the catalytic base in the mechanisms of unrelated enzymes such as
inosine 5-monophosphate dehydrogenase [42] and l-aspartate oxidase [43]. A factor common to
these examples is the interaction of the catalytic Arg with a proximal carboxylate group that can
be supplied by the enzyme substrate, and this is believed to exert steric and conformational
effects on the guanidinium ion that result in a net deprotonated state with a lowered pKa that
allows for proton abstraction [44]. Although pKa measurements of R135 were not attempted here,
SAM binding was found here to be highly dependent upon R135, and it is thus surmised that the
interaction between R135 and SAM promotes a proton-accepting guanidinum conformation that
can lead to activation of the 2’-OH acceptor and facilitate transmethylation.

Intriguingly, N129 was found essential for SAM binding despite appearing unable to directly
engage in meaningful interactions with SAM. The introduction of negative charge from the
replacement of this amino acid with Asp might hinder SAM association, yet this explanation
would not account for the loss of SAM binding observed for the corresponding mutation to Ala,
which presents an uncharged, non-polar and smaller side-chain. N129 is highly conserved among
SPOUT methyltransferases, residing on an equally conserved helix (helix 6) that is integral to the

formation of the dimer interface and for the construction of the characteristic CTD knot [11]
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known to be essential for proper structural conformation and activity of enzymes in which it
occurs [45]. Further, R135 is also located on this aforementioned helix. Hence, owing to its
central location in a region of Tsr that supplies much of the structural elements required for SAM
binding, N129 appears to play a pivotal role in the organization of Tsr active site architecture. It
is also plausible that structural features reliant on N129 are required for proper association of the
RNA substrate with the enzyme dimer. The alteration of N129 may therefore have ramifications
on proper binding and/or positioning of the RNA substrate, further alluding to the likelihood of a
functional interrelation between the interactions of Tsr with SAM and RNA.

In summary, this work has provided new details on SAM binding and turnover by Tsr. We
propose that an active site Arg performs a key step in the catalytic mechanism, enabled by its
interaction with SAM. Further, our findings implicate an active site-adjacent Asn as a structural
lynchpin in the formation of the SAM binding site. Given the high degree to which these amino
acids residues are conserved among SPOUT enzymes, the insights provided here are likely to be
applicable to other enzymes of this class, and relevant to the continued understanding of the

biological methylations they accomplish.

5.6 ACKNOWLEDGEMENTS

We are grateful to Drs. T. Dieckmann and G. Guillemette (University of Waterloo) for access to
ITC and CD instrumentation, respectively. Financial support was provided by the Natural
Sciences and Engineering Research Council of Canada (JFH), the Ontario Graduate Scholarship
program (CLM), the USDA National Institute of Food and Agriculture (Agriculture and Food
Research Initiative Competitive Grant No. 2013-67011-21133) (EGK), the National Institutes of
Health (R01-A1088025) (GLC), the Howard Hughes Medical Institute Science Education

Program (award #52006923) and the National Science Foundation (MRI program grant 104177)



171

NHg Nu NHg*
90 °
'°w/kﬂg o N/§N 'OWs o Nﬁ’\“
) c‘m %\H/NHZ i I /\(\\7’ \/ZW/NHZ 4+)
L N Nu—CH, 0T o N \
SAM SAH
B Time (mins) D
0 30 60 90 120150180
8 T 8 § 3.0
[ I 1 B

£ . T B oot

: S ]

: e 2
E- 5. @ 204
80 8 g
g | £ 5 £
5 . B 4, E
o | 2 -6 v 1.04 *
E 2 § a " % °
s | SAM T1201 SAH > ¥
g, 2140 » B

00 10 20 30 40 50 00 10 20 30 40 50 K] 0'00_0 02 o4 06
Molar Ratio Molar Ratio
SAM concentration (mM)
Stoichiometry AH(kcal.mol") AS(cal.mol".deg") K (uM)
SAM 2.03 +0.02 -3.94 £ 0.71 4.7 107.1 K,,(mM) k_(s™) k_JK,(s"M")
SAH 2.09+0.02 -19.2 £ 0.30 -43.1 24.4 0.155+0.038 17.94+1.67 1.16 x 10°

FIGURE 5.1 SAM binding and turnover by Tsr. (A) General scheme for SAM-dependent
transmethylation. “Nu” represents a generic nucleophilic acceptor on the substrate (e.g. activated
hydroxyl, aromatic nitrogen) that is methylated by the electron deficient methyl group from
SAM. The reaction proceeds via an energetically favored Sy2-type mechanism, with an inversion
of stereochemistry at the methyl group, resulting in co-production of the methylated substrate and
SAH. (B) Representative ITC measurements showing the background-subtracted heats/ injection
(top panels) and binding isotherms (bottom panels) for titrations of SAM and SAH with Tsr.
Average integrated heats/ injection from two independent experiments were fit by non-linear
regression to a model for a single set of sites. Where reported, errors are the S.E. associated with
the fit. (C) Overlay of SAM molecules in the conformations found when bound to each Tsr
monomer as shown in the Tsr-SAM crystal structure [11]. The skeleton of SAM in each
conformation is colored magenta and green, respectively. (D) Michaelis-Menten plot for the
methylation of 0.35 pM 16S/23S rRNA by 0.1 uM Tsr. The fit was obtained by non-linear
regression of the average initial rates from three independent experiments. Error bars are the S.D.

