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Abstract

The non-coding RNAs, such as rRNA, mRNA, tRNA etc, play the essential parts of
the life system. Many kind of proteins are involved in producing such functional RNAs.
Although several these proteins were revealed the tertiary structures, their detailed
mechanisms are not fully understood. In this study, other enzymes related to RNA
processing, RNA 3'-terminal phosphate cyclase and threonyl-tRNA synthetases from
crenarchaea, have been subjected to reveal the tertiary structures.

1. X-ray analyses of RNA 3’-terminal phosphate cyclase from Sulfolobus tokodaii

and its complexes

In pre-tRNA splicing, endonuclease cleaves RNA at first into two chains with the
3’-phosphomonoester end and the 5’-hydroxyl end, respectively, and then RNA ligase
requires the two RNA chains to be modified at the ends. It is thought that RNA
3’-terminal phosphate cyclase (Rtc) catalyzes the ATP-dependent conversion of the
3’-phosphomonoester end to the 2',3’-cyclic phosphodiester end in the presence of Mg2+
ion. This reaction may occur though the following two steps:

(i) Rtc + ATP — Rtc-AMP + PPi

(i) RNA-3'p +Rtc-AMP — RNA-N>p + Rtc + AMP

In the first step, Rtc and ATP react with each other to form a covalently bound Rtc-AMP.
In the second step, when a truncated RNA with a phosphate group at the 3-terminus is
bound to Rtc-AMP, RNA-3'pp5’A intermediate is formed and then the cyclization
reaction between the 2'-hydroxyl group and the 3'-phosphate group probably occurs
non-enzymatically to generate RNA with the 2',3"-cyclic end (RNA-N>p). Although the
X-ray structure of Rtc from E. coli was reported, the substrate binding site and the
catalytic reaction mechanism is not clear. In this study, X-ray analyses of Rtc from
Sulfolobus tokodaii (St-Rtc) and its complexes with ATP in the following states have
been performed, in order to reveal the detailed mechanism of Rtc catalysis. The
selenomethionine derivative (Sz-Rtc*) has been at first solved by MAD method. The
others are (1) St-Rtc* in complex with Mn®" ion (St-Rtc*+Mn) to identify Mg2+ ion
binding site, (2) S-Rtc* in complex with ATP and no Mg2+ ion (St-Rtc*+ATP) to get an
insight of ATP binding, (3) St-Rtc in complex with Mg®" ion and ATP under acidic
condition (St-Rtc+AMP) to see the structure just before the first reaction, and (4) St-Rtc
in complex with Mg2+ ion and ATP under basic conditions (Sz-Rtc*-AMP) to see the
structure after the first reaction.

The crystal structures of St-Rtc*, St-Rtc, St-Rtc*+Mn, St-Rtc*+ATP, St-Rtc+tAMP
and St-Rtc*-AMP have been successfully determined at 2.25, 2.2, 3.2, 2.4 2.9 and 2.25
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A resolutions, respectively. The two subunits forming
a dimer have been found in every crystal obtained
under different conditions (Figure 1). The subunit is

composed of a large domain and a small domain. In

the large domain, the Bafof motifs are repeated by
three times to fold into a pseudo three-fold symmetric  Figure 1. Two subunits foing a
structure. On the other hand, the small domain dimer found in the St-Ric crystals.
contains a fafPPa motif, which is inserted into the third motif of the large domain.

In the St-Rtc*+Mn crystal, it was difficult to find the density of added Mn*" ions. It
may be ascribed to low Mn”" concentration in crystallization and/or to no ATP. The
latter means that Mg>" binding requires a help of the bound ATP. In the St-Rtc*+ATP
crystal, the adenine ring of ATP is stacked between the side chains of Prol126 and
His283. In addition, Asp250 forms a hydrogen bond with the adenine base and Asp286
forms double hydrogen bonds with the ribose. These structural features are also found in

the St-Rtc+AMP and St-Rtc*-AMP crystals. However, only the a-phosphate group is

disordered. To fix it in a correct orientation, a s S
Q‘
Mg** ion will be bound to nearby Glul0. In ~, N\
Arg36 = . e Pro126 " asposo
the St-Rtc+AMP crystal, ATP is hydrolyzed in = =% 4. 220 - . YA
g .. . 74 b . 113’12,2.\\‘/Vater !
acidic ~ condition  into  two  parts, S AN ‘i‘* e
P - \ Lv
d Y -
pyrophosphate and AMP, and they are bound auo ! T2 2’:/,12.3 ’tHiszss
separately. The o-phosphate group of AMP " > g 7

) b His307 §, Aspgég
may be allowed to disorder or further Figure 2. The AMP binding sites in the

hydrolyzed to adenosine. In the Sz-Rtc*-AMP SERteTAMP® crystal

crystal, the a-phosphate group of AMP is covalently bound to the Ne atom of His307
(Figure 2) as the end product of the first reaction. Based on these structures, a plausible
reaction mechanism of the first reaction has been proposed, and possible molecular
movement in the second reaction has been speculated.

2. X-ray analysis of two threonvl-tRNA synthetases with complementary functions

from Aeropyrum pernix and Sulfolobus tokodaii

To maintain the highest fidelity in protein synthesis, twenty kinds of
aminoacyl-tRNA synthetases (aaRSs) exist in general for twenty kinds of amino acids
(aa). Each aaRS is specialized to recognize only the cognate amino acid and the cognate
tRNA™. It was reported that threonyl-tRNA synthetase (ThrRS) from E. coli (EcThrRS)
is composed of the three domains, editing, catalytic and anticodon-binding. The editing
domain is essential to hydrolyze the misaminoacylated Ser-tRNA™ because threonine

as well as serine is acylated to tRNA™ in the catalytic domain. In archaea Pyrococcus
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Abstract

abyssi ThrRS, the X-ray structure of the truncated editing domain is quite different from
that of EcThrRS.

Recently two genes were found for ThrRS in the genomes of some organisms. It
was proposed that two proteins have different functions complementary to each other,
one is only for catalysis and the other is only for editing. In this study, it has been
surveyed that other creanarchaeal organisms also contain the two ThrRS genses in their
genomes. Sequence alignment analyses of the two gene products (ThrRS-1 and
ThrRS-2), have shown that ThrRS-1s possess the highly conserved catalytic and
anticodon-binding domains, but no editing domain, while ThrRS-2s are composed of
the archaeal type editing domain and the anticodon-binding domain but no catalytic
domain. Furthermore, they contain an additional unknown domain. In order to clarify
the three-dimensional structures by the X-ray method, ThrRS-1 and ThrRS-2 from
Aeropyrum pernix (Ap) and those from Sulfolobus tokodaii (St) have been

overexpressed in E. coli, purified and crystallized.

The crystal structure of ApThrRS-1 has been successfully
determined at 2.3 A resolution, as the first example.
ApThrRS-1 is a dimeric enzyme composed of the two
identical subunits. The subunit consists of two domains.
The N-terminal domain has the three motifs characteristic
as the catalytic domain of the class II aaRS. In this

domain, the zinc atom is bound to Cys112, His166 and

His310 (Figure 3). By comparing with EcThrRS structure

(Figure 4), it is easily identified that the second domain is Eig%l}rleRg- 1The zinc finger of
: o . pThrRS-
for anticodon-binding. Therefore, it is concluded that the

editing domain is completely missing as expected. g:ffgft‘lc
Superimposition of the ApThrRS-1 structure onto that of  Editing domain
EcThrRS in complex with tRNA™ shows that their O
overall peptide foldings are similar to each other, but

different in the peripheral regions. In the

anticodon-binding sites, the amino acid residues X W=
\\ >3
interacting with G35 and U36 of tRNA™ are conserved. Ani - ﬁ/ % 57
ntlchon—blndlng % 5
These features are consistent to that ApThrRS-1 cannot _ SBEaR U
o . . . . . Figure 4. Superimposed Ca chains
distinguish threonine from serine without the editing of ApThrRS-1  (black) onto

. . . ECThrRS (gray, PDB-ID=1QF6).
domain, suggesting the necessity of ApThrRS-2 for CTRIRS (gray Qre)

removing serine moiety of the misacylated Ser-tRNA™,

Finally, possible structure features of ThrRS-2 have been discussed.
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Chapter 1. Introduction

< Chapter 1; Introduction >

| 1-1. RNA related enzymes ‘

RNAs perform so many different functions essential for maintaining the cell system.

Syntheses of RNAs are catalyzed by an RNA polymerase in transcription of DNA strand
[1]. The well known RNAs are messenger RNAs (mRNA), transfer RNAs (tRNA),
ribosome RNA [2], the spliceosome RNA [3] and some ribozymes [4], some of which
have catalytic activities. Many protein enzymes are involved in generating these
functional RNAs. For example, a poly-A tail and a 5'-cap are added to eukaryotic
pre-mRNA by poly-A polymerase and three enzymes containing phosphatase, guanylyl
transferase and methyl transferase (reviewed in [5]). Aminoacylation of tRNAs are
catalyzed by the cognate aminoacyl-tRNA synthetases [6], which are used in the
translation of the genetic codes during protein synthesis. Ribonucleoprotein particles
(RNPs) [7] regulate mRNAs in posttranscription of genes. These enzymes, related
closely to generate the functional RNAs, have been well studied for understanding the
molecular mechanisms of their functions, but the details are still unclear.

In order to reveal the mechanisms of RNA modifying enzymes, two interesting
enzymes; RNA 3'-terminal phosphate cyclase (Rtc) and threonyl-tRNA synthetase
(ThrRS) from crenarchaea are suggested for structural studies in this thesis as described

below.

| 1-2. RNA 3’-terminal phosphate cyclase (Rtc) ‘
1-2-a. RNA splicing

Splicing is a modification of an RNA, in which introns are removed and exons are

joined. Several years ago, it was considered that RNA splicing is necessary to make a
mature mRNA in the nuclear envelop of eukaryotes. The process contains a series of
reactions which are catalyzed by a splicesome composed of small nuclear
ribonucleoproteins (snRNPs). This idea was expanded to other organisms after
discovery of self-spliced introns; group I intron [8] and group II introns [9] in bacteria
cell, and identification of putative introns in tRNA genes of archaea [10].

Recently, six different classes of introns have been identified, and they are grouped
in four different splicing mechanisms that can be categorized as follows; (1) group I
introns; (2) group II, group III introns; (3) nuclear mRNA introns; (4) archaeal and
eukaryotic nuclear tRNA introns (reviewed in [11-12] and see also Figure 1-2-a). The
first two mechanisms are self-splicing without requiring any proteins. The 3'-OH of the

5'-exon triggers the transesterification at the 3'-spliced site to join the exons together
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(see Figure 1-2-a (1), (2)). In the third mechanism, nuclear mRNA introns are removed
by spliseosome, of which the catalytic mechanism is similar to those of group II and III
introns [13]. This splicing is presumed to be mainly catalyzed by several snRNAs built
into snRNPs.

The fourth mechanism is completely different from the reaction catalyzed by
protein enzymes. Archaeal and eukaryotic tRNA introns are excised by a splicing
endnuclease that generates 5'-OH and 2’,3'-cyclic phosphate (see Figure 1-2-a(3)). Then
the eukaryotic ligase possesses 2',3'-phosphodiesterase, 5'-kinase and ligase activity to
produce  3'5'-linkage  and  2'-phosphate = group. @ The third enzyme,
2'-phosphatetransferase, removes the 2'-phosphate at the ligation junction. In archaea,
the ligation product has no 2’-phosphate at the ligation junction despite the presence of
the 2'-phosphotransferase homolog in all archaeal genomes [14-15]. Rtc is considered to
be related to the forth splicing mechanism before the ligation because a ligase requires

2', 3'-cyclic phosphate group for its activity.

(1) Group I introns (2)  Group Il, lll introns (3) nuclear mRNAintrons  (4) Archaeal and eukaryotic
nuclear tRNA introns
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Figure 1-2-a. Four different mechanisms for intron removal. 5’-exons, 3’-exons and introns are shown by blue,
red and white bars, respectively. (1) The mechanism of Group I introns containing the two transesterification
reaction. (2) and (3) That of Group II, Group III and nuclear mRNA introns with producing an intron lariat.
Blue, light blue, green, orange and purple circles indicate snRNPs. (4) The mechanism of archaeal and nuclear
tRNA introns intermediated with some protein enzymes that generate 5’-OH and 2’, 3" -cyclic phosphate in the
first step. Purple circles indicate phosphate groups.
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1-2-b. Background of Rtc
Rtc was initially identified in extracts of HeLa cell and Xenopus oocytes [16, 17].

This enzyme is localized in nucleoplasm, consistent with its postulated role in RNA
processing.

The enzyme catalyzes the ATP-dependent conversion of 3’-phosphate to
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2'3'-terminal phosphodiester at the end of various RNA substrates. It is proposed that
the cyclization of the 3’-phosphate occurs in the following three steps:

(i) Rtc+tATP—Rtc-AMP+PPi

(ii) RNA-N>p+Rtc-AMP—RNA-N>pp° A+Rtc

(iii) RNA-N*pp” A—>RNA-N>p+AMP.

In the first step, Rtc and ATP react with each other to form a covalent bonded
Rtc-AMP intermediate. The second step is proposed by detecting the RNA-N*pp” A
formation when the ribose at the RNA 3'-terminus is replaced with the 2'deoxy- or
2'-O-methylribose [18]. The third step probably takes place non-enzymatically [19-21].

It is interesting to note a similar formation of covalent protein-NMP intermediate
followed a transfer of NMP to the terminal phosphate also occurs by RNA and DNA
ligases, or capping enzymes (reviewed in [22]). In these ligases, the nucleotidyl group is
transferred to the 5'-terminal phosphate or pyrophosphate and a covalent lysyl-NMP
intermediate is formed at the active-site lysine residue of a conserved sequence motif,
KxDG (in single-letter amino acid code where x denotes any amino acid). However, this
motif is not present in the sequence of Rtc, and it was reported that the adenylyl group
is transferred not to a lysine but to a histidine residue of Rtc of E. coli. [23].

Rtc genes were identified in all organisms of eukaryote, bacteria and archaea [20].
The three dimensional structure of Rtc of E. coli was determined by X-ray
crystallography [24]. The structure consists of two domains, large and small domains.
The large domain consists of three repeats of a folding unit constructed with two o
helices and a four-stranded B sheet. This motif of the folding unit appears in several
nucleic acid binding proteins, for example the C-terminal domain of the bacterial
initiation factor 3 (IF3) [25], and the folding of the large domain is similar to the partial
structure of UDP—N-acetylglucosamine enolpyruvyl transferase (MurA) [26-27] and
5-enol-pyruvylshikimate-3-phosphate synthase (EPSP synthase) [28]. However the
catalytic mechanism of Rtc is not clarified yet.

Furthermore, the biological role of Rtc is also unclear. The splicing endonucleases
directly generate 5'-tRNA halves carrying 2', 3'-cyclic phosphate [29] in tRNA splicing
reactions. The cellular RNA ligase identified in bacteria also requires 2', 3'-cyclic ends
for ligation [30, 31]. It is possible that Rtc may regenerate the cyclic ends for the
subsequent ligation step with 3’-monophospate-terminated RNA formed by decyclizing

with phosphodiesterase or hydrolysis after the above reactions.
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1-2-c. Purpose and significance of the X-ray analvsis of Rtc from Sulfolobus

tokodaii

Although the structure of Rtc from E. coli was determined by X-ray analysis, the
substrate binding site and the catalytic mechanism is not clear. To reveal the detail
mechanism of Rtc catalysis, X-ray analyses of Rtc from Sulfolobus tokodaii and its
complex with some substrate were performed. Sulfolobus tokodaii is an aerobic
thermoacidophilic crenarchaeon and proteins are generally stable and easy for
biochemistry chemical experiments. In order to determine the apo-form crystal structure
of Sulfolobus tokodaii in the pre-reaction state, Rtc of Sulfolobus tokodaii (St-Rtc) was
overexpressed in E. coli and crystallized. In order to reveal the detailed interactions at
the substrate binding site and the reaction mechanism of the first step, St-Rtc was
crystallized with ATP in several states. Based on these structures, a possible reaction

mechanism will be proposed.

| 1-3. Threonyl-tRNA synthetase (ThrRS) ‘

1-3-a. Protein biosynthesis

A flow of information for gene expression is processed from DNA to protein
through RNA using many enzymes. The first step is called transcription, in which the
corresponding messenger RNA (mRNA) is produced by an RNA polymerase from one
strand of DNA duplex. In the second step called translation, according to the gene
information, the three nucleotides (codon) on mRNA is converted to the cognate amino
acid of protein on a ribosome.

For beginning translation, an initiator tRNA is bound to the start codon of mRNA
positioned at the P site of a ribosome with help of an initiation complex. A cognate
aminoacyl-tRNA adaptable to the next codon is bound to the empty A site, and the
formyl-methionine moiety of the initiator tRNA is transferred to the neighboring amino
acid moiety to make a peptic bond. The remaining initiator tRNA is moved with the
mRNA from the P site to the E site to be released. At the same time, the peptidyl-tRNA
is shifted from the A site to the P site to make the A site free. Then the opened A site is
filled again by the new aminoacyl-tRNA corresponding to the next codon of mRNA for
a peptide elongation. By repeating these steps, the peptide is extended to become the
protein. At the end of the elongation, a release factor binds to the stop codon on tRNA to
terminate the translation and release the produced protein from the ribosome.

In this mechanism, the proper attachment of an amino acid to the cognate tRNA has
to perform by an aminoacyl tRNA syntetase (aaRS) specific to the tRNA prior to and

independent to the protein synthesis. AaRS catalyzes such an aminoacylation by the
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following two step reactions. At first, aaRS synthesizes aminoacyl-AMP from ATP and
amino acid. Second, the activated aminoacyl group of the aminoacyl-AMP is transferred
to the cognate tRNA to form the aminoacyl-tRNA. To maintain high fidelity in
translation, twenty kinds of aaRSs exist in general for twenty kinds of amino acids. And
they are divided into two classes, class I and class II, each containing equally ten aaRSs
for ten kinds of amino acids (see Figure 1-3-a).

Class I aaRSs are generally monomeric and composed of Rossmann fold,
containing the highly conserved motifs; KMSKS and HIGH. These enzymes approach
the minor groove side of the cognate tRNAs, and are bound to the tRNA accepter stem
to animoacylate the 2'-OH group of the terminal adenosine residue. On the other hand,
class II aaRSs are generally dimeric or tetrameric enzymes that approach the major
groove side of their respective tRNAs to charge the amino acid to the 3'-OH group of

the terminal adenosine residue [32].

aaRSs
4 Class I Class I )

MetRS SerRS
lleRS ThrRS
ValRS ProRS
LeuRS HisRS
CysRS GIlyRS
ArgRS AspRS
GIuRS AsnRS
GInRS LysRS
TyrRS PheRS
\__TrpRS AlaRS

Figure 1-3-a Two classes of twenty aaRSs. Class
I and Class II have ten kinds of aaRS each other.

Some aaRSs are allowed to misactivate and misaminoacylate noncognate amino
acids that are isosterically and chemically related to the cognate amino acids [33]. For
example, aspartyl-tRNA synthetase (AspRS) in some organism [34] and grutamyl-tRNA
(GIuRS) in all archaea, most bacteria and some eukaryotic organisms [35] are known as
the nondiscriminating enzymes. These organisms are missing the genes of AsnRS and
GInRS. The nondiscriminating AspRS catalyzes aspartylation of both tRNA*P and
tRNA™", The nondiscriminating GluRS catalyzes gultamylation for both tRNA™ and
tRNA", These misaminoacylated tRNAs are later converted to the collect amino acids
by the following enzymes [35-36]. GatCAB converts the carbonyl group to the
carbamoly group for both Asp-tRNA™" and Glu-tRNA". GatDE converts Glu-tRNA™"
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to GIn-tRNA™, I determined the X-ray structure of the nondiscriminating AspRS from
Aeropyrum pernix. The details have been published in [34] (see the attached
manuscript).

Several aminoacyl-tRNA mutants similar to the above case are also reported for the
biosyntheses of selenocystein-tRNA%* [37]and Cys-tRNA®*[38]. The most interesting
case is threonyl-tRNA synthetase (ThrRS) of creanarchaea, as described below.

1-3-b. Complementary ThrRSs of crenarchaea

ThrRS generally consists of three domains: an N-terminal editing domain, a
catalytic domain and a C-terminal anticodon-binding domain [39-40]. ThrRS must
discriminate threonine from valine and serine. A conserved zinc ion in the catalytic
domain precludes the misactivation of noncognate valine, resulting in the discrimination
of valine [39]. It is known in Escherichia coli that the N-terminal editing domain of
ThrRS removes the mischarged serine moiety from Ser-tRNA™ [41]. However, the
N-terminal domains of archaeal ThrRSs have no sequence homology to those of
eukaryotic and bacterial ThrRSs. Nevertheless, it has been reported that the archaeal
ThrRS from Methanosarcina mazei is likewise able to remove serine mischarged onto
tRNA™ [42]. The structure of the truncated N-terminal domain of Pyrococcus abyssi
ThrRS [43] shows a similarity to that of D-aminoacyl-tRNA deacylase of E. coli, which
specifically removes a D-amino acid mischarged on the tRNA.

Furthermore, several crenarchaeal species have been found to possess two different
genes encoding ThrRSs [44]. In Sulfolobus solfataricus harboring also two ThrRS genes,
the phenotype products were named as ThrRS-cat and ThrRS-ed [45], Korencic et al.
reported that ThrRS-cat could synthesize both Thr-tRNA™ and Ser-tRNA™ without
editing the misacylated Ser-tRNA™, and that ThrRS-ed has no catalytic activity for
aminoacylation, but it would deaminoacylate the misacylated Ser-tRNA™ produced by
ThrRS-cat.

We have found that four other creanarchaea also contain the two ThrRS genses in
their genomes, and performed similar sequence analysis of the two ThrRSs (ThrRS-1
and ThrRS-2) including the following creanarchaea; Aeropyrum pernix and
Sulfolobaceae family (Sulfolobus tokodaii, Sulfolobus solfataricus, Sulfolobus
acidocaldarius and Metallosphaera sedula). The detailed results will be described in
Chapter 5. The sequences of ThrRS-1 and ThrRS-2 are similar to ThrRS-cat and
ThrRS-ed, respectively. The amino acid sequences of ThrRS-1s possess the highly
conserved catalytic and anticodon-binding domains, but no N-terminal editing domain.

On the other hand, the sequence alignment shows that ThrRS-2s are composed of the
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archaeal editing domain and the anticodon-binding domain but no catalytic domain. The
sequence of editing domain of Sulfolobus tokodaii is extremely short as compared with

other organisms.

1-3-c. Purpose and significance of X-ray analyses of the complementally ThrRSs

from Aeropyrum pernix and Sulfolobus tokodaii

The sequence alignment has shown the domain components of ThrRS-1 and
ThrRS-2. In order to prove the above speculations, it is necessary to clarify the tertiary
strictures of ThrRS-1 and ThrRS-2. We have started X-ray analyses of ThrRS-1 and
ThrRS-2 from Aeropyrum pernix (Ap). Furthermore, X-ray analyses of those from
Sulfolobus tokodaii (St) have been also performed to compare the structures, from which

the significant evolutionary aspects of the organisms would be revealed.

| 1-4. Composition of the thesis |

This thesis is composed of nine chapters, which are grouped into two parts. The
chapter 1 describes the introduction of both Part I and Part II. The Part I including
chapters 2, 3 and 4 contains X-ray analyses of S¢-Rtc and its complexes, and the Part II
including chapters 5, 6, 7 and 8 contains sequence alignments and X-ray analyses of
ThrRSs. The discussion of both Part I and Part I are summarized in the last chapter 9.
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Part I. RNA 3’-terminal phosphate cyclase

< Chapter 2. X-ray analyses of Sz-Rtc and its complexes >

| 2-1. Introduction |

2-1-a. Characterization of Rtc

Rtc is an enzyme which catalyzes the cyclization of the 3'-terminal phosphate
groups of truncated RNAs by the following two-step reactions [1,2]:
(i) RtctATP—=Rtc-AMP + PP;
(i) RNA-N’p + Rtc-AMP— RNA-N>p + Rtc + AMP
In the first reaction, Rtc complex with the covalently bound AMP (Rtc-AMP) is formed
in the pH range of 8.0-8.5 in the presence of truncated RNA with a 3'-terminal
phosphate group, ATP and divalent cations, either Mg2+ or Mn*" [3-6]. In the second
reaction, it is considered that once an RNA-N>pp’ A molecule is found as the reaction
intermediate [3], the cyclization may occur non-enzymatically. It is shown that Rtc
exists as a dimer composed of the identical two subunits with a molecular weight of
about 30000 Da, but it is easy dissociated into the two subunits [7]. Rtc is localized in
nucleus to perform its postulated role in RNA processing [8]. Genes encoding proteins
similar to Rtc in sequence were identified in three domains, Eukaryota, Bacteria and
Archaeota. Although a three dimensional structure of Rtc of E. coli (Ec-Rtc) (apo-form)
was reported [9], the catalytic mechanism is not clarified. In Rtc from Sulfolobus
tokodaii (St-Rt), the subunit contains 339 amino acid residues. The estimated molecular

weight and pl are 37505 and 9.89, respectively.

2-1-b. Strategy for X-ray analyses
At first we succeeded in crystallization of Rtc (S¢-Rtc) from Sulfolobus tokodaii.

In preliminary trials of structure analysis, the molecular replacement method was
applied using the Ec-Rtc structure (PDB-ID 1QMH) [9], but it was failed. Therefore, we
will start to solve the crystal structure of selenomethionine-labeled Rtc, St-Rtc*, by the
multiple-wavelength anomalous dispersion (MAD) method. And then the native
structure of St-Rtc (apo-form) will be determined by the molecular replacement (MR)
method using the Sz-Rtc* structure as a probe. In order to reveal the structural features
of the first reaction, St-Rtc will be crystallized in the following states, St-Rtc* in
complex with Mn*" ion (St-Rtc*+Mn) to identify the Mg®" ion binding site. Since the

number of electrons on Mg®" ion is close that of water oxygen atom, it is difficult to
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distinguish between Mg”" ion and water oxygen atom. Therefore, Mn>" ion is often used
as a probe of Mg>". The crystal structure of St-Rtc in complex with ATP and no Mg*"
ion (St-Rtc*+ATP) will provide an insight of ATP binding. Furthermore, the crystal
structures of St-Rtc in complex with Mg”* and ATP under acidic condition
(St-Rtc+AMP) and under basic conditions (St-Rtc*-AMP) will be much interesting to
see before and after the first reaction, because it is reported that the optimal pH values
are 8-9 [5-6] for Rtcs from Hela cell and E. coli.

| 2-2. Methodology ‘
2-2-a. Crystallization

In order to see the molecular structure of a protein at atomic resolution, it is
necessary to fix the molecule during experiments. Another difficult problem is the
scattering power. The intensity of molecular scattering is too weak to detect the
scattered light from a single molecule. To resolve these conditions, the simplest way is
to crystallize the molecules. In crystalline state, molecules are fixed within an allowed
range such a frozen state and a huge amount of molecules (in mol scale) are arranged in
the same orientations by periodical regularity including symmetric operations.

The most convenient method for protein crystallizations is based on a
hanging-drop vapor-diffusion technique, in which a droplet containing purified protein
in a buffer solution with precipitants at low concentrations is equilibrated to a reservoir
solution containing precipitants at high concentrations in a sealed container. During
condensation of the droplet, crystalline nuclei will appear at the over-saturation of
protein, and then they will grow up to a certain size. For X-ray analysis, these grown
crystals should be as perfect as no significant internal imperfections such as cracks or

twinning and be typically larger than several dozen pum in all dimensions.

2-2-b. X-ray diffraction experiments

Although X-rays are lights with wavelength in the range of 10~0.1 nm, the typical
wavelength used for X-ray analysis of protein crystals is around 1 A (0.1 nm), which is
nearly a same scale as atomic radius. When the parallel light is irradiated to a crystal,
X-ray radiations generated from all electrons cause diffraction by interference of the
scattered lights in a certain direction. This process can be expressed by the following

Fourier transformation equation,

Fihy = p(r)™ exprihr)dr 2-1)
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xtal

where p(r)™ is the electron density distribution of the unit cell and 4 is a vector in the
reciprocal space which is equivalent to the observed direction. The distribution of F(h)
is called a diffraction pattern, and all diffractions in the three-dimensional space are
obtained by rotating the crystal.

The unit-cell dimensions (a, b, ¢, a, f and ») and the symmetry of the crystal are
derived by analyzing several diffraction patterns in different angular rotations. The

diffracted beam in equation (2-1) is equivalent to the following equation,
F(h) = |F(h)lexpli¢p(h)] (2-2)

where F(h) is the diffracted beam with the amplitude |F(4)| and the phase ¢(/). On the
other hand, the reversed Fourier transformation of the equation (2-1) expresses the

xtal

electron density distribution of the unit cell p(r)™", as shown below.