and the S.E. associated with the fit is reported for Ky and k..
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FIGURE 5.2 Enzymatic activity of Tsr mutants. (A) Active site residues selected for mutation
surround the bound SAM (spheres). (B) Catalytic activity of Tsr active site mutants with 16S/23S
rRNA. Activity is expressed as the average initial rate of methylation from three independent

experiments, normalized to that of native Tsr. Error bars are the S. E.
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FIGURE 5.3 R165 functions in SAM binding. (A) Michaelis-Menten plot for the methylation

of 16S/23S rRNA by the R165A mutant. Average initial rates from triplicate experiments were

analyzed as with native Tsr. Error bars are the S.D. and S.E. associated with the fit is reported for

Ky and ke, (B) Proposed mechanism for SAM-dependent methylation of rRNA by Tsr. SAM is

stabilized in the active site/binding pocket through H-bonding with R165. The interaction

between R135 and the carboxylate from SAM promotes activation of the ribose 2°-OH, leading to

consequent attack by the SAM methyl group.
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FIGURE 5.4 Structural significance of N129. (A) Surface representation of Tsr illustrating the
contribution of helices 6 and 11 to the dimerization interface. Helices 6 and 11, and the loop
corresponding to amino acids 234-247 are shown as a cartoon and SAM is shown as spheres. The
arrowhead denotes the viewpoint shown in close-up in panel B. (B) Zoomed in view of the Tsr
active site with the hydrophobic amino acid interface between helix 6 and helix 11 highlighted
(orange). (C) Size exclusion chromatography of wt Tsr and the N129A mutant. The peak
identities (left to right) for the molecular weight standards are as follows: blue dextran (2000
kDa), bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa) and cytochrome C (12.4
kDa). Chromatograms show an identical elution volume for Tsr and the N129A variant, with an
estimated relative molecular weight of 60 kDa (dimeric molecular weight of Tsr: 58364 Da). (D)
Representative circular dichroism spectra for Tsr (dashed line) and N129A (solid line). The
changes in ellipticity for the Ala variant of N129 indicate the absence of secondary structural

features present in native Tsr.
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Table 5.1. Parameters for SAM binding by Tsr and N129, R135 or R165 mutants

Variant Stoichiometry AH (kcal/ mol) AS (cal.mol'l.deg'l) Kp (uM)
wit 2.03+£0.02 -3.94+0.71 4.7 107.1
NI129A  2.19+0.13 -8.95+0.73 -15.3 493.0
N129D 1.87 £0.28 -21.31+£3.98 -57.2 411.5
R135A 2.22+0.18 -43.50 £ 4.52 -134.0 613.5
R135K 1.89 £0.03 -9.36 £ 0.25 -14.4 142.3
R165A 1.71 £0.08 -8.16 £ 0.51 -10.8 188.7
R165K 2.13£0.03 -6.52+0.15 -4.0 97.1

Average integrated heats of injection from two independent titrations of SAM into solution of Tsr

mutations, after subtraction of heats from dilution and mixing, were fit by non-linear regression to

a model from a single set of binding sites. This dissociation constant KD is the reciprocal of the

association constant KA that is generated by Origin software. E.E. associated with the fit to the

single seites model is reported for stoichiometry and dH. Binding parameters for wt Tsr are

included for comparison.
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Table 5.2. Parameters for SAH binding by Tsr and mutants with Ala substituted
for N129, R135 or R165

Variant Stoichiometry AH (kcal/ mol) AS (cal.mol™.deg™) Kp (M)

wt 2.09+£0.02 -19.2+£0.30 -43.1 24.4
N129A 2.45+0.03 -13.0+0.27 -21.6 16.4
R135A 2.70 £0.02 -152+0.18 -28.3 11.0
R165A 2.03 £0.02 -18.5+0.28 -40.7 20.5

® Titrations and analyses of thermodynamic data were performed as with SAM. S.E. associated
with the fit is reported for stoichiometry and DH. Binding parameters for wt Tsr are shown for

comparison.



5.7 SUPPLEMENTARY MATERIAL

Table S5.1. Primers used to generate Tsr point mutant variants

5’-ATCGGCGCGATAGTACGCACGTCG-¥’

NI29A 5 GCGTACTATCGCGCCGATCGCCCCGACGATCTTCACCCC-3
Ni2op 5 -ATCGGCGCGATAGTACGCACGTCG-3
5-GCGTACTATCGCGCCGATGTCCCCGACGATCTTCACCCC-3”
Ri3sa 5 -ACGTCGCTCGCGCTCGGAGCGTCG-3
5. TCCGAGCGCGAGCGACGTCGCTACTATCGCGCCGATGTT-3’
Ri3sg 5 -ACGTCGCTCGCGCTCGGAGCGTCG-S
5-TCCGAGCGCGAGCGACGTCTTTACTATCGCGCCGATGTT-3’
Riesa 5 -ACGTCGCTCGCGCTCGGAGCGTCG-3
5. TCCGAGCGCGAGCGACGTCGCTACTATCGCGCCGATGTT-3’
Riesg 3 -ACGTCGCTCGCGCTCGGAGCGTCG-S
5’-CGCTCCGAGCGCGAGCGACGTCTTTACTATCGCGCCGATGTTCCC-3”
bpon S -AAGGGTGGGCCTTCCGACCTGTTC-3
5°-GTCGGAAGGCCCACCCTTCGCGCTGCCGAACAGCAAGGC-3’
p220q S -AAGGGTGGGCCTTCCGACCTGTTC-Y
5°-GTCGGAAGGCCCACCCTTCTGGCTGCCGAACAGCAAGGC-3’
konia 5 -AAGGGTGGGCCTTCCGACCTGTTC-3
5°-GTCGGAAGGCCCACCCTTCGCGCTGCCGAACAGCAAGGC-3’
co46n 3 -CTCAACGTTTCCGTTTCCCTCGGA-3’
5-GGAAACGGAAACGTTGAGCGCCTCGGTCTGGCTCATCAT-3
\oaga 3 -GTTTCCGTTTCCCTCGGAATCGCG-3
5. TCCGAGGGAAACGGAAACCGCGAGAGACTCGGTCTGGCT-3’
oagp S -GTTTCCGTTTCCCTCGGAATCGCG-S
5-GATTCCGAGGGAAACGGAAACGTCGAGAGACTCGGTCTGGCT-3’
. 5. TAATACGACTCACTATAGGG-3’

5’-CCGCTGAGCAATAACTAGC-3’

*Point mutagenesis of zsr was performed with two consecutive PCR reactions. In the first

reaction, pET28a harboring the tsr gene was used as template to generate two overlapping

177

fragments of the tsr gene, by using the T7 forward primer with #sr-specific reverse primers and

tsr-specific forward primers with the T7 reverse primer. Tsr-specific primers were designed to

introduce the desired mutation into the complimentary sequence of the two gene fragments. The

gene fragments were joined by a second the second PCR reaction using only T7 primers.
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FIGURE S5.1. Development of the coupled fluorometric assay for monitoring Tsr catalyzed

methylation of 16S/ 23S rRNA in kinetic evaluations of SAM turnover. (A) Linear

dependence of Tsr activity on enzyme concentration. (B) Time course for SAM-dependent

methylation of 16S/ 23S rRNA (0.35 mM) by Tsr (0.1 mM). Initial rate conditions (product

formation < 10 - 15%) occur within the first 5 minutes. (C). Effect of SAM concentration on the

initial rate of Tsr activity, using 0.1 uM of Tsr in the presence of saturating concentrations of

16S/ 23S rRNA (0.35 mM). Background fluorescence has been subtracted from each of the above

plots.
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FIGURE S5.2 Multiple sequence alignment of SPOUT methyltransferases. Sequence
alignment was performed using Clustal W2 and structural comparisons were performed using
DaliLite V.3. Abbreviations used are as follows (PDB IDs are in brackets): TSR: thiostrepton
resistance methyltransferase (3GYQ); NHR: nosiheptide resistance methyltransferase (3NK6);

AVRB: AviRB from Streptomyces viridochromogenes (1X70); RRMA: RrmA from Thermus
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thermophilius (11PA); RLMB: RImB from Escherichia coli (1GZ0); TRMH-A: TrmH from
Aquifex aeolius (1ZJR); TRMH-P: TrmH from Porphyromonas gingivalis (216D). Amino acid
residues are colored as follows; red: small, hydrophobic; blue: acidic; magenta: basic; green:
hydroxyl, sulthydryl, amine. Conservation is denoted below the sequence alignment as either
identical (*), strongly similar (:), or weakly similar (.). Regions corresponding to a-helices
observed in the various crystal structures are shaded grey. Amino acids selected for mutagenesis

in this work are marked by an arrow.
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FIGURE S5.3. Tsr mutants with Ala substitutions at N129, R135 or R165 are impaired in
the methylation of a 29 nt RNA substrate. End-point RNA methylation assays of the 29 nt
RNA, transcribed in vitro as previously described ', were performed in triplicate, with 0.1 uM
Tsr, 0.35 uM RNA, 100 mM SAM and 1.1 pCi *H-SAM in a 200 pL reaction in assay buffer (50
mM Tris pH 7.5, 75 mM KCI, 5 mM MgCl,). After a 30 minute incubation at 37 °C, samples of
50 pL were applied to Illustra Microspin G-25 column (GE Healthcare, Buckinghamshire, UK).
The filtrate (40 pL) was counted in 2 mL of scintillation fluid. Assays to assess enzyme turnover
were performed as described above but contained 0.165 uM enzyme and 1 uM 29 nt RNA.
Counts per minute (cpm) of control reactions without RNA were subtracted from each sample
and normalized to cpm transferred by wild-type Tsr. Relative activity normalized to wild-type Tsr
for active site mutants with the 29 nt RNA substrate using a *H-AdoMet end-point assay. Error
bars show SEM from three independent experiments. Comparable levels of inactivity were found
for the Tsr mutants when activity was assessed using the fluorescence-based assay, with 16S/23S

rRNA acceptor and similar SAM concentrations as above.
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CHAPTER 6: DISCUSSION