P = (1/V)S4F(h)exp(-2mihr) (2-3)

It is noted that when we observe the diffracted beams of equation (2-2), the electron
distribution of the crystal can be calculated by equation (2-3). After that, it is easily
derived the three-dimensional structure of the protein by putting atoms at the maximum
densities. However, the situation is practically not easy to calculate the equation (2-3),
because we can observe only the amplitudes of the diffracted beams, but not the phases.

In real X-ray experiments, we have to collect all the diffracted patterns of the
targeted crystal, and then process them by computer programs, precisely and accurately,
to get the diffracted intensity data, which is then converted to a set of |[F(h)|™ . The

phase information can be derived by the different methods as described below.

2-2-c. Phase problem

In order to reconstruct the electron density distribution p(r) from the observed
scattering, it is necessary to know the phase angle ¢(4) of each reflection. The phase
information can be estimated by the several methods; the multiple-wavelength
anomalous dispersion (MAD) method, the single wavelength anomalous dispersion
(SAD) method, the multiple isomorphous replacement (MIR) method and the molecular
replacement (MR) method [10]. Among them, the following two methods will be

applied to solve the crystal structures of St-Rtc and its complexes.

Multiple-wavelength anomalous dispersion (MAD) method
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A powerful solution for phase problem is the multiple wavelength anomalous
diffraction (MAD) method (reviewed in [11]). In X-ray diffraction experiment, X-ray
photons vibrate all electrons of atoms. If the incident photons have enough energy to
bring an atom to an excited state, an electron of the atom is thrown out of the orbital.
Because some energy are used to the electron transition (atomic absorption), the
amplitude of diffraction beam is slightly reduced, called anomalous scattering, and the
wavelength at the drastic change in atomic absorption is called absorption edge. As the
result of the anomalous scattering, the phase angles are varied, as well as the intensities
are changed. Therefore the atomic scattering factor f'is simply expressed as a function

of wavelength A.

S A)+if" (L) (2-4)

where f' contains the conventional atomic scattering factor and the real part of the
anomalous scattering at the wavelength A, and f” is the imaginably part of the
anomalous scattering factor. The profiles of these factors can be estimated by an
extended X-ray absorption fine structure (EXAFS) analysis. These wavelengths with the
largest f value, with the lowest /' value and with a normal /' value is called “peak”,
“edge” and “remote”, respectively. The anomalous effects at three are applied to
estimate the phase angles.

In practical application of the MAD method, the protein crystal is required to be
contained atoms with high anomalous effect. For the purpose, a most convenient way is
to introcduce selenomethionine into protein, because this amino acid has chemical
properties similar to methionine. The absorption edge of K-shell of Se atom is around
0.98 A. To generate X-ray with this wavelength, a synchrotron radiation is used in X-ray

experiments.

Molecular replacement (MR) method

If a protein structure which is similar to that of the target protein to be determined
is known, it can be used as a search probe in molecular replacement to estimate the
orientation and the positions of the probe molecules in the unit cell. When the amino
acid sequence homology between the two proteins is high, it can be assumed that their

polypeptide foldings are, in general, similar to each other.

2-2-d. Structure refinement

When approximate phases are obtained by any of the above methods, an electron
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density distribution can be calculated according to the equation (2-3). By putting atoms
or residues on the electron density map, an initial protein structure can be constructed.
Given a structure of protein, its atom positions and thermal parameters are refined by
the least-squares method to get better fitting between the observed diffraction
amplitudes |F(h)™|, and the calculated amplitude [F(h)®"|, ideally yielding a better set of
phases. An improved structure can then be derived by fitting the current structure to the
newly calculated electron density map, and a further round of least-squares atomic
refinement is carried out. These processes are repeated until the correlation between the
observed |F(h)| data and the structure is maximized. The agreement is measured by an R

factor defined as
R = Zy[|F(h)*™|-Scale|F(h) | 1/Z F(h)°™| (2-4)

A similar quality criterion is Rgee, Which is calculated from a subset (~10%) of

reflections that were not included in the structure refinement [12].

| 2-3. Sample prepareation |

2-3-a. Overexpression and purification of S--Rtc
The gene encoded St-Rtc (gene ID; ST0570, 339 amino acids, 37505 Da, pI 9.89)

were inserted into the pET1la vector (Novagen). The recombinant plasmids were

transformed in E. coli Rosetta-gami (DE3) (Novagen), and the cells were grown in LB
culture at 310 K. Following overnight incubation, the cells were harvested by
centrifugation at 6000 rpm for 10 min at 277 K, and disrupted by sonication. The cell
lysates were incubated at 343 K for 30 min to denature the E. coli proteins.

After centrifugation at 18000 rpm for 20 min at 277 K, the supernatants were
applied onto a Resource Iso column (Amersham Bioscience). Bound proteins were
eluted at 2 ml/min flow rate with 20 mM Tris-HCI (pH 8.0) and a linear gradient of
1.75-0 M ammonium sulfate. The pooled fractions were loaded onto a Resource S
column (Amersham Bioscience), and the bound proteins were eluted at 4ml/min flow
rate with 50 mM MES (pH6.0), 5 mM f-mercaptoethanol and 0-0.4 M NacCl linear
gradient. Moreover, the eluted fractions were applied onto a HilLoad 16/60 Superdex75
column (Amersham Bioscience) with 20 mM Tris-HCl (pHS8.0), 5mM
S-mercaptoethanol and 150 mM NaCl at 1 ml/min flow rate. The eluted fractions were
finally applied onto a BioScale CH51 column (Bio-Rad) with 10-400 mM potassium
phosphate (pH 7.0) linear gradient and 5 mM f-mercaptoethanol at 2ml/min flow rate.

The proteins were concentrated to final concentrations of 5 mg/ml in 20 mM
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Tris-HC1 (pH 8.0) with centrifugal filter devices (Vivaspin 500, Sartorius Stedim
Biotech). The fractions obtained in all the purification steps, as well as the concentrated

proteins were analyzed by SDS-PAGE.

2-3-b. Overexpression and purification of Sz-Rtc*

The selenomethionine derivative was expressed in E. coli B834 (DE3) (Novagen)
using minimal M9 medium containing L-selenomethionine. Following overnight
incubation, the cells were harvested by centrifugation at 6000 rpm for 10 min at 277 K,
and disrupted by sonication. The cell lysates were incubated at 343 K for 30 min to
denature the E. coli proteins.

After centrifugation at 18000 rpm for 20 min at 277 K, the supernatants were
applied onto a Resource Iso column (Amersham Bioscience). Bound proteins were
eluted at 4 ml/min flow rate with 20 mM Tris-HCI (Tris hydroxymethyl aminomethane
titrated using HCI) (pH 8.0) and a linear gradient of 1.75-0 M ammonium sulfate. The
pooled fractions were loaded onto a Resource S column (Amersham Bioscience), and
the bound proteins were eluted at 4 ml/min flow rate with 50 mM MES
(2-Morpholinoethanesulfonic acid monohydrate titrated using NaOH) (pH6.0), 5 mM
[-mercaptoethanol and 0-0.4 M NaCl linear gradient. Moreover, the eluted fractions
were applied onto a BioScale CH51 column (Bio-Rad) at 2 ml/min flow rate with
10-400 mM potassium phosphate (pH 7.0) linear gradient and 5 mM f-mercaptoethanol.
The eluted fractions were finally applied onto a HiLoad 16/60 Superdex75 column
(Amersham Bioscience) with 20 mM Tris-HCI1 (pH8.0), SmM S-mercaptoethanol and
150 mM NacCl at 1ml/min flow rate.

The proteins were concentrated to final concentrations of 10 mg/ml in 20 mM
Tris-HC1 (pH 8.0) with centrifugal filter devices (Vivaspin 500, Sartorius Stedim
Biotech). The fractions obtained in all the purification steps, as well as the concentrated

proteins were analyzed by SDS-PAGE.

| 2-4. X-Ray analyses of St-Rtc* ‘
2-4-a. Crystallization of St-Rtc*

Crystallization trials were carried out using the hanging-drop vapor-diffusion

method by mixing equal volumes (1 pl) of the protein and the reservoir solutions, and
then by equilibrating the mixed solutions against 700 pl reservoir solution in a 24-well
plate (Stem Corporation) at 293 K. Initial screening for potential crystallization
conditions was performed with the Crystal Screen and Crystal Screen 2 kits (Hampton

Research). The conditions under which crystalline precipitates appeared were further
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optimized by changing the concentrations of the protein, precipitant and salt, and by
changing the pH of the buffer.

2-4-b. X-Ray data collection and data processing of Sz-Rtc*

To apply a Multiple Anomalous Dispersion (MAD) method, it is necessary to
measure the data at the exact wavelengths with and without anomalous effects. X-Ray
experiments were performed at the BL-17A beamline of the Photon Factory (PF; Ibaraki,
Japan). Crystals obtained were soaked in the respective reservoir solutions containing
40% glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). These
wavelengths were estimated by X-ray Absorption Fine Structure (XAFS) measurement,
four wavelengths being chosen as the peak, the edge, the high remote and the low
remote. Their diffraction beams were detected at 95 K with 1°-360° oscillation range
using the Quantum 4R CCD detector (ADSC). Exposure time was 2 s for 1° oscillation
angle per image. The detector was positioned from the crystal at 210.8mm, 210.7mm,
209.3mm and 215.0 mm for the four wavelengths, respectively. Diffraction spots were
indexed, and their intensities were integrated and scaled using the HKL2000 package
[13] and the intensity data were converted to the amplitudes using programs in the
CCP4 suite [14].

2-4-c. Preliminary structure analysis of St-Rtc*

The MAD method was applied to solve the phase problems of the St-Rtc* crystal
with the program SHARP/autoSHARP [15]. The program autoSHARP is the automated
structure solution pipeline, built around the program SHELXD [16] for location of heavy

atoms, the program SHARP for the heavy atom refinement, the program SOLOMON
[17] for density modification and the program ARP/WARP [18] for automated structural
model building and refinement using the program REFMAC 5 [19].

In order to refine the atomic parameters of the constructed protein structures, the
following two steps were repeatedly applied. One is refinement of the atomic
parameters in the reciprocal space. The positional parameters (x, y and z) and the
temperature factors (B) for all atoms without hydrogen in the asymmetric unit are
refined using the program REFMAC 5 [19]. And those of other atoms and assigned in
the real space on an electron density map. The most effective way to correct their
position and to add several atoms was manual adjustments using the program COOT
[20]. The structure was validated with a Ramachandran plot using the program
PROCHECK [21].
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| 2-5. X-ray analyses of St-Rtc ‘
2-5-a. Crystallization of Sz-Rtc

Crystallization trials were carried out using the hanging-drop vapor-diffusion

method by mixing equal volumes (1 pl) of the protein and the reservoir solutions, and
then by equilibrating the mixed solutions against 700 pl reservoir solution in a 24-well
plate (Stem Corporation) at 293 K. Initial screening for potential crystallization
conditions was performed with the Crystal Screen and Crystal Screen 2 kits (Hampton
Research). The conditions under which crystalline precipitates appeared were further
optimized by changing the concentrations of the protein, precipitant and salt, and by

changing the pH of the buffer.

2-5-b. X-rav data collection and data processing of St-Rtc

Crystal obtained were soaked in the respective reservoir solutions containing 40%
glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). The diffraction
measurements were performed at 95 K with 1°-180° oscillation range using the
Quantum 210 CCD detector (ADSC) at the NW12 beamline of the Photon Factory (PF;
Ibaraki, Japan). Exposure time was 5 s for 1° oscillation angle per image. Detector
distance from the crystal and the used wavelength were 189.6mm and 1.00 A,
respectively. Diffraction spots were indexed, and the intensities were integrated and
scaled using the HKL2000 package [13] and the intensity data were converted to the
amplitudes using programs in the CCP4 suite [14].

2-5-c¢. Structure determination

The initial structure of the crystal was derived by the molecular replacement
method with the program AMoRe [23] using the St-Rtc* structure as a probe. All the
atomic parameters were refined with the program REFMAC 5 [19]. The structural
modification was performed with the program COOT [20]. These two operations were
complementally repeated. The structure was validated with a Ramachandran plot using
the program PROCHECK [21].

| 2-6. X-ray analyses of St-Rtc*+Mn |
2-6-a. Crystallization of S~-Rtc*+Mn

Crystallization trials were carried out using the hanging-drop vapor-diffusion

method by mixing equal volumes (1 pl) of the protein with Mn”" ion and the reservoir
solutions, and then equilibrating the mixed solutions against 700 pl reservoir solution in
a 24-well plate (Stem Corporation) at 293 K. Initial screening for potential
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crystallization conditions was performed with the Crystal Screen and Crystal Screen 2
kits (Hampton Research). The conditions under which crystalline precipitates appeared
were further optimized by changing the concentrations of the protein, precipitant and

salt, and by changing the pH of the buffer.

2-6-b. X-rav data collection and data processing of S-Rtc*+Mn

Crystals obtained were soaked in the respective reservoir solutions containing
40% glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). The
diffraction measurements were performed at 95 K with 1°-180° oscillation range using
the Quantum 210 CCD detector (ADSC) at the NW12 beamline of the Photon Factory
(PF; Ibaraki, Japan). Exposure time was 20 s for 1° oscillation angle per image. The
detector distance and the used wavelength are fixed with 212.5mm and 1.00 A,
respectively. Diffraction spots were indexed, and the intensities were integrated and
scaled using the HKL2000 package [13] and the intensity data were converted to the
amplitudes using programs in the CCP4 suite [14].

2-6-c. Structure determination of S-Rtc*+Mn

The initial structures of the crystal was derived by the molecular replacement

method with the program Phaser [22] using the St-Rtc* structure as a probe. All the
atomic parameters were refined with the program REFMAC 5 [19]. The structural
modification was performed with the program COOT [20]. These two operations were
complementally repeated. The structure was validated with a Ramachandran plot using
the program PROCHECK [21].

| 2-7 X-ray analyses of S--Rtc*+ATP |
2-7-a. Crystallization of S~-Rtc*+ATP

Crystallization trials were carried out using the hanging-drop vapor-diffusion

method by mixing equal volumes (1 pl) of the protein containing ATP and the reservoir
solutions, and then by equilibrating the mixed solutions against 700 pl reservoir solution
in a 24-well plate (Stem Corporation) at 293 K. Initial screening for potential
crystallization conditions was performed with the Crystal Screen and Crystal Screen 2
kits (Hampton Research). The conditions under which crystalline precipitates appeared
were further optimized by changing the concentrations of the protein, precipitant and

salt, and by changing the pH of the buffer.
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2-7-b. X-rav data collection and data processing of S-Rtc*+ATP

Crystals obtained were soaked in the respective reservoir solutions containing

40% glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). The
diffraction measurements were performed at 95 K with 1°-180° oscillation range using
the Quantum 210 CCD detector (ADSC) at the NW12 beamline of the Photon Factory
(PF; Ibaraki, Japan). Exposure time was 10 s for 1° oscillation angle per image. The
detector distance and the used wavelength are fixed with 169.9mm and 0.98 A,
respectively. Diffraction spots were indexed, and the intensities integrated and scaled
using the HKL2000 package [13]. The intensity data were converted to amplitudes using
programs in the CCP4 suite [14].

2-7-c. Structure determination of S-Rtc*+ATP

The initial structures of the crystal was derived by the molecular replacement

method with the program Phaser [22] using the St-Rtc* structure as a probe. All the
atomic parameters were refined with the program REFMAC 5 [19]. The structural
modification was performed with the program COOT [20]. These two operations were
complementally repeated. The structure was validated with a Ramachandran plot using
the program PROCHECK [21].

| 2-8. X-Ray analyses of St-Rtc+AMP+ ‘
2-8-a. Crystallization of S--Rtc+AMP+

Crystallization trials were carried out using the hanging-drop vapor-diffusion

method by mixing equal volumes (1 pl) of the protein and the reservoir solutions, and
then by equilibrating the mixed solutions against 700 pl reservoir solution in a 24-well
plate (Stem Corporation) at 293 K. We were prepared the protein solution containing
St-Rtc with Mg®" and ATP under acidic condition. Initial screening for potential
crystallization conditions was performed with the Crystal Screen and Crystal Screen 2
kits (Hampton Research). The conditions under which crystalline precipitates with
acidic conditions appeared were further optimized by changing the concentrations of the

protein, precipitant and salt, and by changing the pH of the buffer.

2-8-b. X-rav data collection and data processing of S--Rtc+AMP¥

Crystals obtained were soaked in the respective reservoir solutions containing 40%

glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). The diffraction

1 The obtained crystals will be refered due to the reaction that the additive ATP is charged to AMP
or adenosine as described in the reaction 3.6 of the chapter 3.
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measurements were performed at 95 K with 1°-180° oscillation range using the
Quantum 4R CCD detector (ADSC) at the BL-6A beamline of the Photon Factory (PF;
Ibaraki, Japan). Exposure time was 10 s for 1° oscillation angle per image. Detector
distance from the crystal and the used wavelength are fixed with 195.5mm and 0.978 A,
respectively. Diffraction spots were indexed, and the intensities were integrated and
scaled using the HKL2000 package [13]. The intensity data were converted to
amplitudes using programs in the CCP4 suite [14].

2-8-c. Structure determination of S-Rtc+AMP+

The initial structures of the crystal were derived by the molecular replacement

method with the program Phaser [22] using the St-Rtc* structure as a probe. All the
atomic parameters were refined with the program REFMAC 5 [19]. The structural
modification was performed with the program COOT [20]. These two operations were
complementally repeated. The structure was validated with a Ramachandran plot using
the program PROCHECK [21].

|2-9. X-Ray analyses of St-Rtc*-AMP |
2-9-a. Crystallization of S-Rtc*-AMP

Crystallization trials were carried out using the hanging-drop vapor-diffusion

method by mixing equal volumes (1 pl) of the protein and the reservoir solutions, and
then by equilibrating the mixed solutions against 700 pl reservoir solution in a 24-well
plate (Stem Corporation) at 293 K. The protein solutions containing St-Rtc with Mg2+
and ATP under basic conditions were prepared to obtain its complex crystals. Initial
screening for potential crystallization conditions was performed with the Crystal Screen
and Crystal Screen 2 kits (Hampton Research). The conditions under which crystalline
precipitates appeared were further optimized by changing the concentrations of the

protein, precipitant and salt, and by changing the pH of the buffer.

2-9-b. X-ray data collection and data processing of S-Rtc*-AMP

Crystals obtained were soaked in the respective reservoir solutions containing

40% glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). The
diffraction measurements were performed at 95 K with 1°-180° oscillation range using
the Quantum 210 CCD detector (ADSC) at the NW12 beamline of the Photon Factory
(PF; Ibaraki, Japan). Exposure time was 5 s for 1° oscillation angle per image. Detector
distance from the crystal and the used wavelength are fixed with 212.5mm and 1.00 A,

respectively. Diffraction spots were indexed, the intensities were integrated and scaled

-20 -



Part I. RNA 3’-terminal phosphate cyclase
Chapter 2. X-ray analyses of St-Rtc and its complexes

using the HKL2000 package [13] and the intensity data were converted to amplitudes
using programs in the CCP4 suite [14].

2-9-c. Structure determination of S--Rtc*-AMP

The initial structures of the crystal was derived by the molecular replacement

method with the program Molrep [24] using the St-Rtc* structure as a probe. All the
atomic parameters were refined with the program REFMAC 5 [19]. The structural
modification was performed with the program COOT [20]. These two operations were
complementally repeated. The structure was validated with a Ramachandran plot using
the program PROCHECK [21].
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<Chapter 3 Results of X-ray analyses of St-Rtc and its complexes>

| 3-1. Overexpression and purification of S-Rtc and Stz-Rtc* ‘
3-1-a. Purified quality of Sz-Rtc

After the final purification, the molecular weight of the target protein was estimated

by an SDS-PAGE. The result is shown in Figure 3-1 (a). The target protein appears as a
main band at a position corresponding to the molecular weight (37505 Da) calculated
from the amino acid sequence of St-Rtc. Thus it is considered the protein was highly

purified for crystallization.

3-1-b. Purified quality of St-Rtc*
Figure 3-1 (b) shows an SDS-PAGE of the purified target protein. The main band

appears at a position corresponding to the molecular weight (37786 Da) calculated from

the amino acid sequence of St-Rtc*. Thus it is considered the protein was highly

purified for crystallization.

Figure 3-1. SDS—PAGE:s of the target proteins of St-Rtc (a) and St-Rtc*
(b). The left and right lanes contain proteins of molecular weight markers
and the protein, respectively. An arrow indicates the protein. Values
indicate approximate molecular weights (kDa) at the maker bands.

| 3-2. X-ray analysis of St-Rtc* ‘
3-2-a. St-Rtc* crystals

The optimized condition, under which suitable crystals for X-ray analysis were

obtained after three days, is that the protein solution containing 10 mg/ml Sz-Rtc* in 20
mM Tris-HCl (pHS8.0) buffer and the reservoir solution (pH4.2) containing 2.0 M
ammonium dihydrogen phosphate in 0.1 M Tris-HCI (pH8.5) buffer were equally mixed
into a droplet, which was then equilibrated to the reservoir solution at 293 K. The
crystal shape is like a needle or a plate, as shown in Figure 3-2-a. The largest crystal
indicated by an arrow in Figure 3-2-a has a size of approximately 200x100x50 um. This

crystal was used for X-ray diffraction experiment.
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Figure 3-2-a. A photo of the St-Rct* crystals. An arrow indicates
the crystal used for X-ray diffraction experiment

3-2-b. X-ray data of the S7-Rtc* crystal

A spectrum of /" and /" around the absorption edge wavelength of Se atoms is drawn

based on XAFS measurement of the crystal (Figure 3-2-b-1). In this spectrum, the four
wavelengths are assigned as the peak (0.97898A), the edge (0.97931A), the high remote
(0.96408A) and the low remote (0.98319A). The same crystal was used throughout
X-ray experiments.

In the measurement of the peak wavelength, the observed intensity data were
processed to 2.00 A resolution. The data completeness and an Ryaree Value are 99.7%
and 6.5%, respectively. The numbers of observed and unique reflections are 657599 and
58120, respectively. The crystal belongs to the P3; space group. The cell constants are a
=b=84.1andc=109.2 A.

In the measurement at the edge wavelength, the observed intensity data were
processed to 2.10 A resolution. The data completeness and an Rparee value are 100% and
6.3%, respectively. The numbers of observed and unique reflections are 584648 and
50413, respectively.

In the measurement at the high remote wavelength, the observed intensity data were
processed to 2.20 A resolution. The data completeness and an Rparee value are 100% and
6.2%, respectively. The numbers of observed and unique reflections are 511916 and
43942, respectively.

In the measurement at the low remote wavelength, the observed intensity data were
processed to 2.20 A resolution. The data completeness and an Rparee value are 100% and
6.0%, respectively. The numbers of observed and unique reflections are 512338 and
43942, respectively.

A statistics of the observed intensity data and the crystallographic data are given in
Table 3-2-b. Figure 3-2-b-2 shows an example of diffraction images taken using the

peak wavelength.
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Figure 3-2-b-1. Variation of real (f'; green line) and imaginary parts (f”; red line) of
anomalous scattering factors of selenium atoms in the St-Rtc* crystal as a function of
wavelength.

A

Figure 3-2-b-2. An X-ray diffraction image of the St-Rtc* crystal, taken with
an oscillation angle of 1° (left) and its zoomed up image in a box (right).
Arrows indicate diffraction spots at the resolutions shown with values.

Table 3-2-b. A statistics of the observed intensity data and the crystallographic data of the Sz-Rtc* crystal at four

wavelengths

peak edge high remote low remote
Wavelength (A) 0.97898 0.97931 0.96408 0.98319
Resolution (A) 50-2.00 (2.07-2.00) 50-2.10 (2.18-2.10) 50-2.20 (2.28-2.20) | 50-2.20 (2.28-2.20)
Space group P3, P3, P3 P3,
Unit cell
a=b(A) 84.0 84.1 84.2 84.2
c(R) 109.2 109.2 109.3 109.3
Observed reflections 657599 584648 511916 512338
Unique reflections 58120 50413 43942 43942
Completeness (%) 99.7 (96.9) 100 (100) 100 (100) 100 (100)
Redundancy 5.7(4.6) 5.8(5.5) 5.8(5.7) 5.8(5.7)
I/o 314 (2.8) 34.4 (4.6) 343 (5.4) 36.8 (5.8)
Rineree (%0) 6.5(37.9) 6.3(31.2) 6.2 (27.9) 6.0 (27.0)

*Runerge = 100 X Y a2l [ AKD-IChKD a2l (hKD)
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3-2-c. Phase angle determination and structural refinement of Sz-Rtc*

The number of protein molecules in the asymmetric unit (£) was estimated from a
Vm value calculated with the unit cell volume and the protein molecular weight. In
general, the value should be in a range between 1.7 and 3.5 A’/Da [1]. The space group
was kept to be P3; during the X-ray experiments. The average cell constants are a = b =
84.15 and ¢ = 109.25 A. An acceptable Z value (the number of protein molecule in the
asymmetric unit) was estimated to be 2, the /'y value to be 2.96 A%/Da and the solvent
content to be 58.4%. Twelve Se atoms were found for the two molecules in the
asymmetric unit, because St-Rtc* contains six selenomethionine residues.

Using the two data sets measured at the peak and the edge wavelengths, the best
solution was obtained using six Se atoms found in the asymmetric unit. The correlation
coefficient between F, and F, was 0.292. After the heavy atom position refinements, the
additional seven Se atoms were found automatically. Phase angles were calculated from
a total of thirteen Se atoms. An electron density map calculated with the estimated phase
angles were modified by solvent flattering technique. The solvent content was fixed to
be 45% to include solvent molecules surrounding proteins. The final correlation
coefficient in |[E*| was 0.822. After structure building with the program ARP/wARP,
more than 96% residues of the two proteins in the asymmetric unit were successfully
assigned.

The atomic parameters of the crystal structure were refined using the programs
Refmac and Coot. In the asymmetric unit, 338 of the 339 residues per each molecule are
assigned except for the C-terminal one residue, one phosphate ion and 276 water
molecules are assigned. The final R factor and Rge.. are 18.4% and 24.3%, respectively,
indicating that the structure was reasonably refined. A statistic of the structural
refinement is given in Table 3-2-c. The final 2|F,|-|F| map, contoured at 1.5 o level, is
shown in Figure 3-2-c-1. The refined structure is well fitted on the map. A
Ramachandran plot is shown in Figure 3-2-c-2. In the plot, 524 (89.3%) residues are in
the most favored geometry, 58 (9.9%) in the allowed geometry and 5 (0.9%) in
generally allowed geometry, respectively. There is no residue in disallowed geometry.
One phosphate ion interacts with the side chains of Arg202 and Lys205 of the small

domain of the A-subunit, as shown in Figure 3-2-c-3.
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Table 3-2-c-1. A statistics of the structural refinement

of St-Rtc*

Resolution (A) 43.8-2.20
Used reflections 43931
R (%) 18.4
Rfree (%) 24.3
r.m.s bond length (A) 0.02
r.ms. angles (°) 2.0
Protein atoms 5262
Water molecules 278
PO,” 1

*R =100 XY ||Fo|-|F|//Y|F,l, where |F,| and |F| are the
observed and calculated structure-factor, respectively.

Figure 3-2-c-1. A part of the final 2|F |-|F| electron density map of

the St-Rtc* crystal, contoured at 1.5 & level (colored in gray).

Psi (degrees)

Plot statistics
Residues in most favoured regions [A,B,L]
Residues in additional allowed regions [a,b,l,p]
Residues in generously allowed regions [~a,~b,~|,~p]
Residues in disallowed regions

Number of non-glycine and non-proline residues
Number of end-residues (excl. Gly and Pro)
Number of glycine residues (shown as triangles)
Number of proline residues

Total number of residues

524
58

587
283
61
24

955

89.3%
9.9%
0.9%
0.0%

100.0%

Phi (degrees)

Figure 3-2-c-2. A Ramachandran plot of Sz-Rtc*. Black triangles and squares indicate glycine and the other
amino acid residues. Red, yellow, light yellow and white areas indicate the geometry of the main chains in
the most favored, in the allowed, in generally allowed and in disallowed state, respectively. Red squares
indicate the geometry in generally allowed or in disallowed state except for glycine and the adjacent
characters show the residue name, the residue number and the chain name.
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A-subunit

Figure 3-2-c-3. A stereo-pair drawing of the two molecules (subunits) of a
dimer and one phosphate ion in the St-Rtc* crystal, indicated in ribbon
models and pink (phosphorus atom) and red (oxygen atoms) sphere
models. Green and cyan wire models indicate the A-subunit and the
A’-subunit of the dimer, as described below.

3-2-d. Dimer structure of S-Rtc*

The two molecules, A and A’, in the asymmetric unit are shown in Figure 3-2-d-1.