In the present studies I have elucidated novel structural and molecular mechanisms by which
methyltransferases recognize and methylate their cellular targets, which allow the bacterium to
adapt to their environments. In the preceding chapters, I have tested structural features of three
different methyltransferases, EftM, TlyA and Tsr determined what amino acids govern
cosubstrate binding and developed new models for substrate recognition (Figure 6.1). These
novel molecular studies complement cellular studies to develop a thorough understanding of how
posttranscriptional and posttranslational modifications of the ribosome and translation factors aid

or control translation and thus microbial survival.

6.1 STRUCTURAL INSIGHTS

Insights into the structure of the three methyltransferases in this work identified important and
previously unknown functional qualities of these enzymes. Either by modeling or solving the
structure of these enzymes we have discovered novel mechanisms of enzyme control, including
instability at elevated temperature controlling activity, novel structural elements that aid in SAM-
binding and potentially interdomain interactions, and a role for quaternary structure in

methyltransferase catalysis.

6.1.1 Structural Instability Regulates EftM Activity

EftM was a hypothetical protein in P. aeruginosa until Barbier ef al. (2013) discovered that it was

responsible for the temperature-sensitive modification of EF-Tu (ON at 25°C, OFF at 37°C)
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which aided in P. aeruginosa infection (1). Using homology modeling, we showed that EftM
possesses a Class [ methyltransferase fold and an axillary domain composed mainly of B-strands.
We also identified and functionally tested the SAM-binding motif (discussed below). Further, we
showed that the instability of the protein structure is responsible for the temperature-regulation of
the modification as EftM unfolds at 37°C, the temperature at which the modification is OFF.
EftM unfolding likely correlates with a decreased half-life in the cell, which results in the
observed repression of EF-Tu modification. A similar temperature instability regulation
mechanism was described in Yersinia pestis (the etiological agent of the bubonic plague) where
the temperature instability and degradation of the repressor YmoA was necessary for Type 111
secretion system expression for virulence (2). However, the direct control of a posttranscriptional

modification by temperature instability of the enzyme is a novel regulatory mechanism.

6.1.2. TlyA Linker May Coordinate Interdomain Interactions

I solved the structure of the TlyA methyltransferase domain confirming previous homology
models that classified TlyA as a Class I methyltransferase. Additionally, we demonstrated the
importance of a tetrapeptide sequence (RAWYV) N-terminal to the catalytic domain in 1)
cosubstrate binding (discussed below) and 2) interaction with the substrate recognition domain.
Structures of the TlyA **"VCTD protein place the linker peptide in two different conformations,
either loop or a-helical. As a loop, this linker could give TlyA the flexibility it needs to recognize
each of its targets, which reside in different structural contexts. Once TlyA recognizes its target, a
conformational change into an a-helical structure could allow TlyA to orient the nucleotide into
the active site. A similar conformational change in a linker between a substrate recognition
domain and catalytic domain was observed in the structure of TrmD methyltransferase bound to

tRNA, where the linker could not be modeled in structures of the enzyme alone, but formed a
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helix upon binding its substrate (3). Structures of TlyA bound to its substrate will be necessary to

determine the conformation of the linker in the catalytically active complex.

6.1.3 Tsr Protomers Act Independently of Each Other in Catalysis

The structure and molecular characterization of Tsr by Dunstan et al. (2009) definitively
classified Tsr as a Class IV ‘SPOUT’ methyltransferase (4). Tsr is a homodimer, with each
protomer containing an N-terminal substrate recognition domain and C-terminal SPOUT domain
(4). Most SPOUT methyltransferases are obligate homodimers with one only known exception:
the yeast tRNA methyltransferase Trm10 (5). However, little is known about why most SPOUT
methyltransferases are dimers. In the study by Dunstan ef al. (2009), the Tsr structure was solved
with one SAM molecule bound in each protomer. In Chapter 5 we showed that Tsr binds two
SAM molecules per dimer via ITC and that catalysis conforms to Michaelis-Menten kinetics.
This suggests that each protomer acts independently of the other. The significance of this work is
expanded by studies of the nosiheptide resistance methyltransferase (Nhr), which methylates the
same nucleotide as Tsr and shares 74% amino acid identity (6). Methylation reactions of
heterodimers of Nhr, containing a WT and a catalytically inactive protomer, showed that only one
active protomer was necessary for catalysis although the amount of methylation was reduced
compared to wild-type (7). When the dimerization interface of another SPOUT methyltransferase
TrmL was disrupted, the TrmL. monomer could still bind SAM, but substrate recognition was
impaired (8). These data show that for SPOUT methyltransferases dimerization is important for
structural support or substrate recognition but not specifically required for catalysis as the

protomers can act independently of each other.
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6.2 COSUBSTRATE BINDING

Binding of the obligate cosubstrate S-adenosyl-L-methionine is a prerequisite for catalysis by the
vast majority of methyltransferase enzymes. Therefore, characterizing the cosubstrate binding

pocket defines critical residues involved in each enzyme’s catalytic mechanism.

6.2.1 Ildentification and Characterization of the SAM Binding Motif in EftM

EftM is a member of the Class I methyltransferases which have a number of conserved motifs
including a SAM binding motif with a canonical sequence GxGxG (or GxG) (9). We found that
EftM binds cosubstrate and product with similar affinity and showed that SAM binding is
abrogated by a G50R mutation of the putative SAM binding motif ACG*TG**. Our homology
model suggests that inhibition is caused by the arginine side chain (G50R) sterically occluding
SAM binding. Mutation of G135A in the minimal SAM binding motif, ACG'®, in the
aminoglycoside-resistance methyltransferase Sgm disrupted cosubstrate binding and made Sgm-
expressing E. coli more susceptible to gentamicin and kanamycin as evident by decreased
antibiotic minimal inhibitory concentration (MIC) (10,11). Additionally, G37E mutation in the
SAM binding motif, G’’TGKG, of the macrolide resistance-conferring enzyme ErmB also
decreased the erythromycin MIC (12). Thus, assessment of G50R confirmed the presence and

functionality of the Class I SAM binding motif in EftM.

6.2.2 A Novel Auxiliary SAM Binding Motifin TlyA

The studies of TlyA described in Chapter 3 began with the surprising finding that when expressed
alone the methyltransferase domain of TlyA was unable to bind SAM cosubstrate, even though

the domain was properly folded and contained the SAM binding motif G’ ASTG®. Further, we
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showed that two amino acids, Trp62 and Val63, of the interdomain tetrapeptide linker were
necessary for SAM binding. Structural studies of the **“VCTD, show that although this sequence
does not directly interact with the cosubstrate, Val63 likely properly orients Thr93 to bind the
methionine end of SAM. This is the first auxiliary SAM-binding motif described for a Class I
methyltransferase. In functionally characterized TlyA homologs, Trp62 and Val63 are conserved
suggesting that the function of this motif is not limited to TlyA from M. tuberculosis but also

important in homologs with amino acid identity as low as 38%.

6.2.3 Tsr Cosubstrate Recognition and Catalysis

In Chapter 5 we determined SAM and SAH binding affinities of Tsr and identified amino acids
important for SAM binding and catalysis. Tsr binds SAM more weakly than SAH (~100 uM and
20 uM, respectively), which has been described for other methyltransferases (13,14).
Furthermore, mutation of residues within the SAM binding site had a greater effect on SAM
binding than SAH, likely due to relaxed binding constraints in the absence of the methyl group. In
both Tsr and Nhr, Arg135 is proposed to abstract a proton from the ribose 2’-hydroxyl creating a
nucleophile that will attack the methyl-sulfonium group of SAM (6,15). This results in the
transfer of the methyl to the 2" oxygen creating a 2’-methoxy group. Together, the structure and

functional data have elucidated the catalytic mechanism for Tsr and its homologs.

6.3 SUBSTRATE RECOGNITION

While the structures of many ribosomal RNA-modifying methyltransferases have been solved
and their cofactor binding properties elucidated, less is known about the molecular specificity of
methyltransferase-substrate interactions. Biochemical studies like those presented in Chapter 4

and structures of the complexes are necessary to fully understand methyltransferase-substrate
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recognition mechanisms. As many methyltransferases recognize ribosomal subunits, the
technology to probe these interactions is now available as high-resolution structures of the
subunits were solved in 2000 and the assembled ribosome in 2006 (16-18). Cryo-EM was used to
determine the ribosome-binding site of the methyltransferase KsgA at ~13A in 2012 (19). As the
resolution of ribosome structures determined by cryo-EM is now rivaling that of X-ray
crystallography, and advances in X-ray crystallography make it easier to solve structures of
ribosomes (i.e. intense beamlines, more sensitive detectors, as well as mechanisms to trap
complexes) we can expect more enzyme-substrate complexes to be solved and thus an
acceleration in our understanding of substrate recognition mechanisms for ribosome modifying

enzymes.