When they are superimposed on each other, the estimated r.m.s deviation between the
corresponding Cot atoms is 0.66 A, suggesting that their folding are similar to each other,
as shown in wire models in Figure 3-2-d-2. Figure 3-2-d-1 also shows that the two
molecules are associated by a non-crystallographic two-fold symmetry to form a dimer.
The dimer formation is stabilized by forming a [(-sheet through hydrogen bonds
between the two main chains, 11223 and [le223’, as shown in Figure 3-2-d-1. An
apostrophe indicates the residue of the counter subunit A’. The atomic distances given in
Table 3-2-d-1 show that there are no abnormal contacts between the two subunits.
Hereafter the two molecules are referred to the subunits to form a dimer of the protein.
The detailed molecular structure of the dimer will be described in the next section (3-3)

and discussed in the next chapter4.

T

A-subunit  A'-subunit

Figure 3-2-d-1. The two protein molecules in the asymmetric unit of the St-Rtc* crystal.
The two subunits are associated to each other to form a dimer by a non-crystallographic
two-fold symmetry shown by an arrow or a symbol x. The right figure shows a zoomed up
view at the 11e223 residues. The residue indicated with an apostrophe is the related counter
one. Black, blue and red spheres indicate carbon, nitrogen and oxygen atoms respectively.
Broken lines indicate the hydrogen bonds with the distances (A) between the two
antiparallel 3-strands.
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Figure 3-2-d-2. A superimposition of the Coa chains
between the two molecules (subunits of the dimer) in the
asymmetric unit of the St-Rtc* crystal. The A-subunit and
the A’-subunits are colored in blue and red, respectively.

Table 3-2-d-1. Interactions between the two subunits of the dimer in the

asymmetric unit of the St-Rtc* crystal.

Interactions between the small domains

Direct hydrogen bonds

A-subunit (Small domain) | Distance (A) A'-subunit (Small domain)
N- [1e223 2.8 O-11e223

O-I1e223 2.8 N-I1e223

Nn-Arg226 2.6 0e-Glu220

Hydrogen bond Interactions intermediated by a water molecule
A-subunit Distance | Water Distance | A’-subunit
(Small domain) (A (A) (Small domain)
03-Asp224 2.6 W288 2.5 Oe-Glu220
O-I1e223 3.1

NoVal225 73 W204 2.7 O-Ile221

Interactions between the small domain and the opposite large domain.

Hydrophobic contacts

A-subunit (Small domain) A'-subunit (Large domain)
lle184 lle149

Met185 Ilel51

Pro218

Hydrogen bond interactions intermediated by a water molecule
A-subunit Distance | Water Distance | A’-subunit
(Large domain) (A) (A) (Small domain)
NE-Lys164 2.7 w147 2.9 O-Leul84

Hydrophobic contacts

A-subunit (Large domain)

A'-subunit (Small domain)

Ile149
Ile151

Ile184
Met185
Pro218

*The domain structures (small domain and large domain) of the St-Rtc*
subunit will be described latter in the next section 3-3.

3-2-e. Dimer packing of the St-Rtc* crystal

The dimer packing of the St-Rtc* crystal is shown in Figures 3-2-e-1 and 3-2-e-2.
The dimers are in contact with a head-and-tail manner around the crystallographic 3,

axis, so that a screwed column is formed by stacking the A subunit on the A’-subunit of
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the subsequent dimer. Along with the a and b axes, the columns are interacted to the
adjacent columns. The atomic distances in the contact regions along the ¢ axis are listed

in Table 3-2-e-1, and those along the a and b axes are listed in Table 3-2-e-2.

A-subunit
ol a

A'-subunit

| 3 “ < A-subunit
I
i

A'-subunit
Region-1
A-subunit / 4

A-subunit A-subunit

A-subunit o i il

Figure 3-2-e-1. The dimers around the crystallographic three-fold screw axis in
the St-Rtc* crystal, viewed down the ¢ axis (upper) and down the b* axis
(bottom)

Table 3-2-e-1. Interactions between the St-Rtc* dimers related by the
crystallographic 3; symmetry (Region-1) (see Figure 3-2-e-1).

Region-1

Direct hydrogen bonds

A'-subunit Distance (A) A-subunit

0e-Glul79 3.2 Oy-Serl76

Oy-Serl76 2.7 0e-Glul79

0¢-GIn324 3.1 N&-Asn277
3.1 Ne-GIn324

08-Asn277 3.2 0y-Ser326

05-Asn277 33 Nn-Arg334

Oy-Ser326 2.6 0O-Ser276

Hydrogen bond interactions intermediated by a water molecule

A'-subunit | Distance (A) | Water Distance (A) | A-subunit

0O-Pro330 2.7 Wi141 2.7 0O-Pro330

Og-Glu298 | 2.8 W134 2.7 NJ-Asn277

Oy-Ser326 3.3 W8 2.7 05-Asn277

O-11e325 2.7 W233 3.3 O-11e275

0g-GIn324 | 3.0 w93 2.7 Oy-Ser326

Nn-Argl80 | 2.9 W277 3.0 Nn-Arg334

2.9 W22 3.3

Nn-Arg334 |, o waon |32 Nn-Arg180
: 3.1 Ne-GlIn324

Hydrophobic contacts

A’-subunit A-subunit

Met178 Met178

11e300 11e300

11e332 Ile332

Pro330 Pro330
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Table 3-2-e-2. Interactions between the St-Rtc* dimers in the two different screwed columns
related by a periodic shift along the a axis (Region 2) and b axis (Region 3) (see Figure 3-2-e-2).

Region-2

Direct hydrogen bond

A-subunit Distance (A) A-subunit

O-Pro40 2.8 NC-Lys214

Hydrogen bond interactions intermediated by a water molecule

A-subunit Distance (A) Water Distance (A) A-subunit

Oy-Thr71 2.7 W219 2.6 0-Glu209

O-Gly69 2.7 W30 3.0 O-Ser206

Oy-Ser70 2.7 W107 3.1 O¢-Glu209

N-Val68 3.1 W123 2.4 O¢-Glu260

Hydrogen bond interactions intermediated by solvents

A-subunit | Distance (A) Water | Distance (A) Ion Distance (A) A-subunit

N-Gly-65 | 3.0 w42 | 2.1 po- |28 NG-Lys205
33 Nn-Arg202

Hydrogen bond interactions intermediated by two water molecules
A-subunit | Distance (A) | Water | Distance (A) | Water | Distance (A) | A-subunit

O-Pro42 2.8 W63 2.7 W30 3.0 0-Ser206

Region-3

Hydrogen bond interactions intermediated by a water molecule

A'-subunit Distance (A) Water Distance (A) A-subunit
3.2 Og-Glu227

O-Val68 2.7 W130

: 3.0 Oy-Ser194

O-Pro42 3.1 w185 3.1 No-Asn228
2.5 005-Asn228

N-Thr71 3.0 W74 2.7 0-Arg230

Oy-Ser70 3.0 W5 3.2 Oe-Glul58

A'-subunit

Figure 3-2-e-2. Interaction regions of the dimers between
the two screwed columns related by a periodic shift along
the a axis (Region-2) and along the b axis (Region-3)

| 3-3. X-ray analysis of S-Rtc ‘
3-3-a. St-Rtc crystals

Crystallization of Sz-Rtc was performed to determine as the apo-form structure. The

optimized condition, under which suitable crystals for X-ray analysis appeared after one
week, is that the protein solution containing 5 mg/ml St-Rtc in 0.02 M Tris-HCI (pH

8.0) buffer and the reservoir solution (pH4.6) containing 2.0 M ammonium sulfate in
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0.1 M sodium acetate (pH 4.6) buffer were equally mixed into a droplet, which was then
equilibrated to the reservoir solution at 293 K. The largest crystal indicated by an arrow
in Figure 3-3-a has a size of approximately 500x100x100 um. This crystal was used for

X-ray diffraction experiment.

Figure 3-3-a. A photo of the St-Rct crystals. An arrow
indicates the crystal used for X-ray diffraction experiment

3-3-b. X-ray data of the St-Rtc crystal
A diffraction image of the St-Rtc crystal is shown in Figure 3-3-b. Although the

reflection spots were observed till 2.17 A resolution, their intensity data were processed
to 2.25 A resolution. The crystal belongs to the space group P3; with cell constants a =
b =84.4 and c = 109.4 A. The numbers of observed and unique reflections are 238521
and 41221, respectively. The data completeness and an Ryarge Value are 99.9% and 5.5%,
respectively. A statistics of the observed intensity data and the crystallographic data are

summarized in Table 3-3-b.

Figure 3-3-b. An X-ray diffraction image of the St-Rtc crystal, taken with an
oscillation angle of 1° (left) and its zoomed up image in a box (right). Arrows
indicate diffraction spots at the resolutions shown with values.
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Table 3-3-b. A statistics of the observed
intensity data and the crystallographic data of
the St-Rtc crystal

Wavelength (A) 1.00
Resolution (A) 50-2.25 (2.33-2.25)
Space group P3,

Unit cell (A) a=b=844,c=109.4
Observed reflections 239382
Unique reflections 41221
Completeness (%) 99.9 (99.6)
Redundancy 5.8(5.8)

l/o 43.2 (6.3)
Rinerse (%) 5.5(30.2)

*Rinerge = 100 % 3 a2 il hkD)-IChKD) /Y a2 (k)

3-3-c. Phase angle determination and structural refinement of Sz-Rtc

An acceptable Z value (the number of protein molecule in the asymmetric unit) was
estimated to be 2, the V' value to be 2.99 A*/Da and the solvent content to be 58.9%.
Despite the crystallization conditions are quite different from those of the SeMet
derivative, these crystal habits are similar to those of the SeMet crystal. In the Sz-Rtc*
crystal, two molecules (subunits) in the asymmetric unit are associated to each other by
a non-crystallographic two-fold symmetry to form a dimer. To confirm this, the
molecular replacement method was applied using one of the two subunit structures of
St-Rtc* as a probe. The program AMoRe was used for computations. A unique solution
containing two subunits in the asymmetric unit has been obtained with the 15-2.5 A
resolution data (Table 3-3-c-1). The two modules (subunits) are associated to each other
to form a dimer, as expected. The crystal structure shows a reasonable dimer packing as

described in the next subsection (3-3-d).
Table 3-3-c-1. A unique solution from molecular replacement of a subunit of S-Rtc*.

Subunit | a S y X y z Ce R
1 29.29 16.57 354.38 0.3048 0.4238 0.0000 76.7 37.3
2 93.20 163.31 191.18 0.4524 0.3919 0.0000 61.2 46.9

*a, B, y; Eulerian angles (°),  x, y, z; translations,
Cc; Correlation (%),  R; Crystallographic R-factor (%)

The atomic parameters of the crystal structure were refined using the programs
Refmac and Coot. In the asymmetric unit, 338 residues of the 339 residues per each
molecule (subunit) have been assigned except for the C-terminal one residue. 364 water
molecules and five sulfate ions are also assigned. The final R factor and Ry are 20.0%
and 27.7%, respectively, indicating that the structure was reasonably refined. A statistics
of the refinement is given in Table 3-3-c-2. The final 2|F,|-|F.| electron density map,
contoured at 1.5 o level, is shown in Figure 3-3-c-1. The refined structure is well fitted

on the map. A Ramachandran plot is shown in Figure 3-3-c-2. In the Ramachandran plot,
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510 (86.7%) residues are in the most favored geometry, 75 (12.8%) in the allowed
geometry, 3 (0.5%) in generally allowed geometry, respectively. There is no residue in
disallowed geometry. The sulfate ion 1 interacts with the side chain of Lys17 of the
A-subunit. The sulfate 2 interacts with the side chains of Arg202 and Lys205 of the
A’-subunit. The sulfate 3 interacts with the side chains of Lys117, Argl52 and Arg230
of the A’-subunit. The sulfate 4 interacts with the main chain of Luel183 of A’-subunit.
The sulfate ion 5 interacts with the main chain of Asp5 and the side chain of Lys317 of
the A'-subunit. A stereo-pair drawing of the subunits and the ions is shown in Figure
3-3-c-3.

Table 3-3-c-2. A statistics of the structural
refinement of St-Rtc

Resolution (A) 42.2-2.25
Used reflections 41206
R (%) 20.0
Rfree (%) 27.7
r.m.s bond length (A) 0.027
r.ms. angles (*) 2.415
Protein atoms 5245
Water molecules 364
SO~ 5

*R = 100 XY ||F,|-|Fe|l/2|Fy|, where |Fo| and |F|
are the observed and calculated structure-factor,
respectively.

N 4 ’%H"
2(”7 E/%
Q(f/w} i; > &

Figure 3-3-c-1. A part of the final 2|F|-|F| electron density map
of the St-Rtc crystal, contoured at 1.5 o level (colored in gray).
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5 Aol
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Plot statistics
45 Residues in most favoured regions [A,B,L] 510 86.7%
B Residues in additional allowed regions [a,b,l,p] 75 12.8%
@ Residues in generously allowed regions [~a,~b,~I,~p] 3 0.5%
= Residues in disallowed regions 0 0.0%
g 0 s e

= Number of non-glycine and non-proline residues 588 100.0%

a Number of end-residues (excl. Gly and Pro) 373

Number of glycine residues (shown as triangles) 60

Number of proline residues 24

7| | Total number of residues 1045

180 -135 90 45 0 5 %0 135 180
Phi (degrees)

Figure 3-3-c-2. A Ramachandran plot of St-Rtc. Black triangles and squares indicate glycine and the other

amino acid residues. Red, yellow, light yellow and white areas indicate the geometry of the main chains in the

most favored, in the allowed, in generally allowed and in disallowed state, respectively. Red squares indicate

the geometry in generally allowed or in disallowed state except for glycine and the adjacent characters show

the residue name, the residue number and the chain name.

Figure 3-3-c-3. A stereo pair drawing of the A-subunit and A'-subunits of
the St-Rtc dimer and the five sulfate ions indicated by ribbon models and
yellow (sulfur atoms) and red (oxygen atoms) sphere models, respectively.
The A-subunit and the A'-subunits are colored in green and cyan,
respectively.

3-3-d. Dimer structure of St-Rtc
In the asymmetric unit, the two subunits, A and A’ are associated by a

non-crystallographic two-fold symmetry to form a dimer similar to that of the SeMet

derivartive. Superimposed Ca chains between two dimers in the Sz-Rtc and the Sz-Rtc*
crystals are shown in wire models in Figure 3-3-d-1. The estimated r.m.s.d of Ca atoms
between the dimers in the St-Rtc and St-Rtc* crystals are given in Table 3-3-d-1. It
should be noted that the dimer formations maintained even under the different

crystallization conditions (see subsection 3-3-a and 3-2-a).
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Figure 3-3-d-1. A superimposition of Ca chains of the St-Rtc*
dimer (green line) onto the St-Rtc dimer (red line).

Table 3-3-d-1. The estimated rm.s.d (A) of Ca
atoms of the dimers in the St-Rtc crystal with those
in the St-Rtc* crystal.

St-Rtc*
A-A' dimer
A-A' dimer 0.25
St-Rie A”-A dimer 036

The two subunits in the asymmetric unit are shown in Figure 3-3-d-2. When the
subunits are superimposed on each other, the estimated r.m.s deviation between the
corresponding Co atoms is 0.63 A, suggests that their folding are similar to each other,
as shown in wire models in Figure 3-3-d-3. The dimer formation is stabilized by
forming a B-sheet through hydrogen bonds between the two main chains, [le223 and
[1e223'. An apostrophe indicates the residue of the counter subunit. When the hydrogen
bond interactions between the two subunits of the dimers in the Sz-Rtc and St-Ret*
crystals are compared using Table 3-3-d-1 and Table 3-2-d-1, the directi hydrogen bonds
are formed by atoms of different residues except for those of the main chains of 1le223
residues. The atomic distances between two subunits of the Sz-Rtc dimer are given in
Table 3-3-d-2.

A-subunit A'-subunit

Figure 3-3-d-2. The two subunits in the asymmetric unit of the St-Rtc crystal. The subunits are
associated to each other to form a dimer by a non-crystallographic two-fold symmetry shown
with an arrow and a symbol x. The residue indicated with an apostrophe is the related counter
one. The right figure shows a zoomed up view at the 11223 residues. Black, blue and red spheres
indicate carbon, nitrogen and oxygen atoms respectively. Broken lines indicate the hydrogen
bonds with the distances (A) between the two B-strands.
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Table 3-3-d-2. Interactions of the two subunits of the dimer in the
asymmetric unit of the St-Rtc crystal.

Between the small domains

Direct hydrogen bonds

A-subunit (Small domain) Distance (A) A’-subunit (Small domain)
N-T1e223 2.5 O-I1e223

0O-11e223 2.7 N-11e223

Between the small domain and the large domain of the opposite molecule

Direct hydrogen bond

A-subunit (Small domain) Distance (A) A'-subunit (Large domain)
Oe-Glu220 2.8 Nn-Argl32

Hydrophobic contacts

Chain A (Small domain) Chain A’ (Large domain)

lle184 Ile149

Met185 Ilel51

Pro218

Salt bridge

A-subunit (Large domain) Distance (A) A’-subunit (Small domain)
Nn-Argl32 3.2 0e-Glu220

Nn-Argl32 3.1 Oe-Glu220

Hydrophobic contacts

A-subunit (Large domain)

A'-subunit (Small domain)

lle149
Ile151

lle184
Met185

Pro218

Figure 3-3-d-3. A superimposition of the Coa chains between
the two subunits of the dimer of the St-Rtc crystal. The
A-subunit and A’-subunit are colored in blue and red,
respectively.

3-3-e. Subunit structure of Sz-Rtc

The subunit structure is described below. The main chain is folded into the two

domains. The large domain (residue numbers 1-177 and 283-339) is composed of three
repeated BafofBB motifs, as shown in Figure 3-3-e-1 (a). Each motif contains a B-sheet
of four B-strands and two a-helices. The repeated three motifs are arranged by a pseudo
three-fold symmetry (Figure 3-3-e-1 (b)) so that the assembled six a-helices are
surrounded by three B-sheets. On the other hand, the small domain (residue numbers
178-282) is formed a BafPPa motif inserted into the third motif of the large domain.

This small domain is also composed of a B-sheet and two a-helices and their folded
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structure seems to be the same as that of each motif of the large subunit, but the order of
the secondary structures or their topology is interestingly different, as shown in Figure
3-3-e-2. The B11 strand of the small domain builds a -sheet with another 11 strand of
the counter subunit to form a dimer (see Figure 3-3-d-2). These structural features of the

subunit are quite the same as those of the SeMet derivative.

~Small domain

...-

Figure 3-3-e-1. A ribbon drawing of the overall subunit Sz-Rtc (a). The large and small domains are colored
in blue and green, respectively.

Three repeated Bafopp motifs of the large domain, arranged by a pseudo three-fold symmetry indicated
with a blue triangle (b). Green broken lines suggest the protruded small domain.

Small domain

Large domain

i

,

Figure 3-3-e-2. A topological diagram of the secondary structures in St-Rtc. Large and small domains are
indicated blue and green, respectively. Arrows and bars indicate B-strands and a-helices, respectively.
White and red characters on the arrows or on the bars indicate the residue number of the secondary
structure code, respectively.

3-3-f. Dimer packing of the Sz-Rtc crystal

A stereo-pair drawing with Ca models of the dimers in the St-Rtc crystal is shown

in Figure 3-3-f-1. The dimer packing in the unit cell of the St-Rtc crystal is shown in
Figure 3-3-f-2~3. The dimers are in contact with a head-and-tail manner around the

crystallographic 3, axis, so that a screwed column is formed by stacking the A-subunit
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on the A’-subunit of the subsequent dimer. Along with the a and b axes, the columns are
interacted to the adjacent columns. When the dimer packings in the St-Rtc* and the
St-Rte crystals are compared (see Figures 3-3-f-3 and 3-2-e-2), it is interesting to note
that the Sz-Rtc crystal is similar to the St-Rtc* crystal, but these two are not isomorphous.
The St-Rtc column is rotated by about 15° around the c axis. As seen in Figure 3-2-f-4,
the contacting face of the triangle is changed to the other side (face) of the same triangle.
Therefore, in the St-Rtc* crystal, the A’-subunit gets in contact with the A-subunit, while
the A’-subunit is in contact with the A’-subunit. The atomic distances in the contacting
regions along the c axis are listed in Table 3-3-f-1, and those along the a and b axes are
listed in Table 3-3-f-2.

Figure 3-3-f-1. A stereo-pair drawing with Ca. models of the dimers in the St-Rtc
crystal, viewed down the ¢ axis. Three dimers form a screwed column around a
crystallographic 3, axis. Lateral interactions of the dimers are also included.

Table 3-3-f-1. Interactions of the St-Rtc dimmers related by the
crystallographic 3; symmetry (Region-1) (see Figure 3-3-f-2).

Region-1
Direct hydrogen bonds
A’-subunit Distance (A) A-subunit
0e-Glul79 2.8 Oy-Serl76
Oy-Serl76 3.2 0e-Glul79
O¢-GIn324 2.6 N&-Asn277
N&-Asn277 2.8 0Og-GlIn321
O-Ser276 2.6 Oy-Ser326
Hydrogen bond Interactions intermediated by a water molecule
A’-subunit Distance(A) | Water | Distance (A) | A-subunit
O-Pro330 2.7 WI181 | 2.8 Pro330-O
Glul79-O¢ 3.3 W359 | 2.7 N-Glul79
Nn-Argl80 33 W136 2.5 Nn-Arg334
N5-Asn277 2.8 3.0 0¢g-Glu324
2.6 WI120 | 2.8 0g-Glu298
Hydrophobic contacts
A'-subunit | A-subunit
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Met178 Met178
11e300 11e300
Ile332 Ile332
Pro330 Pro330
A-subunit
fo) A'-subunit

)
1 A-subunit
"-subunit

A-subunit

N
A'-subunit A-subunit

A-subunit A'-subunit

Figure 3-3-f-2. The dimers around the crystallographic
three-fold screw axis in the St-Rtc crystal, viewed down
the ¢ axis (upper) and down the b* axis (bottom)

Table 3-3-f-2. Interactions of the Sz-Rtc dimers between the two screwed column related by a
periodic shift along the a axis (region-3) and along the b axis (Region-2) (See Figure 3-3-f-3).

Region-2

Direct hydrogen bonds

A’-subunit Distance (A) A’-subunit

0O-Arg39 3.2 NC-Lys214

N-Thr71 3.0 0-Glu209

Hydrogen bond Interactions intermediated by a water molecule

A'-subunit Distance (A) Water Distance (A) A’-subunit

N-Vall68 3.0 W5 2.7 0e-Glu260

0O-Ala-37 3.0

O-Arg39 78 W355 2.4 NC-Lys-214

Oy-Ser70 3.1 W349 2.4 Oe-Glu209

0O-Gly69 2.4 W104 3.3 Og-Glu264

Hydrogen bond interactions intermediated by solvent

A'-subunit Distance (A) lon Distance (A) A'-subunit
2.9 NC-Lys205
3.1 Nn-Arg202

N-Gly65 2.9 SO* 3.2 0e-Glu201
3.1 Og-Glu201
3.0 Ne-Arg202

Region-3

Hydrogen bond Interactions intermediated by a water molecule

A-subunit Distance (A) Water Distance (A) A’-subunit

Oy-Thr71 3.3 W99 2.7 0-Arg320
3.0 Oy-Ser194

O-Vall68 2.6 WI115 31 NAST23

Hydrogen bond Interactions intermediated by two water molecules

A-subunit | Distance (A) | Water | Distance (A) | Water | Distance (A) | A'-subunit
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Oy-Ser70 | 2.8 | w224 | 3.0 [ w282 |33 | Oe-Glul58
Salt bridge

A-subunit Distance(A) A'-subunit

Ne-Gln45 3.0 038-Asn228

0¢-GIn45 2.6 N3-Asn228

Region-3

a

A'-subunit
A-subunit

A'-subunit

Figure 3-3-f-3. Interaction regions of the dimers between
the two screwed columns related by a periodic shift along
the a axis (Region-3) and along the b axis (Region-2).

(a) 0 A'-subunit (b) o Region-3

A'-subunit

Figure 3-3-f-4. Interaction regions between the dimers in the St-Rtc crystal (a) and the
St-Rtc* crystal (b). Each dimer is surrounded by a triangle to resolve the difference of
the packing formation and the contacting regions.

| 3-4. X-ray analysis of S~-Rtc*+Mn |

3-4-a. St-Rtc*+Mn crystals

In crystallization of St-Rtc*+Mn, 2mM MnCl, was added to 0.02 M Tris-HCI
buffer solution (pH8.0) containing Smg/ml St-Rtc*. The condition was that the protein

solution and the reservoir solution (pH4.6) containing 2.0 M ammonium sulfate in 0.1

M sodium acetate (pH 4.6) buffer were equally mixed into a droplet, which was then

equilibrated to the reservoir solution at 293K. Under this condition, crystals for X-ray

analysis appeared after one week. The crystal indicated by an arrow in Figure 3-4-a has

a size of approximately 50x50x100 um. This crystal was used for X-ray diffraction

experiment. Crystallization of St-Rtc+tMn was also preformed, but more suitable
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crystals of St-Rtc+Mn for X-ray diffraction experiment could not appeared than the
St-Rtc*+Mn crystals.

Figure 3-4-a. A photo of the St-Rtc*+Mn crystals. An arrow
indicates the crystal used for X-ray diffraction experiment

3-4-b. X-ray data of the S-Rtc*+Mn crystal
A diffraction image of the Sz-Rtc*+Mn crystal is shown in Figure 3-4-b. Although

reflection spots were observed till 2.96 A resolution, their intensity data were processed
to 3.20 A resolution. The crystal belongs to the space group P3; with cell constants a =
b = 83.5 and ¢ = 109.7 A. The numbers of the observed and unique reflections are
82064 and 14154, respectively. The data completeness and an Rpyarge Value are 99.7%
and 6.5%, respectively. A statistics of the observed intensity data and the

crystallographic data are summarized in Table 3-4-b.

\
\

Figure 3-4-b. An X-ray diffraction image of the St-Rtc*+Mn crystal, taken
with an oscillation angle of 1° (left) and its zoomed up image in a box (right).
Arrows indicate diffraction spots at the resolutions shown with the values.

Table 3-4-b. A statistics of the observed intensity
data and the crystallographic data of the

St-Rtc*+Mn crystal

Wavelength (A) 1.00
Resolution (A) 50-3.20 (3.31-3.20)
Space group P3,

Unit cell (A) a=b=283.5c=109.7
Observed reflections 82064
Unique reflections 14154
Completeness (%) 99.7 (99.5)
Redundancy 5.8 (5.8)

l/c 35.3(11.9)
Rierge (%0) 6.5(17.3)

*Rinerge = 100 % 3 il hkD)-I(RKD)/ L gy il (hkL)
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3-4-c. Phase angle determination and structural refinement of Sz-Rtc*+Mn

An acceptable number of the protein molecules in the asymmetric unit was
estimated to be 2, the /'y value to be 2.94 A*/Da and the solvent content to be 58.2%.
Despite the crystallization conditions are quite different from those of the St-Rtc and its
SeMet derivative, these crystal habits are similar to them. In the St-Rtc and its SeMet
derivative crystals, two molecules (subunits) in the asymmetric unit are associated to
each other by a non-crystallographic two-fold symmetry to form a dimer. To confirm
this again, the molecular replacement was applied using one of the two subunit
structures of Sz-Rtc* as a probe. The program Phaser was used for computations. A
unique solution containing two subunits in the asymmetric unit has been obtained with
the 43.7-3.2 A resolution data (Table 3-4-c-1). The two molecules (subunits) are
associated to each other to form a dimer, as expected. The crystal structure shows a

reasonable dimer packing as described in the subsection (3-4-e).
Table 3-4-c-1. A unique solution from molecular replacement of a subunit of Sz-Rtc*

Subunit a S y X y z RFZ TFZ
1 52.6 1.1 307.4 | -0.005 | -0.006 | -0.001 | 21.1 27.0
2 110.9 1749 373 0.797 10461 | 0.189 | 18.6 52.7

*a, B, y; Eulerian angles (°),  x, y, z; Translations,

RFZ; Z-score (number of standard deviations above the mean value of peaks) of rotation
TFZ; Z-score (number of standard deviations above the mean value of peaks) of
translation

The atomic parameters of the crystal structure were refined using the programs
Refmac and Coot. A statistics of the structural refinement is given in Table 3-4-c-2. In
the asymmetric unit, 338 residues of the 339 residues are assigned except for the
C-terminal one residue in one subunit, and all 339 residues are assigned in another
subunit. The final R factor and Rg.. are 25.0% and 25.8%, respectively. The final
2|F,|-|F¢| electron density map, contoured at 1.5 o level, is shown in Figure 3-4-c-1. The
refined structure is well fitted on the map. A Ramachandran plot is shown in Figure
3-4-c-2. In the Ramachandran plot, 485 (82.3%) residues are in the most favored
geometry, 84 (14.3%) in the allowed geometry, 14 (2.4%) in generously allowed
geometry and 6 (1.0%) in disallowed geometry, respectively.