6.3.1 A new Model of Tsr Substrate Recognition

Tsr recognizes and methylates a contiguous domain of 23S rRNA prior to binding of the
ribosomal protein L11. In Chapter 4, we proposed a new mechanism of substrate recognition for
Tsr, which included previously unidentified conformational changes in the RNA promoted by the
Tsr-NTDs that were necessary for catalysis. These conformational changes are likely necessitated
by the compact structure of this RNA, which need to be rearranged to for enzyme access to the

target nucleotide.

Changes in RNA conformation is a common theme in enzyme-RNA substrate structures. In the
co-crystal structure of the SPOUT methyltransferase TrmD-tRNA"" complex, the TrmD-CTD of
the non-catalytic protomer probes the anticodon stem of the tRNA causing a structural change in
the enzyme’s intersubunit linker. This is followed by orientation of the anticodon loop near the
catalytic domain, and flipping the target nucleotide (G37) out of the anticodon loop and into the

catalytic site. The most significant changes in the tRNA structure are involved in base flipping
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G37 (3). This is unlike our model of Tsr recognition where Tsr-mediated changes in RNA
structure are distant from the target nucleotide. These changes by Tsr are likely necessitated by
the compact packing of the two RNA helices of the RNA substrate. Like the TrmD structure, we
additionally propose that structural changes in the target loop are also necessary to orient the
target nucleotide for catalysis, however additional studies or an enzyme-substrate structure will

be necessary to defines changes in the target loop.

Structural changes were also identified in the RNA target loop for two m’U methyltransferases:
RImD (formerly RumA, U1939 23S rRNA) and TrmA (U54, tRNA) bound to model rRNA
substrates (37 nts 1932-1961 and 19 nts tRNA T-arm analog, respectively) (20,21). Furthermore,
in the RImD-rRNA structure, a stem loop 3" to the target nucleotide is recognized by an NTD of
RImD illustrating a mechanism of substrate recognition of disparate RNA structures similar to

what we proposed for Tsr.

6.3.2 TlyA Recognizes Two Different Substrates

TlyA methylates two different nucleotides of the ribosome, C1409 of 16S rRNA and C1920 of
23S rRNA, but the precise mechanism of substrate recognition remains to be elucidated. While
these nucleotides are in close proximity in the assembled ribosome, TlyA recognizes and
methylates these nucleotides on individual subunits (22). C1409 in the E. coli ribosome is part of
h44 within the following base paired region: “*®A-A'** / C-G / """’ A-U"*", while C1920 is part
of a stem loop with the sequence "*"’A-¥'"'"* / C-G / ""*'G-C"""". While both cytidine residues
are contained within a similar sequence, their structure a part of the subunit is very different.
C1409 is packed near 4 other rRNA helices whereas C1420 is extended from the 50S surface.
Monshupanee et al. (2012) grouped TlyA orthologs in one of two groups, TlyA' or TlyA", based

on their ability to methylate just C1920 or both C1409 and C1920, respectively (22). This
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suggests that some TlyA orthologs do not contain a single unified mechanism of substrate
recognition for two different nucleotides and the rRNA structure on the 30S may decrease the

ability of some orthologs to recognize and methylate C1409.

The structure of the NpmA methyltransferase (16S rRNA m'A1408) bound to the 30S subunit
structure may highlight a potential TlyA-30S binding site as these enzymes methylate nucleotides
immediately adjacent to each other. The NpmA binding surface is made up of nucleotides from
four different rRNA helices (h24, h27, h44, and h45) and conformational changes in nucleotides
C1407-C1409 were necessary to position the A1408 in the enzyme active site (23). If the TlyA
methyltransferase domain bound in a similar position as NpmA, it would suggest that TlyA
would also interact with rRNA from multiple rRNA helices of the 30S subunit. Furthermore,
unlike NpmA, TlyA contains a NTD that aids in substrate recognition. As modeling the NTD
onto the CTD-helix structure predicts that the NTD sets on top of the methyltransferase domain,
the NTD could interact more extensively with the rRNA backbone nucleotides on either side of
the RNA helix. Solving a TlyA-30S structure is an active area of research that will be essential to

elucidate the TlyA substrate recognition mechanism.

6.3.3 EF-Tu Lysine Recognition by EftM

In Chapter 3, EftM was characterized as an EF-Tu lysine 5 trimethyltransferase. However,
currently nothing is known about EftM’s substrate recognition mechanism. In the structure of Des
IV, the enzyme used as the template for EftM homology modeling, a substrate analog was bound
between the auxiliary and methyltransferase domain, suggesting a potential substrate-binding site
(24). Multiple unpublished observations suggest a substrate recognition mechanism where the
EF-Tu N-terminus, which lacks defined secondary structure (i.e. a-helical or B-strand), could

potentially snake through a channel between the methyltransferase and auxiliary domains,
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positioning Lys5 near the SAM molecule. Amino acids that line the domain interface are highly
conserved and likely functionally important. Further, mutation of Trp170 in the auxiliary domain
rendered the enzyme inactive, although the mutant could still bind SAM, suggesting that this
amino acid is important for substrate recognition. Identifying the substrate requirements for the
modification is an active area of research and will lead to a better characterization of both EftM

and EF-Tu, which will underpin studies into their role in bacterial physiology and virulence.