However, it was difficult to find the density of added Mn atoms. It may be ascribed
to low resolution data or to low Mn”" concentration in crystallization. The latter reason
is more plausible, because it was reported that the optimal Mg2+ concentration for the
catalytic reaction was 4~5 mM [3]. Another reason is that Mg*"~ or Mn®" ion is bound
the enzyme with the help of ATP binding.
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Table 3-4-c-2. A statistics of the structural
refinement of St-Rtc*+Mn

Resolution (A) 41.8-3.2
Used reflections 13445
R (%) 25.0
Rfree (%) 25.8
r.m.s bond length (A) 0.025
r.ms. angles (°) 2.509
Protein atoms 5269

*R =100 <3 ||Fo|-|Fe[l/2|Fo|, where |F,| and
|F| are the observed and calculated
structure-factor, respectively.

Figure 3-4-c-1. A part of the final 2|F,|-|F,| electron density
map of the St-Rtc*+Mn crystal, contoured at 1.5 o level
(colored in gray).

St-Rtc*+Mn

T | —T ~b  wa
| it
ALAZ3 (B) |
1354 rsg Fisisd ALAD3 m‘ —
Rm A) 216 —
904 LVi s 69(6) | |
I~ ® oy ASN 22812,\ 4 40 Plot statistics
1 e Aa(d‘. Residues in most favoured regions [A,B,L] 485 82.3%
454 o |_| Residues in additional allowed regions [a,b,!,p] 84 14.3%
g’ ASN B8 (Ad | NSM 26 Residues in generously allowed regions [~a,~b,~|,~p] 14 2.4%
o I | =3 L—I Residues in disallowed regions 6 1.0%
= —
04 A
) N _l— Number of non-glycine and non-proline residues 580 100.0%
= Number of end-residues (excl. Gly and Pro) 4
45 Number of glycine residues (shown as triangles) 60
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THE o) ——
-90 = — |Total number of residues 677
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L) lvm 19 supre
. - 2
180 135 90 45 6 45 90 135 180
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Figure 3-4-c-2. A Ramachandran plot of St-Rtc*+Mn. Black triangles and squares indicate glycine
and the other amino acid residues. Red, yellow, light yellow and white areas indicate the geometry of
the main chains in the most favored, in the allowed, in generally allowed and in disallowed state,
respectively. Red squares indicate the geometry in generally allowed or in disallowed state except for
glycine and the adjacent characters show the residue name, the residue number and the chain name.

3-4-d. Dimer structure of Sz-Rtc*+Mn

In the asymmetric unit, the two subunits, A and A’ are associated by a

non-crystallographic two-fold symmetry to form a dimer similar to that in the Sz-Rtc and

the St-Rtc* crystals. Superimposed Co chains between three dimers in the St-Rtc*,
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St-Rtc and the St-Rtc*+Mn crystals are shown in wire models in Figure 3-4-d-1. The
estimated r.m.s.d of Ca atoms between the dimers in the Sz-Rtc and the Sz-Rtc* crystals
are given in Table 3-4-d-1. It should be noted that the dimer formation is maintained

even under the three different crystallization conditions (see subsection (3-2-a), (3-3-a)
and (3-4-a)).

Figure 3-4-d-1. A superimposition of Ca chains with the dimers in the St-Rtc*
(green line), the St-Rtc (red line) and the Sz-Rtc*+Mn crystals (purple line).

Table 3-4-d-1. The estimated rm.s.d (A) of Co atoms
between the dimers of the St-Rtc*, the St-Rtc and the
St-Rtc*+Mn crystals.

St-Rtc* St-Rtc
A-A' dimer A-A' dimer
St-Rtc*+Mn | A-A’ dimer 0.51 0.57
A'-A dimer 0.96 1.00

The two subunits, A and A’ in the asymmetric unit are shown in Figure 3-4-d-2.
When they are superimposed on each other, the estimated r.m.s deviation between the
corresponding Ca atoms is 0.32 A, suggests that their folding are similar to each other,
as shown in wire models in Figure 3-4-d-3. Figure 3-4-d-2 also shows that the two
subunits are associated by a non-crystallographic two-fold symmetry to form a dimer,
similar to those in the St-Rtc* and the St-Rtc crystals. The dimer formation is stabilized
by forming a -sheet through hydrogen bonds between the two main chains of I1e223
and Ile223'. An apostrophe indicates the residue of the counter subunit. The atomic
distances given in Table 3-4-d-2 show that there are no abnormal contacts between the

two subunits.
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25 18223

A-subunit A'-subunit

Figure 3-4-d-2. The two subunits in the asymmetric unit of the St-Rtc*+Mn crystal. The
subunits are associated to each other to form a dimer by a non-crystallographic two-fold
symmetry shown with an arrow or a symbol x. The residue indicated with an apostrophe is
the related counter one. The right figure shows a zoomed up view at the I1e223 residues.
Black, blue and red spheres indicate carbon, nitrogen and oxygen atoms respectively.
Broken lines indicate the hydrogen bonds with the distances (A) between the two B-strands.

Table 3-4-d-2. Interactions of the two subunits of the dimer in the
asymmetric unit of the St-Rtc*+Mn crystal.
Between the small domains

Direct hydrogen bonds

A-subunit (Small domain) Distance (A) A'-subunit (Small domain)
N-I1e223 2.5 O-I1e223

O-I1e223 2.3 N-I1e223

O¢-Glu220 3.3 Nn-Arg226

Nn-Arg226 33 Oe-Glu220

Between the small domain and the opposite large domain
Hydrophobic contacts

A-subunit (Small domain)

A’-subunit (Large domain)

Ile184
Met185
Pro218

Ile149
Ile151

Hydrophobic interactions

A-subunit (Large domain)

A’-subunit (Small domain)

lle149
Ile151

Ile184
Met185
Pro218

Figure 3-4-d-3. A superimposition of the Ca chains between the
two subunits of the dimer in the asymmetric unit of the
St-Rtc*+Mn crystal, drawn by wire models. The A-subunit and
the A'-subunit are colored in blue and red, respectively.
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3-4-e. Dimer packing of the S#-Rtc*+Mn crystal
The dimer packing in the unit cell of the St-Rtc*+Mn crystal is shown in Figure

3-4-e-1~2. The dimers are in contact with a head-and-tail manner around the
crystallographic 3, axis, so that a screwed column is formed by stacking the A-subunit
on the A’-subunit of the subsequent dimer. Along with the a and b axes, the columns are
interacted to the adjacent columns. As seen in Figures 3-2-e-2 and 3-4-e-2, the dimer
packings are similar to each other between the St-Rtc*+Mn crystal and the St-Rtc*
crystal. The atomic distances in the contact regions along the ¢ axis are listed in Table

3-4-e-1, and those along the a and b axes are listed in Table 3-4-e-2.

Table 3-4-e-1. Interactions of the St-Rtc*+Mn dimmers related by the
crystallographic 3; symmetry (Region-1) (see Figure 3-4-e-1).
Region-1

Direct hydrogen bonds

A'-subunit Distance (A) A-subunit
0e-Glul79 3.0 Oy-Serl76
Oe-GIn324 3.1 NG-Asn277
05-Asn277 3.2 Ne-Glu298
Og-Glu182 2.9 Nn-Arg334
O-Serl76 2.5 Oy-Ser326
Hydrophobic contacts

A'-subunit A-subunit

Met178 Met178

11e300 11e300

Ile332 Ile332

Pro330 Pro330

A-subunit

A'-subunit

A'-subunit

A'-subunit

A-subunit (o]
A'-subunit

Figure 3-4-e-1. The dimers around the crystallographic
three-fold screw axis in the St-Rtc*+Mn crystal, viewed
down the c axis (upper) and down the b* axis (bottom)
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Table 3-4-e-2. Interactions of the St-Rtc*+Mn dimers between the two
screwed column related by a periodic shift along the a axis (region-2)
and along the b axis (Region-3) (See Figure 3-4-¢-2).

Region-2

Direct hydrogen bonds

A-subunit Distance (A) A-subunit
N-Thr71 2.7 Og-Glu209
O-Pro40 2.6 NE-Lys214
Region-3

Direct hydrogen bond

A’-subunit Distance (A) A-subunit
0-Val68 2.3 N&-Asn228

A'-subunit

A-subunit

Figure 3-4-e-2. Interaction regions of the dimers between the
two screwed columns related by a periodic shift along the a
axis (Region-2) and along the b axis (Region-3).

| 3-5. X-ray analysis of St-Rtc*+ATP |
3-5-a. St-Rtc*+ATP crystals
Crystallization of St-Rtc*+ATP was performed to determine the ATP binding site

with the absence of Mg2+ ion to suppress the first step reaction. The optimized condition,
under which suitable crystals for X-ray analysis were obtained after one week, is that
the protein solution containing 5 mg/ml S¢-Rtc* and 0.5 mM ATP in 0.02 M Tris-HCl
(pH 8.0) buffer, and the reservoir solution (pH8.2) containing 2.1 M ammonium sulfate
in 0.1 M Tris-HCI (pH8.0) buffer were equally mixed into a droplet, which was then
equilibrated to the reservoir solution at 293K. The crystal indicated by an arrow in
Figure 3-5-a, has a size of approximately 50x50x200 um. This crystal was used for

X-ray diffraction experiment.

Figure 3-5-a. A photo of St-Rtc*+ATP crystals. An arrow
indicates the crystal used for X-ray diffraction experiment
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3-5-b. X-ray data of the St-Rtc*+ATP crystal
A diffraction image of the Sz-Rtc*+ATP crystal is shown in Figure 3-5-b. Although

the reflection spots were observed till 2.35 A resolution, their intensity data were

processed to 2.40 A resolution. The crystal belongs to the space group P4, with cell
constants @ = b = 91.1 and ¢ = 89.9 A. The space group and the cell constants are
different from the other three crystals; the St-Rtc*, the St-Rtc and the St-Rtc*+Mn
crystals. The numbers of the observed and unique reflections are 211829 and 28513,
respectively. The data completeness and an Rpyage value are 99.8% and 8.7%,
respectively. A statistics of the observed intensity data and the crystallographic data are

summarized in Table 3-5-b.

Figure 3-5-b. An X-ray diffraction image of the Sz-Rtc*+ATP crystal, taken with an oscillation angle of 1° (left)
and its zoomed up image in a box (right). Arrows indicate diffraction spots at the resolutions shown with values.

Table 3-5-b. A statistics of the observed intensity data
and the crystallographic data of the St-Rtc*+ATP crystal

Wavelength (A) 0.98
Resolution (A) 50-2.40 (2.49-2.40)
Space group P4,

Unit cell (A) a=b=91.1,c=89.9
Observed reflections 211829
Unique reflections 28513
Completeness (%) 99.8 (99.8)
Redundancy 7.4 (7.1)

I/ 36.6 (7.6)
Rinerge (%0) 8.7 (25.8)

*Rinerge = 100 % 32 il hkD)-I(RKD)/ L gy id (hkL)

3-5-c. Phase angle determination and structural refinement of Sz-Rtc*+ATP

An acceptable number of the protein molecules in the asymmetric unit was
estimated to be 2, the Vy value to be 2.44 A%/Da and the solvent content to be 49.6%.
These crystal habits are different from those of the St-Rtc*, the St-Rtc and the
St-Rtc*+Mn crystals. To estimate initial phase angles, the molecular replacement
method was applied using one of the two subunits of Sz-Rtc* as a probe. The program

Phaser was used for computations. A unique solution containing two molecules in the
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asymmetric unit has been obtained (Table 3-5-c-1).
Table 3-5-c-1. A unique solution from the molecular replacement of a subunit of Sz-Rtc*

Molecule | a S y X y z RFZ TFZ
1 614 | 873 |233.0 0.159 | -0.453 | 0.001 19.9 24.8
2 28.6 | 92.7 |53.0 0.047 | -0.340 | -0.052 | 16.5 57.2

*a, B, v, Eulerian angles,  x, y, z; Translations,
RFZ; Z-score (number of standard deviations above the mean value of peaks) of rotation function,
TFZ; Z-score (number of standard deviations above the mean value of peaks) of translation function

The atomic parameters of the crystal structure were refined using the programs
Refimac and Coot. 337 residues of the 339 residues per each molecule are assigned
except for the C-terminal two residues. 219 water molecules, two ATP molecules and
four sulfate ions are also assigned. The final R factor and Ry are 20.7% and 26.4%,
respectively indicating the structures were reasonably refined. A statistics of the
refinement is given in Table 3-5-c-2. The final 2|F|-|F| electron density map, contoured
at 1.5 o level, is shown in Figure 3-5-c-1. The refined structure is well fitted on the map.
A Ramachandran plot is shown in Figure 3-5-c-2. In the Ramachandran plot, 526
(89.8%) residues in an asymmetric unit are in the most favored geometry, 55 (9.4%) in
the allowed geometry, 3 (0.5%) in generously allowed geometry and 2 (0.3%) in
disallowed geometry, respectively. One sulfate ion (see Figure 3-5-c-3 (a)) interacts
with the main chain of Asp5 and the side chain of Lys317 of the large domain of the
A-subunit. The second sulfate ion (see Figure 3-5-c-3 (b)) interacts with the side chain
of Arg202 and the main chain of Ala259 of the small domain of the B-subunit. The third
sulfate ion is found between the B and B’ subunits. Stereo-pair drawings of the ions and

the dimers are shown in Figure 3-5-c-3

Table 3-5-c-2. A statistics of the structural
refinement of St-Rtc*+ATP

Resolution (A) 32.0-2.4
Used reflections 28197
R (%) 20.7
Riee (%) 26.4
r.m.s bond length (A) 0.02
r.ms. angles (°) 2.3
Protein atoms 5246
Water molecules 220
ATP 2
SO~ 3

*R = 100 Y ||Fof-[Fell/2Z|F,l, where |Fo| and
|F| are the observed and calculated
structure-factor, respectively.
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Figure 3-5-c-1. A part of the final 2|F,|-|F,| electron density map of the
St-Rtc*+ATP crystal, contoured at 1.5 o level (colored in gray).

St-Rtc*+ATP

LT | ] . b &
ab
" o — yssb
il ~ F ‘ Y5 8_!3A
-l
90 A L] = _—
L St o i ’J ‘ Plot statistics
= - L™ = . Residues in most favoured regions [A,B,L] 526 89.8%
. —"h Residues in additional allowed regions [a,b,,p] 55 9.4%
4] | _ b= .I_| Residues in generously allowed regions [~a,~b,~l,~p] 3 0.5%
g L - ‘L‘ Residues in disallowed regions 2 0.3%
]
7 i - T
;f, 1 I Number of non-glycine and non-proline residues 586  100.0%
4 51]?3%9— Number of end-residues (excl. Gly and Pro) 228
Number of glycine residues (shown as triangles) 60
b Number of proline residues 24
= Total number of residues 898
Sia2 (A7 =
-135* = | RN
b | A | p| ¢ %
- | TR ~b
= n A
180 -135 S0 45 & 45 90 135 180

Phi (degrees)

Figure 3-5-c-2. A Ramachandran plot of Sz-Rtc*+ATP. Black triangles and squares indicate glycine and the
other amino acid residues. Red, yellow, light yellow and white areas indicate the geometry of the main
chains in the most favored, in the allowed, in generally allowed and in disallowed state, respectively. Red
squares indicate the geometry in generally allowed or in disallowed state except for glycine and the
adjacent characters show the residue name, the residue number and the chain name.

Figure 3-5-c-3. Stereo-pair drawings of A-A' (a) and B-B’ dimers (b) with the
bound three sulfate ions. They are indicated in ribbon models and yellow and red
sphere models, respectively. The A-A’ and the B-B’ dimers are colored in green
and cyan, respectively.
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3-5-d. Dimer structure of St-Rtc*+ATP
In the St-Rtc*+ATP crystal, the two found molecules A and B in the asymmetric

unit separately form dimers with those related by the crystallographic two-fold
symmetries passing the origin and passing the center of the a-b plane (see Figure 3-5-¢
in the next subsection 3-5-¢). In other words, there are two dimers in the unit cell, one
between A and A’ subunits related by an exact two-fold symmetry, and other between B
and B’ subunits related by another exact two-fold symmetry. This is contrast to those
found in the St-Rtc*, the St-Rtc, the St-Rtc*+Mn crystals. In the latter cases, the dimers
are formed by non-crystallographic (approximate) two-fold symmetries.

The two dimers, A-A' and B-B’, in the Sz-Rtc*+ATP crystal are similar to each other
with an rm.s.d of 0.14 A. Superimposed Co chains between the two St-Rtc*+ATP
dimers and those of the three dimers in the St-Rtc*, the St-Rtc and the St-Rtc*+Mn
crystals is shown by wire models in Figure 3-5-d-1. The estimated r.m.s deviations of
the Ca atoms are shown in Table 3-5-d-1. It is important to note that the dimer
formation is maintained not only under the different crystallization conditions but also

through the different molecular packing, as described in the next subsection.

Figure 3-5-d-1. A superimposition of Ca chains between the dimers in
the St-Rtc* (green), the St-Rtc (red), St-Rtc*+Mn (purple), and the
A-A’ (blue) and B-B’ dimer (cyan) in the St-Rtc*+ATP crystal.

Table 3-5-d-1. The estimated r.m.s.d (A) of Co atoms of the two dimers in the
St-Rtc*+ATP, with the three dimers in the St-Rtc*, St-Rtc, St-Rtc*+Mn crystals.

St-Rtc* St-Rtc St-Rtc*+Mn

A-A' dimer A-A’ dimer A-A' dimer
St-Rtc*+ATP | A-A’ dimer 1.57 1.57 1.77
B-B’ dimer 1.58 1.58 1.77

The dimer formations are stabilized by a forming -sheet through hydrogen bonds
between the two main chains, 11223 and [le223’, as shown in Figure 3-5-d-2. An
apostrophe indicates the residue of the counter subunit. They are similar to those in the
St-Rtc*, the St-Rtc and the St-Rtc*+Mn crystals. The hydrogen bond interactions
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between the small domains of the A-A’ dimer and of the B-B’ dimer are given in Table
3-5-d-2 and Table 3-5-d-3, respectively. The hydrogen bond, Oe (Glu227) - Ng
(Lys205) is formed in both dimers. Several salt bridges are formed between the side
chains of Argl32 in the large domain and the side chain of Glu220 in the opposite small
domain of B-B' dimer. Two sulfate ions, each bound to the B or B’ subunit are bound
near these salt bridges (see Figure 3-5-c-3). The atomic distances between two subunits
of A-A' dimer are given in Table 3-5-d-2 and those between two subunits of B-B’ dimer

are given in Table 3-5-d-3.

Subunit-A'

(b)

Subunit-B'

Figure 3-5-d-2. The A-A’ (a) and the B-B’ dimers (b) in the St-Rtc*-AMP crystal. A-subunit is associated to
the A’-subunit, related by a crystallographic two-fold symmetry shown with a thick line and an elliptical
symbol. The B-B’ dimers is also formed by another crystallographic two-fold symmetry. The residue
indicated with an asterisk is the related counter one. The right figure shows a zoomed up view at the 11e223
residues. Black, blue and red spheres indicate carbon, nitrogen and oxygen atoms respectively. Broken lines
indicate the hydrogen bonds with the distances (A) between the two B-strands.

Table 3-5-d-2. Interactions between the A and A’ subunits related by a two-fold
crystallographic symmetry passing the center of a-b plane of the unit cell (see

Figure 3-5-¢).

Between the small domains

Direct hydrogen bonds

A-subunit (Small domain) | Distance (A) A'-subunit (Small domain)
O-11e223 2.9 N-11e223
0e-Glu227 2.6 NC-Lys205
0e-Glu201 3.2 Oy-Ser197
0g-Glu220 32 Nn-Arg226
N-11e223 2.9 O-11e223
NE-Lys205 2.6 Og-Glu227
Oy-Ser197 3.2 Og-Glu201
Nn-Arg226 3.2 0g-Glu220
Between the small domain, and the large domain of the opposite chain.
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Direct hydrogen bonds

A-subunit (Small domain) | Distance (A) A'-subunit (Large domain)
Og-Glul82 3.0 NE-Lys113

NC-Lys113 3.0 0g-Glul82

Hydrogen bond interactions intermediated by a water molecule

A-subunit Distance(A) | Water | Distance (A) | A’-subunit
(Small domain) (Large domain)
0g-Glu220 2.6 W126 | 3.1 N-Ile150
N-Ile150 3.1 W126 | 2.6 0Og-Glu220

Hydrophobic contacts

A-subunit (Small domain) A'-subunit (Small domain)
Ile184 Ile149
Met185 Ilel151
Pro218
Tle149 Tlel84
Ilel51 Met185
Pro218

Between the large domains

Hydrogen bond interactions intermediated by a water molecule

A-Subunit Distance(A) | Water | Distance (A) | A'-subunit
(Large domain) (Large domain)
Oge-Glu140 3.4 Wi72 3.4 Oe-Glu140
Oge-Glu140 2.9 2.9 Og-Glu140

Table 3-5-d-3. Interactions between the B and B’ subunits related by a
two-fold crystallographic symmetry passing the origin of the unit cell (see

Figure 3-5-¢).

Between the small domains

Direct hydrogen bonds
B-subunit (Small domain) | Distance (A) B’-subunit (Small domain)
O-lIle 223 3.0 N-T1e223
Oe-Glu227 3.2
0&-Glu227 2.9 NC-Lys205
0e-Glu201 3.2 Oy-Ser197
N-11e223 3.0 O-Ile 223
3.2 Og-Glu227
NC-Lys205 2.9 0&-Glu227
Oy-Ser197 3.2 Oge-Glu201
Hydrogen bond interactions intermediated by a water molecule
B-subunit Distance(A) | Water | Distance (A) | B'-subunit
(Small domain) (Small domain)
O-Ile221 2.6 W53 2.9 N-Val225
N-Val225 2.9 W53 2.6 O-lle221

Between the small domain, and the large domain of the opposite chain.

Direct hydrogen bond

B-subunit (Small domain) | Distance (A) B’-subunit (Large domain)
Og-Glul67 2.9 Ne-GIn243

Ne-Gln243 2.9 Og-Glul67

Hydrogen bond interactions intermediated by a water molecule

B-Subunit Distance(A) | Water | Distance (A) | B'-subunit
(Small domain) (Large domain)
N-Leul50 3.0 W136 | 2.7 Oe-Glu220
Og-Glu220 2.7 W136 | 3.0 N-Leul50

Salt bridge

B-subunit (Small domain) | Distance (A) | B’-subunit (Large domain)
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Oe-Glu220 2.7 Nn-Argl32
Oe-Glu220 2.8 Nn-Argl32
Nn-Argl32 2.7 0g-Glu220
Nn-Argl32 2.8 0g-Glu220
Hydrophobic contacts
B-subunit (Small domain) B’-subunit (Large domain)
Tle184 Ile149
Met184 Ile151
Pro218
Tle149 Ile184
Ile151 Met184

Pro218

3-5-e. Dimer packing in the St-Rtc*+ATP crystal
Packing diagrams of the dimers in the Sz-Rtc*+ATP crystal is shown in Figure 3-5-e.

The two columns, one is composed of the A-A’ dimers and the other is composed of
B-B’ dimers, are arranged in an opposite direction to each other to deny the helical
polarity. In each column, the dimers are stacked on each other on the c-axis by rotating
90° successively. The dimer-dimer interaction regions in the A-A’ dimer column and
those in the B-B’ dimer column are referred to Region-A1l, Region-A2, Region-B1 and
Region-B2, respectively (see Figure 3-5-¢). Hydrogen bond interactions between Og
(Glu82), Ne (Arg254) and Nn (Arg258) atoms are found in both Region-Al and
Region-B1. In Region-A2, however, every hydrogen bond, formed though water
molecules. The atomic distances of these interactions are listed in Table 3-5-e-1 and
Table 3-5-e-2.

The two interaction regions between the adjacent columns are referred to
Region-AB1 and Region-AB2 (see Figure 3-5-¢). The two hydrogen bonds, Og
(Glu243) - NC (Lys34), and On (Tyr271) - N (Metl) are formed in both Region-AB1
and Region-AB2. The atomic distances of these interactions in those regions are given
in Table 3-5-e-3.

The A and B subunits are in contact to each other in Region-AB3 and Region-AB4
in the asymmetric unit. Atomic distances in the regions are given in Table 3-5-e-4.

These interactions are quite different from those in the other three crystals, St-Rtc*,
St-Rtc and St-Rtc*+Mn, which were crystallized under acidic conditions. The basic

crystallization condition changes the dimers packing.
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Figure 3-5-e. Packing diagrams in the Sz-Rtc*+ATP unit cell, viewed down the ¢ axis (upper) and
along the (-1 1 0) direction (bottom). The A-A’ dimers indicated by wire models are colored in
green, red and blue. And the B-B’ dimers are colored in yellow, cyan and orange.

Table 3-5-e-1. Interactions between A and A’ subunits related by a periodic
shift along the ¢ axis (Region-Al) (See Figure 3-5-¢).

Region-Al

Salt bridge

A-subunit Distance (A) A’-subunit
Og-Glu§2 3.2 Ne-Arg254
Og-Glu§2 2.8 Nn-Arg258
Ne-Arg254 3.2 Oe-Glug2
Nn-Arg258 2.8 Og-Glu§2
Hydrogen bond interactions intermediated by a water molecule
A-subunit Distance(A) | Water | Distance (A) | A’-subunit
Nn-Argl45 3.3 Wi21 | 3.2 Ne-His198
Ne-His198 3.2 W121 | 3.3 Nn-Argl45

Table 3-5-¢-2. Interactions between the B and B’ subunits related by a periodic
shift along the ¢ axis (Region-B1 and Region-B2) (See Figure 3-5-¢).

Region-B1

Direct hydrogen bonds

B-subunit Distance (A) B’-subunit
Og-Glu82 2.9 Ne-Arg258
Og-Glu82 2.6 Nn-Arg258
Ne-Arg258 2.9 Og-Glu82
Nn-Arg258 2.6 Og-Glug2
Region-B2

Hydrogen bonds

B-subunit Distance (A) B'-subunit
Oy-Serl 74 3.2 Oe-Glu227
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0¢-Glu227 [ 32 | Oy-Ser174 |

Table 3-5-e-3. Interactions between two columns of the A-A’ and the B-B’
dimers in the St-Rtc*+ATP crystal (Region-AB1 and Region-AB2) (See
Figure 3-5-¢).

Region-AB1

Direct hydrogen bonds

A-subunit Distance (A) B-subunit
N-Argl80 3.1 Og-Glu72
N-Gly181 2.8 Og-Glu72
Og-Glu243 2.8 NC-Lys34
On-Tyr271 2.8 N-Metl
O-Lys329 32 Ne-Lys64
Region-AB2

Direct hydrogen bonds

B-subunit Distance (A) A-subunit
Og-Glul79 3.4 Oy-Thr71
O-Lys216 3.4 Og-Glu3
Og-Glu243 2.8 NE-Lys34
On-Tyr271 2.9 N-Metl
O-I1e275 2.7 NC-Lys64

Table 3-5-e-4. Interactions between the A and the B subunits in the
asymmetric unit of the S-Rtc*+ATP crystal (Region-AB3 and
Region-AB4) (See Figure 3-5-¢).

Region-AB3

Hydrogen bonds

A-subunit Distance (A) B-subunit
035-Asn38 32 N(C-Lys255
Region-AB4

Hydrogen bonds

B-subunit Distance (A) A-subunit
035-Asn38 3.0 NC-Lys255

3-5-f. ATP binding site of S~-Rtc*+ATP
The structure of St-Rtc in complex with ATP is shown in Figure 3-5-f-1. The

substrate ATP is bound to the one end of the large domain so as to position the ribose at
the center of six-helix assembly. The adenine ring contacts to a7 helix and the loop
between 6 strand and o4 helix in the large domain, and to 13 strand of the small
domain. The - and y- phosphates are contacts to al helix and the loop between 32

strand and o2 helix.
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Figure 3-5-f-1. A ribbon drawing of the Sz-Rtc*+ATP A-subunit (a), and its top view (b). The structure
of the B-subunit is omitted, because it is similar to that of the A-subunit. The large and small domains
are colored in light purple and lemon, respectively. The substrate ATP molecule is drawn by red sticks.
The colored characters indicate the code of the secondary structures referred to Figure 3-3-c-9.