6.4 MODIFICATION ENZYMES AID IN BACTERIAL ADAPTATION

The canonical role for rRNA modification is to aid in ribosome function or assembly under
normal cellular growth conditions (although some modifications do not seem to be essential for
function or assembly). However, additional cellular roles for modification enzymes and their
modifications outside of their classical role in ribosome biology have been described. Commonly,
these ‘moonlighting roles’ aid in the bacteria’s adaptation to stress or their changing
environments (like infecting a host). For example, in the E. coli heat shock response, the 23S
rRNA Um2552 methyltransferase RrmJ is overexpressed with other rRNA processing and
ribosome recycling proteins (YbeY and Hspl5) to generate new ribosomes and recycle stalled
ribosomes to adapt to the higher growth temperature (25,26). Additionally, the S5
acetyltransferase RimJ, but not its catalytic activity, was shown to suppress ribosomal assembly
defects caused by mutation in S5, suggesting a role for RimJ in ribosome assembly other than
acetylation (27). Furthermore, deletion of rimJ disrupted the temperature-regulated transcription
of P pili genes in E. coli allowing pili formation at restrictive temperatures of 23°C. This suggests
that RimJ acts as a transcription regulator for genes that aid in bacterial virulence as pili are
needed to colonize the urinary tract (28). These examples illustrate a fascinating area of research

that continues to expand our understanding of the roles of modification enzymes in biology.
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6.4.1 TlyA is a Methyltransferase and Hemolysin

Both the primary sequence and tertiary structure suggest a dual function for TlyA as a
methyltransferase and an alpha-hemolysin. TlyA was first identified as a hemolysin due to its
homology with Serpulina hydrosenteria alpha-hemolysin (29). In Chapter 3 we solved the
structure of the TlyA methyltransferase domain, confirming its homology to Class I
methyltransferases. These two functionalities seem counter-intuitive. As a methyltransferase
TlyA is a monomer and cytosolic, whereas hemolytic proteins are multimeric and either
membrane-bound or extracellular where they form pores in red blood cell membranes. Rahman ef
al. (2010) showed that TlyA oligomers were formed in the presence of red blood cells during
hemolysis by SDS-PAGE with reduced levels of reducing agents (30). Mutations in the RNA
binding domain or the catalytic tetrad, failed to decrease the hemolytic ability of TlyA, suggesting
that methyltransferase catalytic activity is not needed for hemolysis (30,31). TlyA has also been
implicated in Helicobacter pylori virulence using similar hemolytic functions and new studies
have defined TlyA as a virulence factor for M. tuberculosis (32,33). The exogenous expression of
TlyA in E. coli or M. smegmatis increases host cell adherence and phagocytosis of these bacteria
by macrophages (34). Further, bacteria expressing TlyA modulate cellular trafficking
mechanisms to avoid the phagolysosome (34). TlyA is a strong example of a ribosome-modifying
enzyme that has moonlighting roles to aid in bacterial adaptation to a new environment. However,
it is unknown why M. tuberculosis ribosomes contain the TlyA-mediated rRNA modifications.
Perhaps methylation at C1409 and C1920 aids in stabilizing the ribosome structure for growth at
37°C or allows translation control factors to bind, allowing M. tuberculosis to adapt to the

macrophage environment.
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6.4.2 EftM Mediated Trimethylation Aids in P. aeruginosa Infection

Moonlighting roles for a number of classical cytoplasmic proteins, e.g. EF-Tu, GroEL, GAPDH
and endolase, in promoting bacterial adherence to host cells have been identified (reviewed in
(35)). EftM was a protein of unknown function until studies in the Goldberg lab, which aimed to
characterize adhesions in P. aeruginosa, identified EftM as an EF-Tu trimethyltransferase. The
trimethylation of EF-Tu was sensitive to temperature, a typical attribute of adhesions (1,36), and
in Chapter 3 we showed that the novel temperature regulation of the EF-Tu modification is due to
the structural instability of EftM, which unfolds at 37°C, the host temperature. However, we do
not yet know why methylation needs to be repressed at 37°C. One possibility is that the
modification of EF-Tu is immunogenic and that P. aeruginosa represses EftM as an adaptive

response to evade the host immune system.

6.4.3 Thiopeptides and the Antibiotic Resistome

The global epidemic of antibiotic resistant bacterial infections is a problem, at its core, of bacteria
adapting to a stress in their environment. Pathogenic bacteria acquire genes that help them adapt
to living in an environment with antibiotics. These genes have been acquired either from
antibiotic producing bacteria, which contain mechanisms to protect themselves from their own
toxic products, or have evolved as a new antibiotic inhibitory function (reviewed in (37)).
Collectively, all resistance genes form the ‘antibiotic resistome’ as they represent potential
resistance mechanisms that could spread to pathogens given the right selective pressures. Fighting
antibiotic resistance is a molecular arms race with bacteria acquiring genes to inactivate

antibiotics as we attempt to develop new antibiotics or novel strategies to circumvent resistance.