Figure 3-5-f-2 shows the final |F,|-|F.|] omit maps of the bound ATPs. The
phosphate groups and the ribose of ATP are partially disordered. The adenosine moiety
is stacked between the side chains of Prol26 and His283 in both subunits. Figure
3-5-f-3~4 show the details of the stacked adenine bases. The carboxyl group of Asp250
interacts with the N1 atom of ATP though a hydrogen bond (Figure 3-5-f-4). The 2'- and
3’-hydroxyl groups of the ribose are bound to the carboxyl group of Asp286 though two

hydrogen bonds (Figure 3-5-f-5).
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Figure 3-5-f-2. The ATP binding sites in the A-subunit (a) and in the B-subunit (b). The final |F,|-|F|
omitted map of ATP and the surrounding residues is contoured at 2.5 o level, are shown in the left
column. The right column shows the possible hydrogen bonds between ATP and the surrounding
residues. Carbon, nitrogen, oxygen, phosphorus and sulfur atoms are colored in gray, blue, red, pink
and yellow, respectively.
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Figure 3-5-f-3. Stereo-pair drawings of ATP stacked between Prol26
and His283 of the A-subunit («) and of the B-subunit (b).
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Figure 3-5-f-4. A hydrogen bond formation of the adenine rings
with Asp250 of the A-subunit (a) and of the B-subunit (b).
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Figure 3-5-f-5. The double hydrogen bonds to trap ATP
in the A-subunit (a) and in the B-subunit (b).

| 3-6. X-ray analysis of S+-Rtc+AMP |
3-6-a. Crystals of S--Rtc+tAMP

Crystallization was performed to determine the interactions between the ATP
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molecule and Mg”" ion under acidic condition to suppress the reaction. The optimized
condition, under which suitable crystals for X-ray analysis appeared after one week, is
that the protein solution containing 5 mg/ml St-Rtc, 2mM MgCl, and 0.5 mM ATP in
0.02 M Tris-HCI (pH 8.0) buffer, and the reservoir solution (pH4.6) containing 2.0 M
ammonium sulfate in 0.1 M sodium acetate (pH4.6) buffer were equally mixed into the
droplet which was then equilibrated to the reservoir solution at 293K. The crystal
indicated by an arrow in Figure 3-6-a has a size of approximately 100x100x200 pm.
This crystal was used for X-ray diffraction experiment. As described in the latter careful
discussion (section 3-6-f), the crystal structure has been successfully solved, and the
final |F|-|F¢| omit map of the ATP binding site suggests that the bound molecule is AMP,
but not ATP. For this reason, the obtained crystal is named as S-Rtc+tAMP to prevent

confusion.

Figure 3-6-a. A photo of St-Rtc+AMP crystals. An arrow
indicates the crystal used for X-ray diffraction experiment

3-6-b. X-ray data of the St-Rtc+AMP crystal
A diffraction image of the crystal is shown in Figure 3-6-b. Although the reflection

spots were observed till 2.85 A resolution, their intensity data were processed to 2.90 A
resolution. The crystal belongs to the space group P3; with cell constants a = b = 84.4
and ¢ = 108.4 A. The numbers of the observed and unique reflections are 110711 and
19249, respectively. The data completeness and an Rpare value are 100% and 8.1%,
respectively. A statistics of the observed intensity data and the crystallographic data are

summarized in Table 3-6-b.

Figure 3-6-b. An X-ray diffraction image of the St-Rtc+AMP crystal, taken
with an oscillation angle of 1° (left) and its zoomed up image in a box (right).
Arrows indicate diffraction spots at the resolutions shown with values.
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Table 3-6-b. A statistics of the observed intensity data
and the crystallographic data of the St-Rtc+AMP

crystal.

Wavelength (A) 0.98
Resolution (A) 50-2.90 (3.00-2.90)
Space group P3,

Unit cell (A) a=b=84.4, c=108.4
Observed reflections 110711
Unique reflections 19249
Completeness (%) 100 (100)
Redundancy 5.8(5.7)

l/c 30.1(7.2)
Rinerge (%0) 8.1 (31.8)

*Runerge = 100 % Y M hkD)-I(hkD 22 il (hkT)

3-6-c. Phase angle determination and structural refinement of Sz-Rtc+AMP

An acceptable number of the protein molecules in asymmetric unit was estimated to
be 2, the V value to be 2.97 A3/Da and the solvent content to be 58.6%. Despite the
crystallization conditions are quite different from those of the Sz-Rtc*, St-Rtc and
St-Rtc*+Mn crystals, these crystal habits are similar to them. The St-Rtc*, St-Rtc and
St-Rtc*+Mn crystals show that two subunits in the asymmetric unit are associated to
each other by a non-crystallographic two-fold symmetry to form a dimer. Therefore,
molecular replacement method was applied using the dimer of St-Rtc* as a probe. The
program Phaser was used for computations. A unique solution containing one dimer in
the asymmetric unit has been obtained (Table 3-6-c-1). The crystal structure shows a

reasonable dimer packing as described in the subsection 3-6-¢.

Table 3-6-c-1. A unique solution from molecular replacement of a dimer of St-Rtc*.
Subunit | a p y X y z RFZ TFZ
1 79.8 162.4 163.7 0.0872 | -0.3632 0.0001 | 37.4 37.5
*a, B, y; Eulerian angles,  x, y, z; Translations,

RFZ; Z-score (number of standard deviations above the mean value of peaks) of rotation function
TFZ; Z-score (number of standard deviations above the mean value of peaks) of translation function

The atomic parameters of the crystal structure were refined using the programs
Refmac and Coot. In the asymmetric unit, 338 residues of the 339 residues per each
subunit have been assigned except for the C-terminual one residue. 53 water molecules,
two ATP molecules and two sulfate ions are assigned. The final R factor and Rg.. are
22.8% and 28.4%, respectively, indicating the structure was reasonably refines. A
statistics of the refinement is given in Table 3-6-c-2. The final 2|F,|-|F| electron density
map, contoured at 1.5 ¢ level, is shown in Figure 3-6-c-1. The refined structure is well

fitted on the map. A Ramachandran plot is shown in Figure 3-6-c-2. In the

-61 -



Part I. RNA 3'-terminal phosphate cyclase
Chapter 3. Results of X-ray analyses of Sz-Rtc and its complexes

Ramachandran plot, 487 (83.0%) residues are in the most favored, 86 (14.7%) in the
allowed and 12 (2.0%) in generously allowed geometry, 12 (2.0%) in disallowed
geometry, respectively. One sulfate ion (see Figure 3-6-c-3) interacts with the main
chain of Gly85 and the side chains of Arg202 and Lys205 of the A-subunit. The second

sulfate ion interacts with main chain of Luel83 of the A-subunit.

Table 3-6-c-2. A statistics of the structural
refinement of S-Rtc+AMP.

Resolution (A) 36.5-2.9
Used reflections 19217
R (%) 22.8
Riee (%) 28.4
r.m.s bond length (A) 0.04
r.ms. angles (°) 3.2
Protein atoms 5262
Water molecules 53
Adenine 2
Pyrophosphate 2
S0~ 2

*R = 100 xY||Fo|-|Fe|l/X|Fo|, where |F,| and |F| are the
observed and calculated structure—factor\,l r\espectively.

Figure 3-6-c-1. A part of the final 2|F,|-|F| electron
density map of the St-Rtc+AMP crystal, contoured at
1.5 o level (colored in gray).

St-Rtc+AMP
~b
b
ARG39B)
7 Plot statistics
Residues in most favoured regions [AB,L] 487 83.0%
Residues in additional allowed regions [a,b,,p] 86 14.7%
= Residues in generously allowed regions [~a,~b,~l,~p] 12 2.0%
g Residues in disallowed regions 2 0.3%
5 S

oL AsN3s(8) | Number of non-glycine and non-proline residues 587 100.0%

kg Number of end-residues (excl. Gly and Pro) 62

Aty Number of glycine residues (shown as triangles) 61

Number of proline residues 24

LYS41®) —

L | Total number of residues 734

-1354® At |
b | [ 7| b
s 1 i
180 135 S0 45 O 45 90 135 180
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Figure 3-6-c-2. A Ramachandran plot of St-Rtc+AMP. Black triangles and squares indicate glycine and the
other amino acid residues. Red, yellow, light yellow and white areas indicate the geometry of the main chains
in most favored, in the allowed, in generally allowed and in disallowed state, respectively. Red squares
indicate the geometry in generally allowed or in disallowed state except for glycine and the adjacent
characters show the residue name, the residue number and the chain name.
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Figure 3-6-c-3. A stereo-pair drawing of the subunit structures with the
bound two sulfate ions. They are indicated in ribbon models and yellow
(sulfur atoms) and red (oxygen atoms) sphere models, respectively. The
A-subunit and the A'-subunit are colored in green and cyan,
respectively.

3-6-d. Dimer structure of Sz-Rtc+AMP

In the asymmetric unit, the two subunits, A and A’ are associated by a

non-crystallographic two-fold symmetry to form a dimer. Superimposed Co chains
between the five dimers already found in the Sz-Rtc*, the St-Rtc, the Sz-Rtc*+Mn, the
St-Rtc*+ATP and the St-Rtc+AMP crystals are shown in wire models in Figure 3-6-d-1.
The dimer formation in the St-Rtc+AMP crystal is similar to those of the St-Rtc*, the
St-Rtc, the St-Rtc*+Mn and the St-Rtc*+ATP crystals. The estimated r.m.s deviations of
Ca atoms between them are given in Table 3-6-d-1. It is interesting to note that the

dimer formations are still maintained even under the deferent crystallization conditions.

Figure 3-6-d-1. A superimposition of Ca chains of and the dimers in
the St-Rtc” (green), the St-Rtc (red), St-Rtc™+Mn (purple) and the
St-Rtc’+ATP (blue) crystals onto that in the S-Rtc+AMP crystal
(yellow).

Table 3-6-d-1. The estimated r.m.s.d (A) of Co atoms between the dimers of the St-Rtc”, the St-Rtc, the
St-Rtc +Mn, St-Rtc +ATP and St-Rtc+AMP the crystals.

St-Rtc* St-Rtc St-Rtc*+Mn | St-Rtc*+ATP
A-A' dimer A-A’ dimer A-A’ dimer A-A’ dimer B-B’ dimer
A-A' dimer 0.52 0.43 0.63 1.52 1.56
SERIFAMP =3 dimer | 0.94 0.92 1.01

The two subunits in the asymmetric unit are shown in Figure 3-6-d-2. When they
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are superimposed on each other, the estimated r.m.s deviation between the
corresponding Co. atoms is 0.12 A, suggested that their folding are similar to each other,
as shown in Figure 3-6-d-3. The dimerization between the two subunits interface is
stabilized by forming a B-sheet through hydrogen bonds between the two main chains,
[1e223 and Ile223'. An apostrophe indicates the residue of the counter subunit. The

atomic distances given in Table 3-6-d-2 show that there are no abnormal contacts

between the two subunits.
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A-subunit

A'-subunit

Figure 3-6-d-2. The dimer in the asymmetric unit of the St-Rtc+AMP crystal. The two
subunits are associated to each other to form a dimer by a non-crystallographic two-fold
symmetry, shown with an arrow and a symbol x. The residue indicated with an apostrophe is
the related counter one. The right figure shows a zoomed up view at the 11223 residues.
Black, blue and red spheres indicate carbon, nitrogen and oxygen atoms respectively. Broken
lines indicate the hydrogen bonds with the distances (A) between the two B-strands.

Table 3-6-d-2. Interactions between the two subunits to form the dimer in
the asymmetric unit of the St-Rtc+AMP crystal.

Between the small domains

Direct hydrogen bonds

A-subunit Distance (A) | A'-subunit
N-Ile223 2.6 O-I1e223
O-I1e223 2.5 N-11e223
Og-Glu227 2.8 NC-Lys208
Og-Glu201 3.1 Oy-Ser197
NE-Lys208 3.0 Og-Glu227

Between the small domain and the large domain of the opposite molecule

Direct hydrogen bonds
A-subunit (Small domain) | Distance (A) A’-subunit (Large domain)
Og-Glu220 2.7 Nn-Argl32

Hydrophobic contacts

A-subunit (Small domain) A'-subunit (Large domain)

lle184 lle149

Met185 Ilel51

Pro218

Direct hydrogen bonds

A-subunit (Large domain) | Distance (A) A’-subunit (Small domain)

0¢g-Glu220

3.1

Nn-Argl32

Hydrophobic contacts

A-subunit (Large domain)

A'-subunit (Small domain)

Ile184
Met185

Ile149
Ille151
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| Pro218 |
Between the large domains
Direct hydrogen bonds
A-subunit (Large domain) | Distance (A) A'-subunit (Large domain)
Nn-Argl45 2.8 0¢-Glu140

Figure 3-6-d-3. A superimposition of the Ca chains between
the two subunits of the dimer in the S-Rtc+AMP crystal.
The A-subunit and A’-subunit are indicated by wire models
with blue and red colors, respectively.

3-6-e. Dimer packing in the S-Rtc+AMP crystal

The dimers are in contact with a head-and-tail manner around the crystallographic

3, axis, so that a screwed column is formed by stacking the A-subunit on the A’-subunit
of the subsequent dimer. Along with the a and b axes, the columns are interacted to the
adjacent columns. The atomic distances in the contact regions along the ¢ axis are listed
in Table 3-6-e-1, and those along the a and b axes are listed in Table 3-6-e-2. As seen in

Figures 3-2-e-2, 3-4-e-2 and 3-6-e-2, the dimers are similarly packed.

Table 3-6-e-1. Interactions of the Sz-Rtc+AMP dimmers related by the
crystallographic 3; symmetry (Region-1) (see Figure 3-6-e-1).

Region-1

Direct hydrogen bonds

A-subunit Distance (A) A'-subunit

0e-Glul79 2.8 Oy-Serl76

0e-GIn324 3.1 Nb&-Asn277

05-Asn277 3.1 Nn-Arg334

O-Ser276 2.5 Oy-Ser326

O-Lys329 3.3 N-Gly327
29 0e-GIn179

O-Serl 76 33 0&-Gln179

Ne-GIn324 3.2 O-I1e275

Hydrophobic contacts

A-subunit A’-subunit

Met178 Met178

11e300 11e300

Me332 Ie332

Pro330 Pro330
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A'-subunit

o\
¥ ™ Asubunit

I

A-subuhit
il

L% Region-1!

!

A-subunit

A-subunit <

A-subunit I™A'-subunit

A'-subunit A-subunit

b [o) a

Figure 3-6-e¢-1. The St-RtctAMP dimers around the crystallographic
three-fold screw axis, viewed along the c-axis (upper) and along the b*-axis
(bottom)

Table 3-6-¢-2. Interactions of the St-RtctAMP dimers between the two
screwed columns related by a periodic shift along the a axis (region-2)
and along the b axis (Region-3) (See Figure 3-6-e-2).

Region-2

Direct hydrogen bond

A-subunit Distance (A) A-subunit

O-Pro40 2.8 NC-Lys214

O-Val68 2.6 Og-Glu264

Hydrogen bond interactions intermediated by a sulfate ion

A-subunit | Distance (A) | Ion Distance (A) | A-subunit
3.0 NE-Lys205

N-Gly65 32 SO~ |33 Ne-Arg202
2.7 Nn-Arg202

Region-3

Hydrogen bond interactions intermediated by a water molecule

A’-subunit Distance (A) A-subunit

Oe-Gln45 29

Ne-Gln4s 2.6 03-Asn228

A'-subunit

Figure 3-6-¢-2. Interacting regions of the dimers between the two
screwed columns related by a periodic shift along the a axis
(Region-2) and b axis (Region-3).
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3-6-f. AMP binding site of St~-Rtc+AMP
The final |F,|-|F¢| omit map of the ATP binding site is shown in Figure3-6-f-1. The

B- and y-phosphate groups are easily assigned. However, there are no density for

a-phosphate group. Except this phosphate, the remaining parts of AMP are visible on
the map. There are two possibilities to explain this situation. One is simply that ATP is
hydrolyzed in acidic condition into two parts, pyrophosphates and AMP, and the two
components are bound independently to the ATP binding site. Only the a-phosphate
group of AMP is allowed to be disordered. The other in that once ATP is reacted to
produce an AMP-His307 covalent intermediate, then AMP is hydrolyzed in acidic
condition. These formations are commonly observed in both subunits.

The adenine moiety is stacked between the side chains of Pro126 and His283 in
both subunits, as shown in Figure 3-6-f-2 and in Figure 3-6-f-3. The binding mode is
similar to those found in the St-Rtc*+ATP crystal (see Figure 3-5-f-4). The carboxyl
group of Asp250 forms a hydrogen bond with the N1 atom of AMP (Figure 3-6-1-3).
The two hydroxyl groups of the ribose are bound to the carboxyl group of Asp286
through double hydrogen bonds (Figure 3-6-f-4). These hydrogen bond formations are

also observed in the St-Rtc*+ATP crystal (see Figure 3-5-f-4~5).
(@)
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Figure 3-6-f-1. The AMP binding sites of the A-subunit (a) and the A’-subunit (b). The final
|[Fy|-|F| omit map of AMP and the surrounding residues contoured at 2.5 ¢ level, in colored in
gray in the left column. The right column shows possible hydrogen bonds between AMP and the
surrounding residues. Carbon, nitrogen, oxygen, phosphorus and sulfur atoms are colored in gray,
blue, red, pink and yellow, respectively.
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Figure 3-6-f-2. A stereo-pair drawing of AMP trapped between Prol126 and
His283 of the A-subunit (a) and of the A’-subunit (b).
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Figure 3-6-f-3. Adenine base hydrogen-bonded to Asp250 in the A-subunit
(a) and in the A’-subunit (b).
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Figure 3-6-f-4. The two hydroxyl group of the ribose hydrogen-bonded to the
carboxyl group of Asp286 in the A-subunit (a) and in the A'-subunit (b).

| 3-7. X-ray analysis of St-Rte*-AMP ‘
3-7-a. Crystals St-Rtc*-AMP

Crystallization of St-Rtc*-AMP was performed to determine the structure after the

first step reaction. The preparation of the protein solution mixing with St-Rtc*, Mg*"

and ATP under basic condition near optimal pH of the cyclization, was preformed 30

minutes before crystallization. The optimized condition, under which suitable crystals
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appeared after one week, is that the protein solution containing the 10 mg/ml Sz-Rtc*,
2mM MgCl, and 0.5 mM ATP in 0.02 M Tris-HCI (pH8.0) buffer and reservoir solution
(pHS8.2) containing 2.0 M ammonium sulfate in 0.1 M Tris-HCI (pH8.0) buffer were
equally mixed into a droplet, which was then equilibrated to the reservoir solution at
293K. The crystal is indicated by an arrow in Figure 3-7-a. The size of the rod crystal
was approximately 50x50%400 pm. This crystal was used for X-ray diffraction
experiment.

Figure 3-7-a. A photo of the St-Rtc*-AMP crystals. An arrow
indicates the crystal used for X-ray diffraction experiment

3-7-b. X-ray data of the S-Rtc*-AMP crystal
A diffraction image of the St-Rtc*-AMP crystal is shown in Figure 3-7-b. Although

the reflection spots were observed till 2.12 A resolution, their intensity data were

processed to 2.25 A resolution. The crystal belongs to the space group P4, with cell
constants a = b = 90.8 and ¢ = 90.5 A. The numbers of the observed and unique
reflections are 265661 and 34783, respectively. The data completeness and an Rparge
value are 99.7% and 8.0%, respectively. A statistics of the observed intensity data and

the crystallographic data are summarized in Table 3-7-b.

Figure 3-7-b. An X-ray diffraction image of the St-Rtc*-AMP crystal, taken
with an oscillation angle of 1° (left) and its zoomed up image in a box (right).
Arrows indicate diffraction spots at the resolutions shown with values.
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Table 3-7-b. A statistics of the observed intensity data
and the crystallographic data of the St-Rtc*-AMP

crystal.

Wavelength (A) 1.00
Resolution (A) 50-2.25 (2.33-2.25)
Space group P4,

Unit cell (A) a=b=90.8, ¢=90.3
Observed reflections 265661
Unique reflections 34783
Completeness 99.7 (99.1)
Redundancy 7.6 (7.4)

l/c 23.1(2.8)
Rinerge (%0) 8.0 (28.5)

*Rinerge = 100 % 32 il hkD)-I(RKD)/ L pya) il (hkL)

3-7-c. Phase angle determination and structural refinement of Sz-Rtc*-AMP

An acceptable number of the protein molecules in asymmetric unit was estimated to
be 2, the Vy value to be 2.48 A*/Da and the solvent content to be 50.4 %. Despite the
crystallization conditions are different from those for crystals, the crystal habits are
similar to those of the St-Rtc*+ATP crystal. In the latter crystal, the two subunits are
independently associated to from the dimers with the respective subunits related by a
crystallographic two-fold symmetry. To conform this, the molecular replacement
method was applied using one subunit of Sz-Rtc* as a probe. The program Phaser was
used for computations. A unique solution containing two molecules in the asymmetric
unit has been obtained (Table 3-7-c-1). As expected, the arrangement of the two
subunits in the symmetric unit is similar to that of the St-Rtc*+ATP crystal. Each

subunit is reasonably packed in the unit cell as described in subsection 3-7-e.

Table 3-7-c-1. A unique solution from molecular replacement of a subunit of St-Rtc*.

Subunit o I y X y z RFZ TFZ
1 61.2 87.4 232.8 0.159 -0.451 0.0543 20.0 48.2
2 28.8 92.6 52.8 0.0486 -0.341 0.00275 | 18.0 26.1

*a, B, v, Eulerian angles,  x, y, z; Translations,
RFZ; Z-score (number of standard deviations above the mean value of peaks) of rotation funciton
TFZ; Z-score (number of standard deviations above the mean value of peaks) of translation function

The atomic parameters of the crystal structure were refined using the programs
Refmac and Coot. In the asymmetric unit, 338 residues of the 339 residue pre each
molecule have been assigned except for the C-terminal one residue. 452 water
molecules, two AMP, six sulfate ions are assigned. The final R factor and R are 18.1%
and 24.5%, respectively, indicating the structure was reasonably refined. A statistics of
the refinement is given in Table 3-7-c-2. The final 2|F,|-|F| electron density map,
contoured at 1.5 o level is shown in Figure 3-7-c-1. The refined structures are well

fitted on the map. A Ramachandran plot is shown in and Figure 3-7-c-2. In the
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Ramachandran plot, 524 (89.1%) residues in the asymmetric unit are in the most
favored geometry, 61 (10.4%) in the allowed geometry and 3 (0.5%) in generously
allowed geometry, respectively. There is no residue in disallowed geometry. Two sulfate
ions are bound near the AMP binding sites (see Figure 3-7-c-3). The sulfate ions 1 and 2
interact with the side chains of Arg36 and Arg39 and the main chain of Gly13 of the A-
and B-subunits. The sulfate ions 3 and 4 interact with the main chain of Asp5 of the A-
and B-subunits. The phosphate 4 and 5 interact with the main chain of Ala259 of the A-
and B-subunit. Stereo-pair drawings of the dimers and the ions are shown in Figure
3-7-c-3.

Table 3-7-c-2. A statistics of the structural refinement
of St-Rtc*-AMP

Resolution (A) 40.4-2.25
Used reflections 34417
R (%) 18.1
Rfree (%) 24.5
r.m.s bond length (A) 0.02
r.ms. angles (*) 2.0
Protein atoms 5262
Water molecules 452
AMP 2
SO~ 6

*R =100 XY ||Fo|-|F|l/Y|F,l, where |F,| and |F| are the
observed and calculated structure-factor, respectively.

i

i

Figure 3-7-c-1. A part of the final 2|F|-|F | electron
density map of the St-Rtc*-AMP crystal, contoured
at 1.5 o level (colored in gray).
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Figure 3-7-c-2. A Ramachandran plot of St-Rtc*-AMP. Black triangles and squares indicate glycine and
the other amino acid residues. Red, yellow, light yellow and white areas indicate the geometry of the
main chains in the most favored, in the allowed, in generally allowed and in disallowed state,
respectively. Red squares indicate the geometry in generally allowed state except for glycine and the

adjacent characters show the residue name, the residue number and the chain name.

B-subunit

B'-subunit

Figure 3-7-c-3. Stereo-pair drawings of the A-A’ (a) and B-B’ dimers (b) with six sulfate ions,
indicated in ribbon models and yellow (sulfur atoms) and red (oxygen atoms) sphere models,

respectively. The A-A’ and B-B' dimers are colored in green and cyan, respectively.

3-7-d. Dimer structure of S--Rtc*-AMP

As like in the St-Rtc*+ATP crystal, the two subunits, A and B, in the St-Rtc*-AMP
crystal are separately form dimers with A’ and B’ related by the crystallographic
two-fold symmetries passing the origin and passing the center of the a-b plane,
respectively (see Figure 3-7-e in the next subsection). The dimer structures are similar
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to those found in the Sz-Rtc*, the St-Rtc, the St-Rtc*+Mn, the St-Rtc*+ATP and the
St-Rtc+AMP crystals. Every dimer is superimposed to identify the similarity as shown
in Figure 3-7-d-1. The rm.s.d values indicate that the dimer structures in the
St-Rtc*-AMP crystal closer to those in the St-Rtc*+ATP crystal. This similarity seems to
be ascribed to the crystallization conditions, because they are basic, while the
crystallization conditions for Sz-Rtc*, the St-Rtc, the St-Rtc*+Mn and the Sz-Rtc+AMP

crystals are acidic.

Figure 3-7-d-1. A superimposition of Ca chains between the dimers in the St-Rtc*
(green), the St-Rtc (red), the St-Rtc*+Mn (purple), the St-Rtc*+ATP (blue), the
St-Rtct+AMP (yellow) and the St-Rtc*-AMP crystals (pink).

Table 3-7-d-1. The estimated r.m.s.d (A) of Co. atoms between the dimers in the St-Rtc*, the St-Rtc, the St-Rtc*+Mn,
St-Rtc*+ATP, St-Rtc+AMP and St-Rtc*-AMP crystals.

St-Rtc* St-Rtc St-Rtc*+Mn St-Rtc+ATP St-Rtc+AMP
A-A’ dimer A-A’ dimer A-A’ dimer A-A’ dimer B-B’ dimer A-A’ dimer
A-A’ dimer 1.54 1.54 1.73 0.20 0.20 1.48
- *_
SERICE-AMP e fimer | 1.55 155 173 0.20 0.20 149

The dimerization interfaces in the St-Rtc*-AMP crystal are stabilized by forming a
B-sheet through hydrogen bonds between the two main chains, [1e223 and I1e223’, as
shown in Figure 3-7-d-2, similar to those in the St-Rtc*, the St-Rtc, the St-Rtc*+Mn,
St-Rtc*+ATP and St-Rtc+AMP crystals. An apostrophe indicates the residue of the
counter subunit. Hydrogen bond interactions between the small domains of the A-A" and
of the B-B’ dimers are given in Table 3-7-d-2 and Table 3-7-d-3. The hydrogen bonds,
Og (Glu227) - N¢ (Lys205) and Og (Glu201) --- Oy (Ser197), are commonly observed
in both dimers. The atomic distances between the two subunits of the A-A’" dimer are

given in Table 3-7-d-2 and those between the two subunits of B-B’ dimers are given in
Table 3-7-d-3.
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A'-Subunit

B'-Subunit

Figure 3-7-d-2. The A-A’ (a) and the B-B' dimers () in the St-Rtc*-AMP crystal. A-subunit
is associated to the A'-subunit, related by a crystallographic two-fold symmetry shown with
a thick line and an elliptical symbol. The B-B’ dimer is also formed by another
crystallographic two-fold symmetry. The residue indicated with an apostrophe is the related
counter one. The right figure shows a zoomed up view at the [1e223 residues. Black, blue
and red spheres indicate carbon, nitrogen and oxygen atoms respectively. Broken lines
indicate the hydrogen bonds with the distances (A) between the two B-strands.

Table 3-7-d-2. Interactions between the A and A’ subunits, related by a
two-fold crystallographic symmetry passing the center of a-b plane of the unit
cell (see Figure 3-7-¢).

Between Chain two A-subunits

Between the small domains

Direct hydrogen bonds

A-subunits (Small domain) | Distance (A) A’-subunits (Small domain)

O-Ile 223 2.8 N-11e223

003-Asp224 3.1 Nn-Arg226

Og-Glu227 2.8

0&-Glu227 3.4 NC-Lys205

0e-Glu201 3.4

0&-Glu201 2.9 Oy-Serl97

N-I1e223 2.8 O-Ile 223

Nn-Arg226 3.1 038-Asp224
2.8 Og-Glu227

NC-Lys205 3.4 0&-Glu227
34 0g-Glu201

Oy-Serl97 2.9 0&-Glu201

Between the small domain, and the large domain of the opposite chain.
Hydrogen bond interactions intermediated by a water molecule

A-subunits Distance(A) | Water | Distance (A) | A'-subunits
(Small domain) (Large domain)
N-Leul50 3.0 w136 | 2.7 0e-Glu220
0e-Glu140 2.9 W264 | 2.9 0e-Glu140
0¢e-Glu220 2.7 W136 | 3.0 N-Leul50




Part I. RNA 3'-terminal phosphate cyclase
Chapter 3. Results of X-ray analyses of Sz-Rtc and its complexes

Salt bridge
A-subunits (Small domain) | Distance(A) A’-subunits (Large domain)
Og-Glu220 2.8 Nn-Argl32
Oe-Glu220 2.8 Nn-Argl32
Nn-Argl32 2.8 0e-Glu220
Nn-Argl32 2.8 0g-Glu220
Hydrophobic contacts
A-subunits (Small domain) A’-subunits (Large domain)
lle184 Ile149
Met185 Ile150
Pro218
Ile149 lle184
Ile150 Met185

Pro218

Table 3-7-d-3. Interactions between the B and B’ subunits, related by a
two-fold crystallographic symmetry passing the origin of the unit cell (see

Figure 3-7-¢).

Between two B-subunits

Between the small domains

Direct hydrogen bonds

B-subunit (Small domain) Distance (A) B’-subunit (Small domain)
0-11e223 2.9 N-11e223
0e-Glu227 2.8
0&-Glu227 3.4 NC-Lys205
0e-Glu201 3.4
0&-Glu201 3.1 Oy-Serl97
0e-Glu220 3.0 Nn-Arg226
N-Ile223 2.9 0-11e223
2.8 0¢g-Glu227
NC-Lys205 34 0&-Glu227
3.4 0¢g-Glu201
Oy-Serl97 3.1 0&-Glu201
Nn-Arg226 3.0 0e-Glu220

Hydrogen bond interactions intermediated by a water molecule

B-subunits Distance(A) | Water | Distance(A) B’-subunits
(Small domain) (Small domain)
Og-Glu201 2.7 w194 | 3.1 Oe-Glu227
O-1le274 2.8 W236 | 2.8 N-Val225
Og-Glu227 3.1 w194 | 2.7 Og-Glu201
N-Val225 2.8 W236 | 2.8 O-Ile274

Between the small domain, and the large domain of the opposite chain.

Hydrogen bond interactions intermediated by a water molecule

B-subunits Distance(A) | Water | Distance (A) B’-subunits
(Small domain) (Large domain)
Og-Glu220 2.7 W300 | 3.1 N-Ile150
O-Phe242 3.0 W29 3.3 05-Asn147
N-Ile150 3.1 W300 | 2.7 0g-Glu220
03-Asnl47 3.3 W29 3.0 O-Phe242

Salt bridge

B-subunits (Small domain) | Distance (A) B’-subunits (Large domain)
Og-Glu220 2.8 Nn-Argl32

O¢g-Glu220 2.7 Nn-Argl32

Nn-Argl32 2.8 0g-Glu220

Nn-Argl32 2.7 Oe-Glu220

Hydrophobic contacts
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B-subunits (Small domain) B-subunits (Large domain)
lle184 Ile149
Met185 Ilel151
Pro218
Ile149 lle184
Ilel151 Met185
Pro218

Between the large domains

Hydrogen bond interactions intermediated by a water molecule

B-subunits Distance(A) | Water | Distance (A) B’-subunits
Og-Glu140 2.8 W260 | 2.8 0¢g-Glu140
NC-Lys141 2.9 W29 3.3 05-Asn147
03-Asnl147 33 W29 2.9 NC-Lys141

3-7-e. Dimer packing in the S+-Rtc*-AMP crystal
Figure 3-7-e shows the dimers in the St-Rtc*-AMP crystal. The two columns

composed of the A-A’ dimers and composed of B-B’ dimers are arranged in an opposite
direction to each other to deny the helical polarity. In each column, the dimers are
stacked on each other on the ¢ axis by rotating 90° successively. This packing is similar
to that in the S-Rtc*+ATP crystal (see Figure 3-5-e¢). The dimer-dimer interaction
regions in the A-A’ dimer column and those in the B-B’ dimer column are referred to
Region-Al, Region-A2, Region-B1 and Region-B2, respectively (see Figure 3-7-¢). The
atomic distances of these interactions are listed in Table 3-7-e-1 and Table 3-7-e-2.

The two interaction regions between the adjacent columns are referred to
Region-AB1 and Region-AB2 (see Figure 3-7-e¢). The three hydrogen bonds,
Oc¢ (Glu243) --- NC (Lys34), On (Tyr271) -+ N (Metl) and N (Argl80) - Og¢ (Glu72)
are found in both Region-AB1 and Region-AB2. The atomic distances of these
interactions are given in Table 3-7-e-3.

The A and B subunits are in contact to each other in Region-AB3 and Region-AB4

in the asymmetric unit. In these regions, hydrogen bonds are not found.
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Figure 3-7-e. The dimers in the St-Rtc*-AMP unit cell, viewed along the ¢ axis (upper) and
along the (-1 1 0) direction (bottom). Dimers of the A-A’ subunits indicated by wire models
are colored in yellow, cyan and orange. Those of the B-B’ subunits are colored in green, red

and blue.

Table 3-7-e-1. Interactions between A and A’ subunits related by a periodic
shift along the ¢ axis (Region-Al and Region-A2) (See Figure 3-7-¢).

Region-Al

Direct hydrogen bonds

A-subunit Distance (A) A’-subunit
005-Asnl71 3.2 0e-Glu201
Oy-Serl73 34

O-Prol> 3.0 NG-Lys205
Salt bridge

A-subunit Distance (A) A’-subunit
Og-Glu§2 2.9 Ne-Arg254
Og-Glu82 2.8 Nn-Arg258

Hydrogen bond interactions intermediated by a water molecule

A-subunit Distance(A) | Water | Distance (A) | A’-subunit
NC-Lys168 2.4 W432 | 3.2 Ne-His198
Region-A2

Direct hydrogen bonds

A-subunit Distance (A) A'-subunit
O-Tyr229 3.1 N&-Asn228
Oy-Serl 74 2.8 05-Glu227

Table 3-7-e-2. Interactions between the B and B’ subunits related by a periodic
shift along the ¢ axis (Region BB'-1 and Region BB'-2) (See Figure 3-7-¢).

Region-B1

Direct hydrogen bonds

B-subunit Distance (A) B'-subunit
0&-Glug2 2.9 Ne-Arg258
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Og-Glu§2 2.5 Nn-Arg258
03-Asnl71 32 NC-Lys205
Region-B2

Direct hydrogen bonds

B-subunit Distance (A) B'-subunit
Oy-Serl73 3.4 Oe-Glu227
Oy-Serl74 3.0 O-Glu227
O-Tyr296 32 N3 -Asn228

Table 3-7-e-3. Interactions between the two subunits of two columns with the
A-A’ and the B-B' dimers in the St-Rtc*+ATP crystal along the diagonal line
of the y angle (Region-AB1 and Region-AB2) (See Figure 3-7-e-1).

Region-AB1

Direct hydrogen bonds

B-subunit Distance (A) A-subunit
N-Gly13] § 'g 0e-Glu72
N-Argl80 3.1 0&-Glu72
Og-Glu243 2.8 NE-Lys34
On-Tyr271 2.8 Met1-N

O-Lys329 3.4 NE-Lys64
Og-Glul79 3.3 Oy-Thr71
N&-Asn227 3.1 0O-Glu72

N-Leul83 3.4 O¢g-Glu3
Region-AB2

Direct hydrogen bonds

A-subunit Distance (A) B-subunit
Og-Glul79 2.7 Oy-Thr71
N-Argl80 3.1 Og-Glu72

N-Ile183 3.4 Og-Glu3

O-Lys214 32 N-Metl

N&-Asn227 3.2 0-Glu72
Oe-Glu243 3.1 NC-Lys34
On-Tyr271 3.0 N-Metl

O-11e275 3.3 NC-Lys64
Hydrogen bond interactions intermediated by a water molecule
A-subunit Distance (A) | Water | Distance (A) B-subunit
O-Gly181 2.5 W244 | 3.1 Og-Glu72
O-l1e275 2.7 W397 | 34 0eG-1u76

3-7-f. AMP binding site of S--Rtc*-AMP.
As seen in Figure 3-7-f-1, the final |F,|-|F;| omit map of AMP and the surrounding

residues definitely shows that the a-phosphate group of AMP is covalently bound to the
Ne atom of His307. This feature is commonly found in both dimers. The adenine moiety
is stacked between the side chains of Pro126 and His283 in both subunits, as shown in
Figure 3-7-f-2~3. This binding is similar to those of AMP in the St-Rtc+AMP and ATP
in the St-Rtc*+ATP crystals (see also Figures 3-5-f-3 and 3-6-f-2). The carboxyl group
of Asp250 interacts with the N1 atom of the AMP through a hydrogen bond (Figure
3-7-f-3). The 2'- and 3'- hydroxyl groups of the ribose are bound to the carboxyl group
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of Asp286 through double hydrogen bonds (Figure 3-6-f-4). These hydrogen bond
interactions are also found in the S-Rtc*+ATP and the S-Rtc+tAMP crystals (see

Figures 3-5-f-4~5 and 3-6-f-3~4).

Hisas !
o N
P N\ Pro126 Asp250
. Argl7 ~ Y
P B o v
-~ 1 e
/‘ 31Water\ a7
20 L2190 re
. 339"
P Watef 0 J® —
Arg39 284757
1 - N
\ - { His283
G0 His307 vl
4Py ¢, Asp28
(b)
~
Pro126 « 7
”~ ’| Y
\Argl7 037 PEP20
AMP -
? g
7, 29 2
WaterT TN
2.7“ 2 28 - ~
- ¢ His283
-
His307 y Asp286

Figure 3-7-f-1. The ATP binding sites in the A-subunit («) and in the B-subunit (). The final |F-|F|
omit map of AMP and the surrounding residues is contoured at 2.5 & level, the left columns. The right
column shows possible hydrogen bond interactions. Carbon, nitrogen, oxygen, phosphorus and sulfur
atoms are colored in gray, blue, red, pink and yellow, respectively.

(a)

Pro126

P2 ey

Pro126

N

Figure 3-7-f-2. Stereo-pair drawings of the bound AMP between
Pro126 and His283 in the A-subunit (@) and in the B-subunit (b).
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Figure 3-7-f-3. The adenine rings trapped between Prol26 and His283 and
hydrogen-bonded to with Asp250 in the A-subunit () and in the B-subunit (b).
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Figure 3-7-f-4. The two hydroxyl groups of the ribose hydrogen-bonded
to Asp250 in the A-subunit () and in the B-subunit (b).
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< Chapter 4; Discussion of S7-Rtc and its complexes >

| 4-1. Dimers of St-Rtc and its complexes |
In this study, the six different crystals, St-Rtc*, St-Rtc, St-Rtc*+Mn, St-Rtc*+ATP,
St-Rtc+AMP, St-Rtc*-AMP, were obtained by changing ionic species and pH (acidic

and basic), and with or without ATP. In every crystal, the dimer formations have been

found as shown in Figure 4-1-1 (a). The two St-Rtc subunits are associated to each other
by the crystallographic regular two-fold symmetry or a non-crystallographic two-fold
symmetry. As shown in Figure 4-1-1 (b), the dimer is formed through the B-sheet
extension between the two subunits. Therefore, it is concluded that Sz-Rtc exists as a
dimer composed of the two identical subunits as the biological unit. This is quite
different from the case of Ec-Rtc [1]. The original authors reported that the dimerization
occurred with an S-S linkage formed between the two subunits, in which a cysteine
residue near the catalytic site is involved. However it is far from the dimerization
interface found in this study. The cysteine residue is replaced with serine residue at the
corresponding site in St-Rtc, so that such a linkage formation is impossible. In the
Ec-Rtc crystal, the S-S linked dimers are further associated together through a -sheet
formation on the other side, which is quite similar to the dimerization interface found in
this study. Therefore, the S-S linkage might be an artifact in a process of purification or

crystallization of Ec-Rtc.

A\

<
il

P
N
_/

Figure 4-1-1. St-Rtc dimer (a) and the top view (b) shown in ribbon model. Small domains are colored
in green and light green. Large domains are colored in blue and cyan.

The found dimers are grouped into two forms. Ones are the dimers in the the
St-Rtc*, the St-Rtc, St-Rtc*+Mn and St-Rtc+AMP crystals obtained under acidic
conditions, and the others are those in the S-Rtc*+ATP and St-Rtc*-AMP crystals
obtained under basic conditions. The dimers in the basic form are just on the
crystallographic 4, axis and stacked on each other. In the acidic form, the dimers are
stacked on each other around the crystallographic 3, axis, and these screwed columns

are arranged in parallel at the periodic distance along the a and b axes. The parallel
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columns are in contact to each other at their triangular edges. Three of the four crystals,
St-Rtc*, St-Rtc*+Mn and St-Rtc+AMP, are isomorphous. It is interesting to note that the
St-Rte crystal is similar to the others, but is not isomorphous. The column is rotated by
15° around the ¢ axis, so that the contacting face of the edge is changed to the other side
(face) of the same edge.

Here we can compare the two types of the dimers, one is an acidic form and the
other is a basic form. The estimated r.m.s deviations of Ca atoms between the acidic
dimers and between basic those are given in Table 4-1-1 and Table 4-1-2, respectively,
and between the acidic and basic forms in Table 4-1-3. The values between the two
forms are higher than those between the same forms. This suggests that the dimer
structures are slightly different between the acidic and the basic forms. The surface
charges, as shown in Figure 4-1-2, determine the dimer-dimer interaction to be

crystallized in the two different space groups, P3, and P4,.

Table 4-1-1. The estimated r.m.s. deviations (A) of Co atoms between
the dimers of the St-Rtc, St-Rtc*, St-Rtc*+Mn and St-Rtc+AMP
crystals appearing in acidic conditions.

St-Rtc* St-Rtc*+Mn | St-Rtc+AMP

A-A' dimer A-A' dimer A-A’ dimer
A-A’dimer | 0.36 0.57 0.43
SRt = A dimer | 0.97 101 0.99

Table 4-1-2. The estimated r.m.s. deviations (A) of Co. atoms
between the dimers of the Sz-Rtc*+ATP and St-Rtc*-AMP
crystals appearing in basic conditions.

St-Rtc*-AMP
A-A' dimer B-B’ dimer
A-A' dimer 0.22 0.20
_Rtc*+
SRCHATP e e fimer [ 0.21 0.20

Table. The estimated r.m.s. deviations (A) of Co atoms between the dimers of the St-Rtc, St-Rtc*,
St-Rtc*+Mn and St-Rtc+AMP crystals appearing in acidic conditions, and those of the St-Rtc*+ATP and
St-Rtc*-AMP crystals appearing in basic conditions.

Crystals appearing in acidic conditions
St-Rtc St-Rtc* St-Rtc*+Mn | St-Rtc+AMP
A-A' dimer A-A'"dimer | A-A'dimer A-A' dimer
Crystals " A-A'dimer | 1.58 1.57 1.78 1.54
. - +
appearing St-Rtct+ATP B-B' dimer 1.58 1.58 1.77 1.54
in acidic A-A' dimer 1.54 1.54 1.73 1.51
o _Rtc*-
condition | SRICT-AMP e iner [ 156 1.55 1.74 1.52
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Front side Back side

pH4.6

pH8.2

Figure 4-1-2. Electrostatic potential surfaces of St-Rtc at pH4.6 (acidic) and pHS8.2 (basic). Blue and red
colors indicate positively and negatively charge, respectively. The bottom bar indicates correspondence
between colors and charge values (-10~10) (kT/e, k; Boltzmann factor, T; template (K) e; elementary
charge). Poisson-Boltzmann electrostatics was caluculated by the program pdb2pqr [3] and the figures
were drawn by the program Pymol [4] with plugin of the program 4PBS [5].

| 4-2. ATP binding sites of Rtc ‘
The residues for the ATP binding in the St-Rtc*+ATP crystal are superimposed on

those in the St-Rtc crystal in Figure 4-2-1. The residues interacting to the adenine ring
of ATP are Pro126, Asp250 and His283. They adopt conformations similar to each other
between the two crystals without and with ATP. On the other hand, the side chain
conformation of Glul0, Argl7, Arg36, Arg39, Asp286 and His307 are different between
the two states, depending on without and with ATP. Especially, the side chain of Asp286
moves to form a double hydrogen bonds with the 2’ and 3" hydroxyl groups of the ribose.
The side chains of Glul0 and His307 also move to interact with the phosphate groups of
ATP. These changes suggest that once the adenine moiety is bound, the surrounding
residues move to trap the ribose and the phosphate groups of ATP. However, only the
a-phosphate group is disordered. Between the postulated a-phosphate group and the
carboxyl group of Glu10, there is a large space, in which a Mg®" ion might be bound. It
is expected that when a Mg®" ion is bound, the a-phosphate group is forced to have a

fixed position.
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H|s48
Arg17 Pr0126 Aps250

N % m
Arg39

H|5283

Asp286

Glu10 His307

Figure 4-2-1. A superimposition of the residues of the ATP binding site in the St-Rtc*+ATP
crystal (blue) onto those in the St-Rtc crystal (red), drawn by ball-and-stick models. Black, blue,
pink and red spheres indicate carbon, nitrogen, phosphorus and oxygen atoms, respectively.

The AMP binding site in the St-Rtct+AMP crystal is compared to the corresponding
site in the St-Rtc crystal in Figure 4-2-2. The residues interacting with the adenine ring,
Pro126, Asp250 and His283, adopt the conformations similar to those without AMP.
The side chain of Asp286 is also kept a conformation to interact with the ribose
hydroxyl group through hydrogen bonds. The side chains of Argl7, Arg36 and Arg39
slightly move to interact to the pyrophosphate. The side chain of His307 adopts the
conformation similar to that of Sz-Rtc*+ATP, nearby there are no electron density for the
a-phosphate group. They have to interact to each other, if ATP is bound. These features
suggest that ATP is hydrolyzed in acidic condition into two parts, pyrophosphates and
AMP or is reacted at first to produce AMP-His307 linked state, and then hydrolyzed in

acidic condition.

H|5283

Glumq Asp286

His307

Figure 4-2-2. A superimposition of the residues of the AMP binding site in the St-Rtc+AMP
crystal (yellow) onto those in the St-Rtc crystal (red), drawn by ball-and-stick models. Black,
blue, pink and red spheres indicate carbon, nitrogen, phosphorus and oxygen atoms,
respectively.

In the St-Rtc*-AMP crystal (Figure 4-2-3), GlulO0 and His307 change their
conformations because the covalent bond is formed between the Ne atom of His307 and
the a-phosphorus of AMP. The side chains of Argl7, Arg36 and Arg39 interact with a
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sulfate ion by hydrogen bonds. These argeinine residues might be involved in RNA

binding in the second step reaction.

His48

Arg3s Arg17 Pro126 ! Asp250
S0z
AMP
Arg39
z His283

Glu10
Asp286

His307

Figure 4-2-3. A superimposition of the residues of the ATP binding site in the St-Rtc*-AMP
crystal (green) onto those in the St-Rtc crystal (red), drawn by ball-and-stick models. Black,
blue, pink and red spheres indicate carbon, nitrogen, phosphorus and oxygen atoms,
respectively.
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Figure 4-2-4. Sequence alignment of Rtcs from eukaryote; Homo sapiens (human) (Hs-Rtc) and
Drosophila melanogaster (fruit fly) (Dm-Rtc), from bacteria; Escherichia coli (Ec-Rtc) and Aquifex
aeolicus (Aa-Rtc), from euryarchaea; Pyrococcus horikoshii (Ph-Rtc) and Thermococcus kodakaraensis
(Tk-Rtc) and from crenarchaea; Aeropyrum pernix (Ap-Rtc) and Sulfolobus tokodaii (St-Rtc). Characters
surrounding the thick lines indicate the corresponding residues in the substrate binding site of Sz-Rtc. Red
and white characters indicate homology and identity residues among the Rtcs, respectively. The
alignment parameters are 11.0% for the gap opening penalty which is a gap for opening and 0.85% for
the gap extending penalty which is for extending a gap by one residue.

To verify the residues concerning to the ATP binding of Rtc in other organisms, a
multiple sequence arraignment of Rtcs from several species of three kingdoms are

performed using the program Kalign [2] (Figure 4-2-4). The sequences from eukaryote;
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Homo sapiens (human) (Hs-Rtc; gene ID 8634) and Drosophila melanogaster (fruit fly)
(Dm-Rtc; gene ID Dmel CG4061), from bacteria; Escherichia coli (Ec-Rtc; gene ID
b4475) and Aquifex aeolicus (Aa-Rtc; gene ID aq_642), from euryarchaea; Pyrococcus
horikoshii (Ph-Rtc; gene ID PH1529) and Thermococcus kodakaraensis (Tk-Rtc; gene
ID TK1615) and from crenarchaea; Aeropyrum pernix (Ap-Rtc; gene ID APE 0511.1)
and Sulfolobus tokodaii (St-Rtc; gene ID ST0570) were downloaded from the KEGG
database (http://www.genome.jp/kegg/).

The histidine residues corresponding to His307, which is covalently bound to the
a-phosphorus atom of AMP in the St-Rtc*-AMP crystal, are conserved in every Rtc of
other organisms.

The proline residues corresponding to Pro126, which is involved in the adenine ring
of ATP and AMP in the St-Rtc*+ATP, the St-Rtc+AMP and the St-Rtc*-AMP crystals,
are highly conserved in other Rtcs. However, the partner residues corresponding to
Asp250 and His283 in St-Rtc, which also interact with the adenine ring, are slightly
changed. Asp250 of St-Rtc is conserved in Aa-Rtc Ph-Rtc, Tk-Rtc and Ap-Rtc, but
replaced with serine in Hs-Rtc and Dm-Rtc and with phenylalanine in Ec-Rtc. His283 of
St-Rte is conserved by the replacing with other aromatic amino acid, tyrosine in Hs-Rtc,
Dm-Rtc and Ec-Rtc and phenylalanine in Ph-Rtc and Tk-Rtc. The aromatic rings of
these residues can capture on the adenine ring of ATP and AMP in a similar trapping
manner instead of His283 in St-Rtc.

The residues corresponding to Glul0, Argl7, Arg36, Arg39, Glu47, His48 and
Asp286, which interact with the phosphate groups and the ribose of ATP and AMP in

St-Rtc are also highly conserved in every organism.

| 4-3. Reaction mechanism of the first reaction |

Based on the structures solved in this study, a reaction mechanism at the first step
can be figured out as shown in Figure 4-3-1. At first, ATP enters the binding site of
St-Rtc (Figure 4-3-1 (a)). The adenine ring is staked between the side chains of Pro126
and His283 (Figure 4-3-1 (b)), and its orientation fixed by hydrogen bonds between
Asp250 and the adenine ring, and between Asp286 and the ribose hydroxyl groups. The
basic residues, Argl7, Arg36, Arg39 and His48, form positively charged surface, as
shown in Figure 4-3-2. The B- and y-phosphate groups of the ATP are bound to these
residues. The essential Mg®" ion might be bound to Glul0 so that the a- and
B-phosphate groups of ATP can be trapped as shown in Figure 4-3-1 (¢). The bound
Mg”" ion changes the conformations of the o-phosphate groups of ATP, so that the
lone-paired electron on the Ne atom (His307) might be forced to attack the phosphorus
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atom of the a-phosphate group. After a phosphoamide bond is formed between the Ne
atom and the phosphorus atom, a pyrophosphate ion is released (Figure 4-3-1 (d)). This
covalently bonded Sz-Rtc-AMP intermediate (Figure 4-3-1 (e)) is used in the second

reaction.

(a) ) Ag17  ATP Asp250
z His48
(@) Hls48 Pro126 Asp250 s N o
Arg17 ¥\ A Pro12 o
N, Ol N @TNH —N
Arg36 agas NP WA
\ o
HN. 3
o H HN"GONH
Arg39 \X:H L
H H'g OHNH B His283|
H|3283 N q 0¥
Arg39 N o N Asp286
, = p
Asp286 N M
Glu10 u
His307 I Glu10 I His307

‘ (b) Arg17 * Asp250,
His48
(b) H|548 N o
Argse Arg17 Pro126 Asp250 == u /@\ Pro\% 9
agge NP M - i
ATP g N AP N LN =

@ IR S HN TN
H 2w o o :
Arg39 A HNH'@/ N oo His283

H|5283 Arg39\Nf [ & S °ﬁpzse
7 —\,
g SN
Glu10 H|s307 Asp286 GIu10I His307

Asp250,
© ess Arg17 l N
Pro126 A5P25° N
His48 Arg17 .
. )@\ Pro12, o
N, @ Sy

Arg36 Arg36

H
o o o 2 Sy
0 i i ¢ =)

H
HN_NH----0'—P—0—P—0—R—0 &
“® SN Y mew
R . NH A

3 His283 LN % ©Ou His2
Q ( H L@, N @ LR is283

Arg39 Arg39 o — ‘O\ﬁzae
Asp286 Z 7 —\
o \ NH
Glu10 Glu10 His307
(

His307
l Asp250
His48 OﬁJ
Pro126 || Asp250
Arg36 Arg17 m i

His48

AMP

HN" @ NH

S OH His283

NH s - <=/
¢ ! His283 o & L o
& Ag39 s o His307 OA\@"ZSG

—
I
7
R’
@
>
=
N

"®NH —

Arg36 °

(e) ), 9! Asp250
0.
His48 Pro126 Asp250 NH
T Pro126 [e]
Arg17 S j 5
é\\ e

N SN
R

Io
HN% \ k £ ; HNGINH

N H i o} [o .
aHis283 il 9 "oep Ve

Arg39

k’ Ao o His307 | \Asp286
Glu10 Asp286 (l\\
His307¢ Glu10
A 4 A 4
Second step Second step

Figure 4-3-1. Models (left column) and schemes (right column) of a proposed mechanism of
the first reaction of St-Rtc. In the left figures, black, blue, pink and red spheres indicate
carbon, nitrogen, phosphorus and oxygen atoms, respectively.
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Figure 4-3-2. An electrostatic potential surface of the ATP binding site of St-Rtc*+ATP subunit at
pH8.2. Blue and red colors indicate positively and negatively charge, respectively. The bottom bar
indicates correspondence between colors and charge values (-10~10) (kT/e, k; Boltzmann factor, T;
template (K) e; elementary charge). Poisson-Boltzmann electrostatics was caluculated by the program
pdb2pqr [3] and the figures were drawn by the program Pymol [4] with plugin of the program APBS [5].

| 4-4 Reaction mechanism of the second reaction |

The second reaction is speculated as described below. A single stranded RNA with a
phosphate group at the 3’-terminus will be bound in St-Rtc*-AMP in a way as shown in
Figure 4-4-1. The region indicated by a white arrow shows negative charge. The eight
basic residues, Argl7, Arg36, Arg39, Lys41, Arg46, His48 and Lys124 are assembled in
the region. These suggest that RNA may be bound to the region.
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Figure 4-4-1. An electrostatic potential of surface of Sz-Rtc*-AMP subunit at pH8.2. A white arrow
indicates a possible RNA binding site. The right figure shows a zoom up view around the binding site.
Blue and red colors indicate positively and negatively charge, respectively. The bottom bar indicates
correspondence between colors and charge values (-10~10) (kT/e, k; Boltzmann factor, T; template (K) e;
elementary charge). Poisson-Boltzmann electrostatics was caluculated by the program pdb2pgr and the
figures were drawn by the program Pymol with plugin of the program APBS.

Figure 4-4-2 and 3 show a reaction mechanism of the second step, proposed from
this study. A spliced RNA with the 3'-terminal phosphate will be bound in a possible
region, as shown in Figure 4-4-1 (Figure 4-4-2 (a)). His48 and GIn47 may form
hydrogen bonds with the 2'-hydroxyl group of the 3'-end of RNA. The side chains of
Argl7 and Arg38 interact with the phosphate groups of RNA. The oxygen atom of the
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3’-phosphate group might be forced to attack the a-phosphorus atom bound to His307
(Figure 4-4-2 (b)). The P-N bond is cleaved to produce an intermediate linked by a
pyrophosphate bond between the 3'-phosphate group of RNA and AMP (Figure 4-4-2
(c)). As a Schiff base, His48 withdraws a proton from the 2'-hydroxyl group of the RNA
and the 2'-oxygen atom attacks the 3'-phosphorus atom to form a free AMP and the
2'3'-cyclic phosphate group at the 3’ end of RNA (Figure 4-4-2 (d)). This reaction

scheme must be proved by further structural studies.
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Figure 4-4-2. Models (left column) and a scheme (right column) of proposed
mechanism of the second reaction of Sz-Rtc. In the left figures, black, blue,
pink and red spheres indicate carbon, nitrogen, phosphorus and oxygen atoms,
respectively.
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Part II: Threonyl-tRNA synthetases

< Chapter 5; Architectural analyses of ThrRSs from crenarchaea >

| 5-1. Introduction |
The X-ray structures of ThrRSs from bacteria, E. coli [1] (EcThrRS) and
Staphylococcus aureus [2] (SaThrRS) were reported. Both are dimeric enzyme of the

two subunits. As shown in Figure 5-1-1, the subunit is composed of three domains; the
N-terminal editing domain, the catalytic domain and the C-terminal anticodon-binding
domain. In this study, the amino acid sequences of two eukaryotic ThrRSs from Homo
sapience (HsThrRS) and Saccharomyces cerevisiae (ScThrRS) have been compared
with those of the above two ThrRSs. As shown in Figure 5-1-2, the three domains are
conserved even in eukaryote except for additional regions at the N-terminus which
contain about 70 residues with no homology to HsThrRS and ScThrRS. It has been
found that the two essential sequence motifs of HxxxH and GxCRPH [3] on the editing
domains of bacterial ThrRSs are almost conserved in the eukaryotic editing domains. A
cystain and two histidine residues are consistently conserved for the zinc finger at the
active site of the catalytic domain. In the anticodon-binding domain, a lysine and an
argeinine residues are conserved for interactions with the anticodon G35 and U36
residues of tRNA™, respectively.