Thiopeptides offer an untapped source for future antibiotic development. Thiopeptides are

ribosomally translated peptides that are extensively posttranslationally modified. Over a hundred
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thiopeptides have been discovered, typically from soil or marine environments. Differences in the
macrocyclic ring of the thiopeptide dictate which of two cellular targets they inhibit (reviewed in
(38)). Thiopeptides with 26-member rings, like thiostrepton, bind to the GTPase activating center
of the ribosome and inhibit translocation by EF-G. In contrast, 29-member ring thiopeptides bind
EF-Tu to inhibit tRNA binding and thus the interaction of the ternary complex with the ribosome.
The clinical use of thiopeptides has been limited due to their poor solubility. However, new
studies have improved the solubility of some compounds, potentially reinvigorating studies that
aim to develop thiopeptides as clinically useful antibiotics (39). With little use of thiopeptides to
date in the clinic, resistance mechanisms to these antibiotics are those that are found in antibiotic-
producing bacteria. Characterizing antibiotic resistance enzymes now, arms us for the future

when we may need to inhibit these enzymes if they spread to pathogens.

6.5 FUTURE DIRECTIONS

In the previous chapters we have expanded the molecular characterization of three unique
methyltransferases. However, many questions remain regarding each enzyme’s molecular

mechanism of action and role in bacterial physiology.

6.5.1 EfiM

EftM is a newly identified enzyme that aids in P. aeruginoasa virulence. A complete molecular
characterization of EftM will describe the substrate recognition and catalytic mechanism of the
enzyme as well as revealing the structure of EftM and EftM:EF-Tu complex. Additionally,
studies are needed to explore the potential role for this modification in EF-Tu’s canonical
function as a translation factor, for example, to determine if trimethylation affects EF-Tu kinetics

(e.g. GTP hydrolysis, tRNA binding). Furthermore, as a temperature-regulated modification it
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will be critical to evaluate if modified EF-Tu aids in the translation of subsets of proteins

necessary for growth at environmental temperatures.

Deletion of EftM decreased P. aeruginosa attachment to and invasion of epithelial cells and
increased survival of infected mice (1). As trimethylation mimics phosophocholine, which looks
like platelet-activating factor (PAF), it is likely that methylated EF-Tu interacts with the PAF-
receptor on host cells. However, we do not currently know how EF-Tu accesses the bacterial
outer membrane as it does not have a recognized export sequence. Experiments correlating the
amount secreted or membrane bound EF-Tu with gene deletion libraries could be the first steps in
identifying the proteins involved in the membrane trafficking of EF-Tu. As a modulator of
ribosome function and cellular adherence, EftM’s inhibition could be a novel target for

antimicrobial therapy.

6.5.2 TlyA

While loss of TlyA in M. tuberculosis confers resistance to capreomycin, the canonical role for
TlyA methylation remains elusive in this and other bacteria that possess the enzyme. Do TlyA
methylations aid the ribosome in resisting stress either in the environment or as an intracellular
pathogen? Furthermore, how does TlyA recognize two different rRNA substrates and does
recognition cause our identified structural changes in the flexible linker? Structural studies of

TlyA bound to a substrate will be needed to answer this question.

6.5.3 Tsr

Studies in the last eight years have aided in the characterization of Tsr and its homolog Nhr

(4,6,7,40). However, an enzyme-substrate structure for either remains elusive and not until 2015
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was another bacterial SPOUT methyltransferase-substrate complex solved (3). As these
methyltransferases are dimers and contain additional substrate recognition domains, their
recognition of rRNA structures with complex tertiary structures is not completely understood.
Structures of either enzyme bound to a substrate RNA will be essential to understand this

coordination.

Thiostrepton is a member of the thiopeptide class of antibiotics of which over 100 have been
identified. Thiostrepton’s antibiotic properties are understood, but little is known about what role
thiostrepton plays in the bacterial community. Are thiopeptides a mechanism of interspecies
communication or chemical warfare? Assessment of mRNA transcript or proteomic changes
induced by growth in the presence of thiopeptides could begin to answer these questions.
Furthermore, what other resistance determinants lay in the antibiotic resistome for thiopeptides?
As resistance genes commonly are encoded near biosynthetic gene clusters, sequencing the
genome of antibiotic producers and identifying the biosynthetic genes will aid in identifying

resistance genes that are homologous to known proteins.

6.6 CONCLUDING REMARKS

With the emergence of antibiotic-resistant bacteria and a lag in the antibiotic development
pipeline, the future of infection control is uncertain and unsettling. It will take the work of
microbiologists and molecular and structural biologists to identify and characterize new
molecular pathways and enzymes in bacteria that could serve as antibiotic targets for the
development of new antibiotics. Our work, combined with antibiotic stewardship programs in

hospitals and agriculture are vital to control the emerging antibiotic crisis.
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