Furthermore the Fig 5-1-2 also suggests that the archaeal ThrRSs of Pyrococcus
abyssi contains three domains, but only the N-terminal domain has no sequence
similarity. The truncated N-terminal domain was confirmed to have an activity as a
editing domain [4]. The X-ray structure of only the editing domain revealed that the
tertiary structure is quite different from those of EcThrRS and SaThrRS as shown in
Figure 5-1-3 [4].

Recently, two different genes were assigned for ThrRS in Sulfolobus solfataricus
genome. One is the catalytic enzyme (ThrRS-cat) and the other is the editing enzyme
(ThrRS-ed) [5]. Namely, ThrRS-cat synthesizes both Thr-tRNA™ and Ser-tRNA™ but
lacks the editing activity of Ser-tRNA™. In contrast, ThrRS-ed lacks the
aminoacylation activity but removes the serine from the misacylated Ser-tRNA™,
Therefore, it is considered that the two enzymes may work complementally to each
other.

In the present study, we have found that four crenarchaea, Aeropyrum pernix (Ap),
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Sulfolobus tokodaii (St), Sulfolobus acidocaldarius (Si) and Metallosphaera sedula (Ms),
similarly contain two ThrRS genes*. In order to speculate their structural features, their

amino acid sequences were compared to those of other organisms, including SsThrRS.

Catalytic domain
Editing domain

Figure 5-1-1. Structural composition of ThrRS from E.coli
(PDB ID 1QF6 [1]). The editing, the catalytic and the
anticodon-binding domains are colored in red, blue and green,
respectively. The linker region is show in purple color.
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Figure 5-1-2. A sequence alignment of bacterial; EcThrRS and SaThrRS, eukaryotic; HsThrRS and ScThrRS, and
archaeal; MmThrRS and PaThrRS. Orange boxes and orange characters indicate identical and homologous
residues, respectively. Red arrows indicate the residues constructing zinc finger. The characters surrounded with
red and purple boxes indicate the estimated residues interacting with a zinc atom in the catalytic site and with
anticodon residues of tRNA™, rescpectively. Blue and green arrows indicate the essential residues of the editing
function of EcThrRS and PaThrRS, respectively.

EcThrRS
SaThrRS DR
HSThrRS

MaThrRS RHA B KPKK [QMTP <P Y[ [KLPL YLSARPKFL.
PaThrRS DD . R i . PLLLSKRPKFRG

*In the KEGG database, there are found two different ThrRS genes of in some bacteria, eukaryote and
archaea. They are not composed vet in this study.
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(a)

Figure 5-1-3. (a) Monomeric structure of editing domain of ThrRS from E. coli
(PDBID 1TKG [3]). (b) Dimeric structure of the editing domains of ThrRS from
Pyrococcus abyssi (PDBID 2HLO [5]). A black line with a black ellipse indicates a
crystallographic 2-fold symmetry. The analog molecules, serine-3’-aminoadenosine
are shown in cyan color. The characters “N” and “C” indicate N- and C-terminus,
respectively.

| 5-2 Multiple sequence alignment of creanarchaeal ThrRSs ‘

5-2-1. Sequence composition and aliecnment

The amino acid sequences of ThrRS from E.coli (gene ID b1719) and Pyrococcus
abyssi (gene ID PAB1490) (PaThrRS) were downloaded from the KEGG database. The
amino acid sequences of ThrRSs of Aeropyrum pernix (gene IDs APE0809.1 and
APEO117.1), Sulfolobus tokodaii (gene IDs ST0966 and ST2187), Sulfolobus
solfataricus (gene IDs SSO2486 and SSO0384), Sulfolobus acidocaldarius (gene 1Ds
SACI1261 and SACI2363) and Metallosphaera sedula (gene 1IDs MSEDI1585 and
MSED1601) were also downloaded from the KEGG database. Their multiple
alignments were performed using the program clustalX [6]. The following multiple
alignment parameters were used; 10.0% for the gap opening penalty which is a gap for
opening and 0.2% for the gap extending penalty which is for extending a gap by one
residue. Increasing the gap opening penalty will make gaps less frequent and the gap
extending penalty will make gaps shorter. For easy understanding of the output diagram,
unhomologous parts were moved on a line so as to separate to each other at different
positions, and the modified diagram was colored by program ESPript [7]. Similar
sequence comparison was performed on the FASTA server
(http://fasta.ddbj.nig.ac.jp/top-j.html) [8].

5-2-2. Results

Depending on domain arrangement with sequence homology, the two ThrRS

genes of crenarchaea organisms are divided into two groups, ThrRS-1 and ThrRS-2. As
shown in Figure 5-5-2-1, ThrRS-1 contains APE0809.1, ST0966, SS02486, SACI1261
and MSEDI1585, and as shown in Figure 5-5-2-2, ThrRS-2 contains APE0117.1,
ST2187, SSO0384, SACI2363 and MSED1601. However it is interesting to note that
both ThrRS-1 and ThrRS-2 commonly possess the C-terminal anticodon-binding

domain.
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In ThrRS-1, there are no sequences corresponding to the editing domain such as
found in EcThrRS. Closer examination shows that the sequences of the catalytic and
anticodon-binding domains of ThrRS-1s are more similar to those of EcThrRS than
those of PaThrRS. The residues constructing a zinc finger at the active site of EcThrRS
(Cys334, His385 and His511) and interacting to the 35" and 36™ residues of the
anticodon tRNA™ are conserved in all ThrRS-1. These residues are indicated with red
and purple arrows. This feature suggests that ThrRS-1 can bind to tRNA™ to
aminoacylate it at the zinc finger motif as like EcThrRS [1]. An unknown region in
SfThrRS-1 contains 110 residues, which are well conserved among Sulfolobaceae
family (8¢, Ss, Si, and Ms). These sequences cannot be found in any other ThrRS, when
surveyed on the FASTA server.

Editing domain
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Figure 5-2-2-1. A sequence alignment of EcThrRS, PaThrRS, ApThrRS-1 and ThrRS-1 from several Sulfolobaceae
family, Sulfolobus tokodaii (St), Sulfolobus solfataricus (Ss), Sulfolobus acidocaldarius (Si) and Metallosphaera
sedula (Ms). Orange boxes and orange characters indicate identical and homologous residues, respectively. Red
arrows indicate the residues constructing zinc finger. The characters surrounded with red and purple boxes indicate
the estimated residues interacting with a zinc atom in the catalytic site and with anticodon residues of tRNA™,
rescpectively.

The remarkable difference is that ThrRS-2 completely lacks the catalytic domain as
shown in Figure 5-2-2-2. In the anticodon-binding domain, a lysine residue interacting
with G35 of the anticodon in EcThrRS is conserved in ThrRS-2. At the position of the
Arg609 residue interacting with G36 in EcThrRS, the basic arginine or lysine residue is
conserved. These residues suggest a possibility that ThrRS-2 can bind to the tRNA™,
The sequences of the editing domains are similar to that of PaThrRS. The proposed
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residues for cleaving Ser-tRNA™T5], hystidine and lysine, are well conserved in
ThrRS-2 except for S¢ThrRS-2 which lacks a sequence containing these residues. In the
case of SfThrRS-2, however, the editing domain also displays high sequence
conservation, but its sequence is externally short. Only the 13 amino acid residues are
linked to at the N-terminus. It is too short to have an editing function. Instead, the
subsequent 130 residues are well conserved in every SfThrRS-2. They have no sequence
homology with any other sequences found on the FASTA server. ApThrRS-2 also has

such an inserted sequence but it is different from those of Sulfolobaceae family.
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Figure 5-2-2-2. A sequence alignment of EcThrRS, PaThrRS, 4pThrRS-2 and ThrRS-2 from several Sulfolobaceae
family, Sulfolobus tokodaii (St), Sulfolobus solfataricus (Ss), Sulfolobus acidocaldarius (Si) and Metallosphaera
sedula (Ms). Orange boxes and orange characters indicate identical and homologous residues, respectively. The
characters surrounded with green and purple boxes indicate the estimated residues editing Ser-tRNA™ and
interacting with anticodon residues of tRNA™™

5-2-3. Discussion

A schematic summary of the above results is shown in Figure 5-2-3-1, from which
it is easy to see the difference in domain arrangements. ThrRS-1 is completely missing
the editing domain. Every ThrRS-1 has an additional sequence at the N-terminus except
for ApThrRS-1. These sequences contain about 140 residues. On the other hand, every
ThrRS-2 is completely missing the catalytic domain. The additional sequence at the
N-terminus of ApThrRS-2 is similar to those of the editing domain of PaThrRS. The
corresponding sequences of SfThrRS-2 except for StThrRS-2 are also similar to those of
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PaThrRS, but the sizes are shorter by 70 residues. It is the most interesting to note that
the size in SfThrRS-2 is too short, but its sequence of 13 residues is similar to the
C-terminal sequence of the PaThrRS editing domain. The subsequent sequences with
about 130 residues are commonly found in all SfThrRS-2. Their sequences have high
homology to each other. The corresponding sequence is found in ApThrRS-2. The

length is a little bit short and its sequence has no homology.
Anticodon-binding

Editing domain Catalytic domain domain
EcThiRS | 534 ;535
ApThrRS-1 333 8334
StThrRS-1 1 1345135 428 g429
SsThrRS-1 il 1395140 433 3434
SuThrRS-1 i 145 1146 440 1441
MsThrRS-1 1 135 1136
PaThrRS
ApThrRS2 [1 201H202 311} --------ooooooo 312 421
SIThrRS-2 L S e—— 150 267
SsThiRs-2 [t 130H131  270f-----cmmemmnan 271 386
suthrs-2 |1 131Hs2 260} ----ooooooooo 270 387
MsThirs2 |1 131H1s2  260f--------------- 270 386

Figure 5-2-3-1. Domain arrangement in various ThrRS, based on sequence alignment. Red and pink bars show
the bacterial and archaeal editing domains, dark and light blue bars show the bacterial and archaeal catalytic
domains, and dark and light green bars show the bacterial and archaeal anticodon-binding domains,
respectively. The numeric characters in bars indicate the residue number assigned from N-terminus. The
bold-framed boxes indicate the domains whose three dimensional structures were solved by X-ray
crystallography [1, 4].

The domain arrangement in Figure 5-2-3-1 stimulates us to speculate their tertiary
structures. ThrRS-1 looks rather shorter, because the N-terminal editing domain is
missing. In the EcThrRS structure, the anticodon-binding and the catalytic domains
participate in stabilization of the dimer formation with a two-fold symmetry (Figure
5-2-3-2). The editing domain is linked to the catalytic domain with short linker
sequence at the opposite side of the dimerization interface as a member of class II aaRS.
This feature is possible to maintain in ThrRS-1.

On the other hand, it is interesting to know how ThrRS-2 can form a dimer without
the catalytic domain. An alternative possibility arises from the editing domain, because
the two editing domains can form a dimer in the case of PaThrRS as shown in Figure
5-2-3-3. The interfacing sequence contains the highly conserved 13 amino acid residues
in every SfThrRS-2. Therefore the sequences might occupy the center of the most
essential part of the interface. It is necessary to clarify the structural basis for these

interests in ThrRS-1 and ThrRS-2 from two crenarchaea, Aeropyrum pernix and
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Sulfolobus tokodaii. Their X-ray analyses will be described in the subsequence chapter.

Anticodon-binding
Catalytic domain domain

Figure 5-2-3-2. Dimeric structure of EcThrRS [1]. The editing, the catalytic and the

anticodon-binding domains are colored in red, blue and green, respectively. The linker region is show

in purple color. Each light colors indicate crystallographic equivalent molecule forming a dimer.

Figure 5-2-3-3. Possible structures of the editing domains of ThrRS-2s; ApThrRS-2 (a), StThrRS-2
(b) and the other SfThrRS-2 (c¢). The colored circles with dot line are illustrated as remaining
unassigned amino acids and black cartoon in (b) indicates inserted regions based on the sequence
alignments.
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< Chapter 6. X-ray analyses of ThrRSs from crenarchaeota >

| 6-1. Introduction |

In order to elucidate the structural basis of the editing and catalytic mechanisms in
the two crenarchaea A. pernix and S. tokodaii, the two ThrRSs from both organisms
were overexpressed in E. coli and purified. Crystals of the native and
selenomethionine-labelled ThrRSs were obtained and X-ray diffraction data were

collected.

| 6-2. Overexpression and purification ‘

6-2-a. Overexpression and purification of ApThrRS-1*
The gene encoding ApThrRS-1 (gene ID; APE0809.1, 471 amino acids, 53122 Da,
pl 5.89) were inserted into the pET11a vector (Novagen) introduced into E. coli B§34

(DE3) (Novagen). The selenomethionine derivative was expressed using minimal M9

medium containing L-selenomethionine. Following overnight incubation, the cells were
harvested by centrifugation at 6000 rpm for 10 min at 277 K, and disrupted by
sonication. The cell lysates were incubated at 343 K for 30 min to denature the E. coli
proteins.

After centrifugation at 18000 rpm for 20 min at 277 K, the supernatants were
applied onto a Resource Iso column (Amersham Bioscience). Bound proteins were
eluted at 5 ml/min flow rate with 20 mM Tris-HCI (Tris hydroxymethyl aminomethane
titrated using HCI) (pH 8.0), 5 mM S-mercaptoethanol and a linear gradient of 1.2-0 M
ammonium sulfate. The pooled fractions were loaded onto a Resource Q column
(Amersham Bioscience), and the bound proteins were eluted at 4 ml/min flow rate with
20 mM Tris-HCI (pHS8.0), 5 mM S-mercaptoethanol and 0-0.6 M NaCl linear gradient.
The eluted fractions were finally applied onto a HiLoad 16/60 Superdex75 column
(Amersham Bioscience) with 20 mM Tris-HCI1 (pH8.0), SmM S-mercaptoethanol and
150 mM NacCl at 1ml/min flow rate.

The protein was concentrated to a final concentration of 6 mg/ml in 20 mM
Tris-HCI1 (pH 8.0) with centrifugal filter devices (Vivaspin 500, Sartorius Stedim
Biotech). The fractions obtained in all the purification steps, as well as the concentrated

proteins were analyzed by SDS-PAGE.

6-2-b. Overexpression and purification of ApThrRS-1

The recombinant plasmids containing the gene of 4p-ThrRS-1 were transformed

in E. coli Rosetta-gami (DE3) (Novagen), and the cells were grown in LB culture at 310
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K. Following overnight incubation, the cells were harvested by centrifugation at 6000
rpm for 10 min at 277 K, and disrupted by sonication. The cell lysates were incubated at
343 K for 30 min to denature the E. coli proteins.

After centrifugation at 18000 rpm for 20 min at 277 K, the supernatants were
applied onto a Q-Sepharose Fast Flow column (Amersham Bioscience). Bound proteins
were eluted at 1 ml/min flow rate with 50 mM potassium phosphate (pH 7.0) and a
linear gradient of 0-200 mM NaCl. The pooled fractions were loaded onto a
Hydroxyapatite Type 1 column (Bio-Rad), and the bound proteins were eluted at
2ml/min flow rate with 10-250 mM potassium phosphate (pH7.0) linear gradient. The
eluted fractions were finally applied onto a Superdex 200 column (Amersham
Bioscience) with 50 mM potassium phosphate (pH 7.0) and 150 mM NaCl at 2ml/min
flow rate.

The protein was concentrated to a final concentration of 6 mg/ml in 20 mM
potassium phosphate (pH 7.0) with centrifugal filter devices (Vivaspin 500, Sartorius
Stedim Biotech). The fractions obtained in all the purification steps, as well as the

concentrated proteins were analyzed by SDS-PAGE.

6-2-c. Overexpression and purification of ApThrRS-2
The gene encoding ApThrRS-2 (gene ID; APEO117.1, 421 amino acids, 45003 Da,
pl 6.74) were inserted into the pET11a vector (Novagen). The recombinant plasmids

were transformed in E. coli Rosetta-gami (DE3) (Novagen), and the cells were grown in
LB culture at 310 K. Following overnight incubation, the cells were harvested by
centrifugation at 6000 rpm for 10 min at 277 K, and disrupted by sonication. The cell
lysates were incubated at 343 K for 30 min to denature the E. coli proteins.

After centrifugation at 18000 rpm for 20 min at 277 K, the supernatants were
applied onto a Q-Sepharose Fast Flow column (Amersham Bioscience). Bound proteins
were eluted at 1 ml/min flow rate with 50 mM potassium phosphate (pH 7.0) and a
linear gradient of 0-500 mM NaCl. The pooled fractions were loaded onto a
Phenyl-Toyopeal Pak650S column (Tosoh), and the bound proteins were eluted at
3ml/min flow rate with 50 mM potassium phosphate (pH7.0) and 0-0.8 M ammonium
sulfate linear gradient. Moreover, the eluted fractions were applied onto a
DEAE-cellulose A500-sf column (Seikagaku Biobusiness Corp.) with 50 mM
potassium phosphate (pH 7.0) and 0-500 mM NaCl at 2ml/min flow rate. The eluted
fractions were finally applied onto a Superdex200 column (Amersham Bioscience) with
50 mM potassium phosphate (pH7.0) and 500-250 mM NaCl linear gradient.

The protein was concentrated to a final concentration of 6 mg/ml in 20 mM
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potassium phosphate (pH 7.0) with centrifugal filter devices (Vivaspin 500, Sartorius
Stedim Biotech). The fractions obtained in all the purification steps, as well as the

concentrated proteins were analyzed by SDS-PAGE.

6-2-d. Overexpression and purification of SfThrRS-1
The gene encoding StThrRS-1 (gene ID; ST0966, 540 amino acids, 63110 Da, pl

6.49) were inserted into the pET11a vector (Novagen). The recombinant plasmids were

transformed in E. coli Rosetta-gami (DE3) (Novagen), and the cells were grown in LB
culture at 310 K. Following overnight incubation, the cells were harvested by
centrifugation at 6000 rpm for 10 min at 277 K, and disrupted by sonication. The cell
lysates were incubated at 343 K for 30 min to denature the E. coli proteins.

After centrifugation at 18000 rpm for 20 min at 277 K, the supernatants were
applied onto a Resource Iso column (Amersham Bioscience). Bound proteins were
eluted at 6 ml/min flow rate with 20 mM Tris-HCI (Tris hydroxymethyl aminomethane
titrated using HCI) (pH 8.0), 5 mM f-mercaptoethanol and a linear gradient of 1.35-0 M
ammonium sulfate. The pooled fractions were loaded onto a Resource Q column
(Amersham Bioscience), and the bound proteins were eluted at 4 ml/min flow rate with
20 mM Tris-HCI (pHS8.0), 5 mM S-mercaptoethanol and 0-2 M NaCl linear gradient.
Moreover, the eluted fractions were applied onto a BioScale CHSI column (Bio-Rad)
with 10-500 mM potassium phosphate (pH7.0) linear gradient, 5 mM
S-mercaptoethanol and 0.5 M KCl at 1.5 ml/min flow rate. The eluted fractions were
finally applied onto a HiLoad 16/60 Superdex200 column (Amersham Bioscience) with
20 mM Tris-HCI (pHS8.0), SmM S-mercaptoethanol and 150 mM NaCl at 1ml/min flow
rate.

The protein was concentrated to a final concentration of 5 mg/ml in 20 mM
Tris-HCI (pH 7.0) with centrifugal filter devices (Centricon Ultracel YM-30, Millipore
Co.). The fractions obtained in all the purification steps, as well as the concentrated

proteins were analyzed by SDS-PAGE.

6-2-e. Overexpression and purification of SThrRS-1*
The recombinant plasmids were introduced in E. coli B834 (DE3) (Novagen). The

selenomethionine derivative was expressed using minimal M9 medium containing

L-selenomethionine. Following overnight incubation, the cells were harvested by
centrifugation at 6000 rpm for 10 min at 277 K, and disrupted by sonication. The cell
lysates were incubated at 343 K for 30 min to denature the E. coli proteins.

After centrifugation at 18000 rpm for 20 min at 277 K, the supernatants were
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applied onto a Resource Iso column (Amersham Bioscience). Bound proteins were
eluted at 6 ml/min flow rate with 20 mM Tris-HCI (Tris hydroxymethyl aminomethane
titrated using HCI) (pH 8.0), 5 mM S-mercaptoethanol and a linear gradient of 1.5-0 M
ammonium sulfate. The pooled fractions were loaded onto a Resource Q column
(Amersham Bioscience), and the bound proteins were eluted at 4 ml/min flow rate with
20 mM Tris-HCI (pHS8.0), 5 mM S-mercaptoethanol and 0-1 M NaCl linear gradient.
Moreover, the eluted fractions were applied onto a BioScale CHSI column (Bio-Rad)
with 10-500 mM potassium phosphate (pH7.0) linear gradient, 5 mM
S-mercaptoethanol and 0.5 M KCI at 2 ml/min flow rate. The eluted fractions were
finally applied onto a HiLoad 16/60 Superdex75 column (Amersham Bioscience) with
20 mM Tris-HCI (pHS8.0), SmM S-mercaptoethanol and 150 mM NaCl at 1ml/min flow
rate.

The protein was concentrated to a final concentration of 5 mg/ml in 20 mM
Tris-HCI (pH 7.0) with centrifugal filter devices (Centricon Ultracel YM-30, Millipore
Co.). The fractions obtained in all the purification steps, as well as the concentrated

proteins were analyzed by SDS-PAGE.

6-2-f. Overexpression and purification of SfThrRS-2
The gene encoding StThrRS-2 (gene ID; ST2187, 267 amino acids, 30855 Da, pl

6.93) were inserted into the pET11a vector (Novagen). The recombinant plasmids were

transformed in E. coli Rosetta-gami (DE3) (Novagen), and the cells were grown in LB
culture at 310 K. Following overnight incubation, the cells were harvested by
centrifugation at 6000 rpm for 10 min at 277 K, and disrupted by sonication. The cell
lysates were incubated at 343 K for 30 min to denature the E. coli proteins.

After centrifugation at 18000 rpm for 20 min at 277 K, the supernatants were
applied onto a Q-Sepharose Fast Flow column (Amersham Bioscience). Bound proteins
were eluted at 5 ml/min flow rate with 20 mM Tris-HCl (pH 8.0), 5 mM
[-mercaptoethanol and a linear gradient of 50-600 mM NaCl. The pooled fractions were
loaded onto a HiTrap Heparin HP column (Amersham Bioscience), and the bound
proteins were eluted at 3ml/min flow rate with 20 mM MES (pH6.0), 5 mM
[-mercaptoethanol and 0-700 mM NaCl linear gradient. Moreover, the eluted fractions
were applied onto a BioScale CH10I (Bio-Rad) with 10-500 mM potassium phosphate
(pH7.0) and 5 mM f-mercaptoethanol at 3 ml/min flow rate. The eluted fractions were
finally applied onto a HiLoad 16/60 Seperdex75 column (Amersham Bioscience) with
20 mM Tris-HCI (pH 8.0), 5 mM S-mercaptoethanol and 150 mM NacCl at 0.9 ml/min

flow rate.
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The protein was concentrated to a final concentration of 3 mg/ml in 20 mM
Tris-HCI (pH 7.0) with centrifugal filter devices (Centricon Ultracel YM-30, Millipore
Co.). The fractions obtained in all the purification steps, as well as the concentrated

proteins were analyzed by SDS-PAGE.

6-2-g. Overexpression and purification of SfThrRS-2*
The recombinant plasmids were introduced in E. coli B834 (DE3) (Novagen). The

selenomethionine derivative was expressed using minimal M9 medium containing

L-selenomethionine. Following overnight incubation, the cells were harvested by
centrifugation at 6000 rpm for 10 min at 277 K, and disrupted by sonication. The cell
lysates were incubated at 343 K for 30 min to denature the E. coli proteins.

After centrifugation at 18000 rpm for 20 min at 277 K, the supernatants were
applied onto a Resource Q column (Amersham Bioscience). Bound proteins were eluted
at 5 ml/min flow rate with 20 mM Tris-HCI (Tris hydroxymethyl aminomethane titrated
using HCI) (pH 8.0), 5 mM S-mercaptoethanol and a linear gradient of 0-0.6 M NacCl.
The pooled fractions were loaded onto a BioScale CHSI column (Bio-Rad), and the
bound proteins were eluted at 1.5 ml/min flow rate with 10-300 mM potassium
phosphate (pH7.0) linear gradient and 5 mM S-mercaptoethanol. Moreover, the eluted
fractions were applied onto a HiTrap Heparin HP column (Amersham Bioscience) with
50 mM MES (pH6.0), 5 mM fS-mercaptoethanol and 0-0.6 M NaCl linear gradient at 2
ml/min. The eluted fractions were finally applied onto a HiLoad 16/60 Superdex75
column (Amersham Bioscience) with 20 mM Tris-HCl (pHS8.0), 5mM
S-mercaptoethanol and 150 mM NacCl at Iml/min flow rate.

The protein was concentrated to a final concentration of 3 mg/ml in 20 mM
Tris-HCI (pH 7.0) with centrifugal filter devices (Centricon Ultracel YM-30, Millipore
Co.). The fractions obtained in all the purification steps, as well as the concentrated

proteins were analyzed by SDS-PAGE.

| 6-3. X-ray analysis of 4pThrRS-1* |
6-3-a. Crystallization

Crystallization trials were carried out using the hanging-drop vapor-diffusion
method by mixing equal volumes (1 pl) of the protein and the reservoir solutions, and
then by equilibrating the mixed solutions against 700 pl reservoir solution in a 24-well
plate (Stem Corporation) at 293 K. Initial screening for potential crystallization

conditions was performed with the Crystal Screen and Crystal Screen 2 kits (Hampton
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Research). The conditions under which crystalline precipitates appeared were optimized
by changing the concentrations of the protein, precipitant and salt, and by changing the
pH of the buffer.

6-3-b. X-ray data collection and data processing

The crystal obtained were soaked in the respective reservoir solutions containing
40% glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). X-Ray
experiments were performed at the BL-17A beamline of the Photon Factory (PF; Ibaraki,
Japan). To apply a Multiple Anomalous Dispersion (MAD) method, it is necessary to
measure the data at the exact wavelengths with and without anomalous effects. These
wavelengths were estimated by X-ray Absorption Fine Structure (XAFS) measurement,
there wavelengths being chosen as the peak, the edge and the remote with the crystal.
Their diffraction beams were detected at 95 K with 1°-360° oscillation range using the
Quantum 4R CCD detector (ADSC). Exposure time was 5 s for 1° oscillation angle per
image. The detector was positioned from the crystal at 167.6mm, 167.4mm and
163.2mm for the three wavelengths, respectively. Diffraction spots were indexed, and
their intensity were integrated and scaled using the HKL2000 package [1] and the

intensity data were converted to the amplitudes using programs in the CCP4 suite [2].

6-3-c. Structure determination

The MAD method was applied to solve the phase problems of the RtcSe crystal
with the program SHARP/autoSHARP [3]. The program autoSHARP is the automated
structure solution pipeline, built around the program SHELXD [4] for location of heavy
atoms, the program SHARP for the heavy atom refinement, the program SOLOMON [5]
for density modification and the program ARP/WARP [6] for automated structural model
building and refinement using the program REFMAC 5 [7].

| 6-4. X-ray analysis of ApThrRS-1 |
6-4-a. Crystallization

Crystallization trials were carried out using the hanging-drop vapor-diffusion
method by mixing equal volumes (1 pl) of the protein and the reservoir solutions, and
then by equilibrating the mixed solutions against 700 pl reservoir solution in a 24-well
plate (Stem Corporation) at 293 K. Initial screening for potential crystallization
conditions was performed with the Crystal Screen and Crystal Screen 2 kits (Hampton
Research). The conditions under which crystalline precipitates appeared were further

optimized by changing the concentrations of the protein, precipitant and salt, and by
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changing the pH of the buffer.

6-4-b. X-ray data collection and data processing

Crystals obtained were soaked in the respective reservoir solutions containing
40% glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). The
diffraction measurements were performed at 95 K with 1°-180° oscillation range using
the Quantum 210 CCD detector (ADSC) at the BL-6A beamline of the Photon Factory
(PF; Ibaraki, Japan). Exposure time was 2 s for 1° oscillation angle per image. Detector
distance from the crystal and the using wavelength were 148.9 mm and 1.00 A,
respectively. Diffraction spots were indexed, and the intensities were integrated and
scaled using the HKL2000 package [1]. The intensity data were converted to amplitudes
using programs in the CCP4 suite [2].

6-4-c. Structure determination

The initial structures of the native crystals were derived by the molecular
replacement method with the program AMoRe [11] using the ApThrRS-1* structure as a
probe.

All the atomic parameters were refined with the program REFMAC 5 [7]. The
structural modification was performed with the program COOT [8]. These two
operations were complementally repeated. The structure was validated with a
Ramachandran plot using the program PROCHECK [9].

| 6-5. X-ray analysis of 4pThrRS-2 |
6-5-a. Crystallization

Crystallization trials were carried out using the hanging-drop vapor-diffusion
method by mixing equal volumes (1 pl) of the protein and the reservoir solutions, and
then by equilibrating the mixed solutions against 700 pl reservoir solution in a 24-well
plate (Stem Corporation) at 293 K. Initial screening for potential crystallization
conditions was performed with the Crystal Screen and Crystal Screen 2 kits (Hampton
Research). The conditions under which crystalline precipitates appeared were further
optimized by changing the concentrations of the protein, precipitant and salt, and by

changing the pH of the buffer.

6-5-b. X-ray data collection and data processing

Crystals obtained were soaked in the respective reservoir solutions containing

40% glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). The
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diffraction measurements were performed at 95 K with 1°-180° oscillation range using
the Quantum 315 CCD detector (ADSC) at the BL-5A beamline of the Photon Factory
(PF; Ibaraki, Japan). Exposure time was 2 s for 1° oscillation angle per image. Detector
distance from the crystal and the used wavelength were 451.9 mm and 1.00 A,
respectively. Diffraction spots were indexed, and the intensity data integrated and scaled
using the HKL2000 package [1].

6-5-c. Structure determination

The initial structures of the native crystals were derived by the molecular
replacement method with the program AMoRe [11], MOLREP [12] or Phaser [10]. The
ThrRS structures from E. coli [13, 14] and Staphylococcus aureus [15], truncated
according to the sequence alignment, and the editing domain structure from Pyrococcus

abyssi [16] were used as searched model.

| 6-6 X-ray analysis of StThrRS-1 ‘
6-6-a. Crystallization

Crystallization trials were performed using the hanging-drop vapor-diffusion
method by mixing equal volumes (1 pl) of the protein and reservoir solutions, and then
by equilibrating the mixed solutions against 700 pl reservoir solution in a 24-well plate
(Stem Corporation) at 293 K. Initial screening for potential crystallization conditions
was performed with the Crystal Screen, Crystal Screen 2 and PEG/Ion Screen Kkits
(Hampton Research). The conditions under which crystalline precipitates appeared were
further optimized by changing the concentrations of the protein, precipitant and salt, and

by changing the pH of the buffer.

6-6-b. X-ray data collection and data processing

Crystals obtained were soaked in the respective reservoir solutions containing
40% glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). The
diffraction measurements were performed at 95 K with 1°-180° oscillation range using
the Quantum 210 CCD detector (ADSC) at the NW12 beamline of the Photon Factory
(PF; Ibaraki, Japan). Exposure time was 2 s for 1° oscillation angle per image. Detector
distance from the crystal and the using wavelength were 301.4 mm and 1.00 A,
respectively. Diffraction spots were indexed, and the intensities integrated and scaled
using the HKL2000 package [1]. The intensity data were converted to amplitudes using
programs in the CCP4 suite [2].
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6-6-c. Structure determination

The initial structures of the native crystals were derived by the molecular
replacement method with the program AMoRe [11], MOLREP [12] or Phaser [10]. The
ThrRS structures from E. coli [13, 14] and Staphylococcus aureus [15], truncated

according to the sequence alignment, were used as searched model.

| 6-7 X-ray analysis of SfrThrRS-1* ‘
6-7-a. Crystallization

Crystallization trials were carried out using the hanging-drop vapor-diffusion
method by mixing equal volumes (1 pl) of the protein and reservoir solutions, and then
by equilibrating the mixed solutions against 700 pl reservoir solution in a 24-well plate
(Stem Corporation) at 293 K. Initial screening for potential crystallization conditions
was performed with the Crystal Screen, Crystal Screen 2 and PEG/Ion Screen Kkits
(Hampton Research). The conditions under which crystalline precipitates appeared were
further optimized by changing the concentrations of the protein, precipitant and salt, and

by changing the pH of the buffer.

6-7-b. X-ray data collection and data processing

Crystals obtained were soaked in the respective reservoir solutions containing
40% glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). X-Ray
experiments were performed at the NW12 beamline of the Photon Factory (PF; Ibaraki,
Japan).To apply a Multiple Anomalous Dispersion (MAD) method, it is necessary to
measure the data at the exact wavelengths with and without anomalous effects. These
wavelengths were estimated by X-ray Absorption Fine Structure (XAFS) measurement,
there wavelengths being chosen as the peak, the edge and the remoteH and remoteL.
Their diffraction beams were detected at 95 K with 1°-180° oscillation range using the
Quantum 210 CCD detector (ADSC). Exposure time was 2 s for 1° oscillation angle per
image. The detector was positioned from the crystal at 286.0mm, 285.9mm 290.8mm
and 284.6mm for the four wavelengths, respectively. Diffraction spots were indexed,
and their intensities were integrated and scaled using the HKL2000 package [1]. The

intensity data were converted to the amplitudes using programs in the CCP4 suite [2].

6-7-c. Structure determination

The MAD method was applied to solve the phase problems of the RtcSe crystal
with the program SHARP/autoSHARP [3]. The program autoSHARP is the automated
structure solution pipeline, built around the program SHELXD [4] for location of heavy
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atoms, the program SHARP for the heavy atom refinement, the program SOLOMON [5]
for density modification and the program ARP/WARP [6] for automated structural model
building and refinement using the program REFMAC 5 [7].

| 6-8. X-ray analysis of SfThrRS-2 |
6-8-a. Crystallization

Crystallization trials were carried out using the hanging-drop vapor-diffusion
method by mixing equal volumes (1 pl) of the protein and the reservoir solutions, and
then by equilibrating the mixed solutions against 700 pl reservoir solution in a 24-well
plate (Stem Corporation) at 293 K. Initial screening for potential crystallization
conditions was performed with the Crystal Screen, Crystal Screen 2 and PEG/Ion
Screen kits (Hampton Research). The conditions under which crystalline precipitates
appeared were optimized by changing the concentrations of the protein, precipitant and

salt, and by changing the pH of the buffer.

6-8-b. X-ray data collection and data processing

Crystals obtained were soaked in the respective reservoir solutions containing
40% glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). The
diffraction measurements were performed at 95 K with 1°-360° oscillation range using
the Quantum 210 CCD detector (ADSC) at the BL-5A beamline of the Photon Factory
(PF; Ibaraki, Japan). Exposure time was 2 s for 1° oscillation angle per image. Detector
distance from the crystal and the used wavelength were 191.1 mm and 1.00 A,
respectively. Diffraction spots were indexed, and the intensities integrated and scaled
using the HKL2000 package [1]. The intensity data was converted to amplitudes using
programs in the CCP4 suite [2].

6-8-c. Structure determination

The initial structures of the native crystals were derived by the molecular
replacement method with the program AMoRe [11], MOLREP [12] or Phaser [10]. The
ThrRS structures from E. coli [13, 14] and Staphylococcus aureus [15] and the editing
domain structure from Pyrococcus abyssi [16], truncated according to the sequence

alignment, were used as searched model.

| 6-9. X-ray analysis of SfThrRS-2* |
6-9-a. Crystallization

Crystallization trials were carried out using the hanging-drop vapor-diffusion
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method by mixing equal volumes (1 pl) of the protein and the reservoir solutions, and
then by equilibrating the mixed solutions against 700 pl reservoir solution in a 24-well
plate (Stem Corporation) at 293 K. Initial screening for potential crystallization
conditions was performed with the Crystal Screen, Crystal Screen 2 and PEG/Ion
Screen kits (Hampton Research). The conditions under which crystalline precipitates
appeared were further optimized by changing the concentrations of the protein,

precipitant and salt, and by changing the pH of the buffer.

6-9-b. X-ray data collection and data processing

Crystals obtained were soaked in the respective reservoir solutions containing
40% glycerol for 30 s, and mounted on a CryoLoop (Hampton Research). X-Ray
experiments were performed at the NW12 beamline of the Photon Factory (PF; Ibaraki,
Japan). To apply a Multiple Anomalous Dispersion (MAD) method, it is necessary to
measure the data at the exact wavelengths with and without anomalous effects. These
wavelengths were estimated with X-ray Absorption Fine Structure (XAFS)
measurement, there wavelengths being chosen as the peak, the edge and the remoteH
and remoteL. The diffraction measurements were performed at 95 K with 1°-180°
oscillation range using the Quantum 210 CCD detector (ADSC). Exposure time was 2 s
for 1° oscillation angle per image. The detector was positioned from the crystal
232.0mm, 231.9mm 236.lmm and 236.9mm for four wavelengths, respectively.
Diffraction spots were indexed, the intensities were integrated and scaled using the
HKL2000 package [1]. The intensity data were converted to amplitudes using programs
in the CCP4 suite [2].

6-9-c. Structure determination

The MAD method was applied to solve the phase problems of the RtcSe crystal
with the program SHARP/autoSHARP [3]. The program autoSHARP is the automated
structure solution pipeline, built around the program SHELXD [4] for location of heavy
atoms, the program SHARP for the heavy atom refinement, the program SOLOMON [5]
for density modification and the program ARP/WARP [6] for automated structural model
building and refinement using the program REFMAC 5 [7].
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< Chapter 7. Results of X-ray analyses >

| 7-1. Overexpression and purification ‘

7-1-a. Purified quality of ApThrRS-1*
After the final purification, the molecular weight of 4p-ThrRS-1* was estimated by

an SDS-PAGE. The result is shown in Figure 7-1 (a). The target protein appears as a
main band at a position corresponding to the molecular weight (53684 Da) calculated
from the amino acid sequence of ApThrRS-1*. Thus it is considered the protein was

highly purified for crystallization.
(a (b) (c) (@) (e)

116

iR 004 - 556 49,0
66.4 - i

— 45.0

45.0 R i 450 . 29.0:
35.7 — 35.7 . 357

20.5

Figure 7-1. SDS-PAGEs of the target protein. The left and right lanes contain proteins of molecular weight
markers and the protein, respectively. An arrow indicates the protein. Values indicate approximate molecular
weights (kDa) at the maker bands. (a), (b), (¢), (d), (e) and (f) indicate SDS-PAGEs for ApThrRS-1%,
ApThrRS-1, ApThrRS-2, St-ThrRS-1, St-ThrRS-1*, St-ThrRS-2 and St-ThrRS-2*, respectively.

7-1-b. Purified quality of ApThrRS-1
Figure 7-1 (b) shows an SDS-PAGE of the purified target protein. The main band

appears at a position corresponding to the molecular weight (53122Da) calculated from

the amino acid sequence of ApThrRS-1. Thus it is considered the protein was highly

purified for crystallization.

7-1-c. Purified quality of ApThrRS-2
Figure 7-1 (c) shows an SDS-PAGE of the purified target protein. The main band

appears at a position corresponding to the molecular weight (45003 Da) calculated from

the amino acid sequence of ApThrRS-2. Thus it is considered the protein was highly

purified for crystallization.

7-1-d. Purified quality of SfThrRS-1
Figure 7-1(d) shows an SDS-PAGE of the purified target protein. The main band

appears at a position corresponding to the molecular weight (63110 Da) calculated from

the amino acid sequence of St-ThrRS-1. Thus it is considered the protein was highly

purified for crystallization.
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7-1-e. Purified quality of SfThrRS-1*
Figure 7-1 (e) shows an SDS-PAGE of the purified target protein. The main band

appears at a position corresponding to the molecular weight (63673 Da) calculated from

the amino acid sequence of St-ThrRS-1*. Thus it is considered the protein was highly

purified for crystallization.

7-1-f. Purified quality of SfThrRS-2
Figure 7-1 (f) shows an SDS-PAGE of the purified target protein. The main band

appears at a position corresponding to the molecular weight (30855 Da) calculated from

the amino acid sequence of St-ThrRS-2. Thus it is considered the protein was highly

purified for crystallization.

7-1-g. Prified quality of StThrRS-2*
Figure 7-1 (g) shows an SDS-PAGE of the purified target protein. The main band

appears at a position corresponding to the molecular weight (30949 Da) calculated from

the amino acid sequence of St-ThrRS-2*. Thus it is considered the protein was highly

purified for crystallization.

| 7-2. X-ray analysis of ApThrRS-1* |
7-2-a. ApThrRS-1* Crystals

The optimized condition, under which suitable crystals for X-ray analysis appeared

after one week, is that the protein solution contains with 6 mg/ml ApThrRS-1* in 20
mM potassium phosphate (pH7.0) buffer and the reservoir solution contains 1.5 M
ammonium sulfate in 0.1 M HEPES (pH7.5) buffer and were equally mixed into a
droplet, which was then equilibrated to the reservoir solution at 293K. The crystal has a
size of approximately 300x150%50 um, shown in Figure 7-2-a. This crystal was used

for X-ray diffraction experiment.

e 100
i )

Figure 7-2-a. A photo of the ApThrRS-1* crystal.

7-2-b. X-ray data of the ApThrRS-1* crystal
A spectrum of /" and f” near the absorption edge wavelength of Se atoms (Figure

7-2-b-1) is drawn based on XAFS measurement of the crystal. In this spectrum, the four
wavelengths are assigned as the peak (0.97898A), the edge (0.97966A) and the remote
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(1.00A). The same crystal was used throughout X-ray experiments. A statistics of the
observed intensity data and the crystallographic data are given in Table 3-2-b. Figure
3-2-b-2 shows an example of diffraction images taken using the “peak” wavelength.

peak edge
(097888 AN (0.97966 A)

—

6

A
2
0

.9692

9703 -
0.9724
0.9735
9746
0.9757
0.9767
0.9778
09789 o
5-9800

0.9714 +
0.9
0.9
0.9
0.9
0.9
0.9
0.9
209

) = A = I —
. o)

Anomolous scattering factors (e)

-12

Wavelength (A)

Figure 7-2-b-1 Variation of real (f'; green line) and imaginary parts (f"; red
line) of anomalous scattering factors of selenium atoms in the ApThrRS-1*
crystal as a function of wavelength.

Figure 7-2-b-2. An X-ray diffraction image of the Ap-ThrRS-1* crystal, taken
with an oscillation angle of 1° (left) and its zoomed up image in a box (right).
Arrows indicate diffraction spots at the resolutions shown with values.

In the measurement at the “peak” wavelength, the observed intensity data were
processed to 2.5 A resolution. The data completeness and an Rmarge value are 100% and
8.3%, respectively. The numbers of observed and unique reflections are 244125 and
16854, respectively. The crystal belongs to the C222, space group. The cell constants
are a=81.8, b=103.6 and c=112.5 A.

In the measurement at the “edge” wavelength, the observed intensity data were
processed to 2.5 A resolution. The data completeness and an Rmarge value are 100% and
8.4%, respectively. The numbers of observed and unique reflections are 246544 and

17017, respectively.

In the measurement at the “remote” wavelength, the observed intensity data were
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processed to 2.5 A resolution. The data completeness and an Rpmaree value are 100% and
8.3%, respectively. The numbers of observed and unique reflections are 240627 and

16636, respectively.

Table 7-2-b. A statistics of the observed intensity data and the crystallographic data of the
ApThrRS-1* crystal at the three wavelengths

peak edge remote
Wavelength (A) 0.97898 0.97966 1.00
Resolution (A) 50-2.5 (2.59-2.50) 50-2.5(2.59-2.50) | 50-2.5(2.59-2.50)
Space group C222, C222, C222,
Unit cell (A) a=281.8,b=103.6, | a=819,b=103.6, | a=182.0,b=103.8,

c=112.5 c=112.6 c=112.7

Observed reflections 244125 246544 240627
Unique reflections 16854 17017 16636
Completeness (%) 100 (100) 100 (100) 100 (100)
Redundancy 14.5 (14.7) 14.5 (14.7) 14.5 (14.6)
l/o 49.3 (17.3) 58.0 (16.0) 49.5 (14.4)
Rinerse (%) 8.3 (20,9) 8.4 (23.3) 8.0 (25.8)

Rinerge = 100 % 3 g2 il {(hkD)-IChKD) /Y i) il (hKT)

7-2-c. Phase determination and structural refinement of ApThrRS-1*

An acceptable Z value (the number of the proteins in the asymmetric unit of the
crystal) was estimated to be 1, the V' value to be 2.23 A%/Da and the solvent content to
be 44.8%. Twelve Se atoms were found for the one molecule in the asymmetric unit,
because ApThrRS-1* contains twelve selenomethionine residues.

Using the data sets measured at three wavelengths, seven Se atoms were found in
the asymmetric unit, and then the best solution showed that the correlation coefficient
between F, and F, was 0.357. After the heavy atom position refinements, a total of
eleven selenium atoms with occupancies greater than 50% were found finally. An
electron density map calculated with the estimated phase angles was modified by
solvent flattering technique. The solvent content was fixed to be 34% to include solvent
molecules in the asymmetric unit. The final correlation coefficient in |E?| was 0.771.
After structure model building, more than 96% residues of the protein were successfully
assigned.

The atomic parameters of the crystal structure were refined using the programs
Refimac and Coot. In asymmetric unit, 465 residues of the 471residues are assigned
except for the N-terminal six residues. 305 water molecules, one zinc atom and two
sulfate ions are also assigned. The final R factor and Rg.. values are 17.1% and 19.3%,
respectively, indicating that the structure was refined reasonably. A statistics of the
structural refinement is given in Table 7-2-c-1. The refined structure is well fitted on the

map. The final 2|F|-|F| map, contoured at 1.5 o level, is shown in Figure 7-2-c-2. A
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Ramachandran plot is shown in Figure 7-2-c-1. In the Ramachandran plot, 378 (92.6%)

residues are in the most favored geometry, 25 (6.1%) in the allowed geometry, 2 (0.5%)

in generally allowed geometry and 3 (0.7%) in disallowed geometry, respectively. The

wire models with the zinc atom and two sulfate ions are shown in Figure 7-2-c-3.

Psi (degrees)

Figure 7-2-c-2. A Ramachandran plot of Ap-ThrRS-1*. Black triangles and squares indicate glycine and the other
amino acid residues. Red, yellow, light yellow and white areas indicate the geometry of the main chains in the most
favored, in the allowed, in generally allowed and in disallowed state, respectively. Red squares indicate the geometry
in generally allowed or in disallowed state except for glycine and the adjacent characters show the residue name, the
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Table 7-2-c-1. A statistics of the
structural refinement of ApThrRS-1*
Resolution (A) 47.1-2.50
Used reflections 16761
R (%) 17.1
Rfree (%) 19.3
r.m.s bond length (A) 0.02
r.ms. angles (°) 2.1
Protein atoms 3708
Water molecules 305
SO~ 2
Zn® 1

R = 100 XY ||F,|-|Fe|l/>|Fo|, where |F,| and |F,| are
the observed and calculated structure-factor,
respectively.

~

V

Figure 7-2-c-1. A part of the final 2|F,|-|F| electron density map of

the ApThrRS-1* crystal, contoured at 1.5 o level (colored in gray).
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@ .

Figure 7-2-c-3. The molecule in the asymmetric unit of the ApThrRS-1*
crystal with the one zinc atom (gray sphere) and two sulfate ions (yellow
and red sphere indicating sulfur and oxygen atoms). Green wire models
indicate the molecule.

7-2-d. Dimer structure of ApThrRS-1*
The two molecules (subunits) A and A’ related by a crystallographic two-fold

symmetry along the a axis in the ApThrRS-1* crystal form a dimer, as shown in Figure
7-2-d-1. This dimer formation is of typical as a member of the Class II. The dimer has a
size of approximately 70 X 80 X 80 A. The atomic distances between the subunits of the
dimer are listed in Table 7-2-d-1. The molecular structure of the dimer will be described

in the next section (7-3) and discussed in the next chapterS.

A-subunit A'-subunit

Figure 7-2-d-1. Two subunits of a dimer related by a
crystallographic two-fold symmetry along the a axis in the
ApThrRS-1* crystal. The each subunit is indicated by red or blue
wire models. An ellipsoid indicates a crystallographic two-fold axis.

Table 7-2-d-1. Interactions of the dimer related a crystallographic two-fold
symmetry along the a axis in the ApThrRS-1* crystal.

Between the anticodon binding domains

Direct hydrogen bonds

A-subunit Distance(A) A'-subunit
Ne-Glu459 2.7 0-Ala460
Og-Glu459 3.2 Argd62-N

0-Ala460 2.7 Ne-Glu459
Argd62-N 3.2 Og-Glu459
Hydrogen bond interactions intermediated by a water molecule

A-subunit Distance(A) Water | Distance (A) | A’-subunit
O-Ser457 2.7 W10 2.7 O-Arg472
Og-Glu459 2.9 W305 3.3 Oge-Glu459
0g-Glu459 3.3 29 Oge-Glu459
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| O-Ser457

Between the catalytic domain and the opposite anticodon-binding domain

Hydrogen bond interactions intermediated by a water molecule

A-subunit Distance(A) Water | Distance (A) A'-subunit
O- Tyr68 2.8 W10 29 O-Arg472
0-Argd72 2.9 W10 2.8 O- Tyr68
Between the catalytic domains
Direct hydrogen bonds
A-subunit Distance(A) A'-subunit
On-Tyr53 3.4 N-Phe139
O- Thr37 3.1 N- Ser78
05-Aspl7 3.3 NC-Lys125
Oy-Ser148 2.9 0e-Glul01
N -Ser148 3.3 0g-Glul01
Oe-Glu72 2.6 Ne-Argl41
Og-Glu72 3.2 NC-Argl4l

2.7 Og-Glu57
NG-Lys>6 3.0 0¢-Glus7
N-Phe139 3.4 On-Tyr53
N- Ser78 3.1 O- Thr37
NC-Lys125 3.3 08-Aspl7
Og-Glul01 2.9 Oy-Ser148
Og-Glul01 3.3 N -Ser148
Ne-Argl4l 2.6 Og-Glu72
NE-Arglél 32 Og-Glu72
Og-Glu57 2.7
0¢&-Glu57 3.0 NG-Lys36

Hydrogen bond interactions intermediated by a water molecule

A-subunit Distance (A) Water | Distance (A) | A’-subunit
03-Aspl7 3.4 WI181 | 2.7 Og-Glul22
Ne-His143 2.7 W21 2.8 N- Ile75
O-Val70 2.9 W7 3.1
O-Phed4 2.9 WI38 | 2.9 O- Glu72
Og-Glul22 2.7 W181 34 05-Aspl7
N- Ile75 2.8 W21 2.7 Ne-His143
3.1 W7 2.9 0O-Val70
O- Glu72 2.9 WI38 | 2.9 O-Phed4
Hydrophobic contacts
A-subunit A’-subunit
Val20 1le76
Val26 Tyrl14
Phe29 Luell?7
Phe33 Luell8
Phe36 Luel20
Val41 Vall84
Lue43 Phe291
Lued6
Tyr96
Ile76 Val20
Tyrl14 Val26
Luell?7 Phe29
Luell8 Phe33
Luel20 Phe36
Vall84 Val41
Phe291 Lue43
Lue46
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| | Tyr96

* A’-subunit indicates the counter molecule of A-subunit related by a
crystallographic two-fold symmetry along the a axis.

7-2-e. Dimer packing in the ApThrRS-1 crystal

The dimer packing in the unit cell of the ApThrRS-1* crystal is shown in Figure

7-2-e-1. The dimers are arranged by crystallographic two-fold screw symmetries along

the ¢ axis. These columns are arranged by crystallographic two-fold symmetries along a

and b axes, respectively. The interacting regions of the two dimers in a column is

referred to Region-1, and those related by a periodic shift along the a axis is Region-2,

and along an arbitrary direction to resolve the overlapped dimers near the (-1 1 0)

direction are Region-3 and Region-4. Their atomic interactions are listed in Table

7-2-e-1~2.The structural details will be described in next section (7-3).

Region-2 a
N\

.

Figure 7-2-e-1. Dimer packing in the unit cell of the 4pThrRS-1*
crystal, viewed down the ¢ axis (upper) and along an arbitrary
direction to resolve the overlapped dimers near the (-1 1 0) direction

(bottom).

Table 7-2-e-1. Interactions between the ApThrRS-1* subunits related by
the crystallographic 2, symmetry along the ¢ axis (Region-1) (Figure

2'"Region-3 -

7-2-¢-1).

Region-1

Direct hydrogen bond

A-subunit Distance (A) A'-subunit
Nn-Arg354 2.6 Oy-Ser128

A’-subunit indicates the molecule related by a crystallographic 2,

symmetry along the ¢ axis.
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Table 7-2-e-1. Interactions of the ApThrRS-1* subunits between the two
screwed columns related by a periodic shift along the a axis (Region-2) and
along along an arbitrary direction to resolve the overlapped dimers near the

(-1 1 0) direction (Region-3 and Region-4) (See Figure 7-2-¢-1).

Region-2

Direct hydrogen bonds

A-subunit Distance (A) A'-subunit
O-Gly215 2.7 N3&-His87
N&-His87 2.7 O-Gly215
Region 3

Direct hydrogen bond

A-subunit Distance (A) A'-subunit
Ne-His390 3.2 0g-Glu251
Region-4

Direct hydrogen bonds

A-subunit Distance (A) A’-subunit
NC-Lys424 3.2 Oy-Ser148
Nn-Arg416 33 O-Gly149
NE-Lys411 2.7 O-Ser273
O-Arg409 2.9 N-Glu275
O-Lys411 3.4 NC-Lys274

Hydrogen bond interactions intermediated by a water molecule

A-subunit Distance (A) | Water | Distance (A) | A'-subunit

N-Arg427 3.3 W65 2.7 0O-Ser148
Wol1 2.9 Nn-Arg319

0e-Glu410 2.7 33 N-GIn277

Hydrogen bond interactions intermediated by an ion molecule

A-subunit Distance (A) | Ion Distance (A) | A'-subunit
NCE-Lys406 3.0 2.7 Nn-Argl56
Nn-Argd27 32 SO

3.1 Ne-Argl
Nn-Argd27 3.2 e-Argl56

| 7-3. X-ray analysis of ApThrRS-1 |

7-3-a. ApThrRS-1 Crystals

The optimization condition, under which suitable crystals for X-ray analysis
appeared after one week, is that the protein solution containing 6 mg/ml ApThrRS-1 in
20 mM potassium phosphate (pH 7.0) buffer, and the reservoir solution containing 2.0
M ammonium sulfate in 0.1 M HEPES (pH 7.75) buffer were equally mixed into a
droplet, which was then equilibrated to the reservoir solution at 293K. The crystal has a

size of approximately 250 X250 X 100 pm, as shown in Figure 7-3-a. This crystal was

used for X-ray diffraction experiment.
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7-3-b. X-ray data of the ApThrRS-1 crystal
A diffraction image of the ApThrRS-1 crystal is shown in Figure 7-3-b. Although

the diffraction spots were observed till 2.26 A resolution, their intensity data were

processed to 2.3 A resolution. The crystal belongs to the space group €222, with cell
constants @ = 81.5, b = 103.7 and ¢ = 112.5 A. The numbers of observed and unique
reflections are 155186 and 21565, respectively. The data completeness and an Rmarge
value are 100% and 9.6%, respectively. A statistics of the observed intensity data and

the crystallographic data are summarized in Table 7-3-b.

X
226
264 440

Figure 7-3-b. An X-ray diffraction image of ApThrRS-1 crystal, taken with
an oscillation angle of 1° (left) and its zoomed up image in a box (right).
Arrows indicate diffraction spots at the resolutions shown with values.

Table 3-7-b. A statistics of the observed intensity data
and the crystallographic data of the 4pThrRS-1 crystal.

Wavelength (A) 1.00

Resolution (A) 50-2.3 (2.38-2.3)
Space group 222,

Unit cell (A) a=281.5b=103.7,c=112.5
Observed reflections 155186

Unique reflections 21565
Completeness (%) 100 (99.9)
Redundancy 7.2 (7.0)

l/c 19.9 (6.9)

Rinerge (%0) 9.6 (30.0)

*Rnerge = 100 % 2 a2 il hkD)-IChKD)/ Y il (hT)

7-3-c. Phase determination and structural refinement of ApThrRS-1

An acceptable Z value (the number of protein molecule in the asymmetric unit) was
estimated to be 1, the /'y value to be 2.24 A*/Da and the solvent content to be 45.0%.
These crystal habits are same to those of the SeMet crystal. Therefore it is considered
that the ApThrRS-1 crystal is isomolphous with the ApThrRS-1* crystal. To confirm
this, the molecular replacement method was applied using the subunit structure of
ApThrRS-1* as a probe. The program Molrep was used for computations. A unique

solution containing one subunit in the asymmetric unit has been obtained with the
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15-2.3 A resolution data (Table 7-3-c-1). The Solution 1 represents a correlation value
of 0.70 and an R value of 38%. The other solutions represent correlation values of 0.10
~0.19 and R values of 61~62%. A unique solution (Solution 1) which showed the
highest value of correlation and the lowest R value is given in Table 3-7-c-1 together

with other solutions.

Table 7-3-c-1. Top six solutions of molecular replacement of ApThrRS-1*

Solution | o @ V4 x y z Cc R

1 180.00 | 0.00 179.84 0.188 | 0.099 | 0.426 | 0.701 | 38.0
2 91.33 -178.84 | 62.19 0.366 | 0.218 | 0.359 | 0.188 | 61.6
3 120.15 | -138.46 | 72.17 0.370 | 0.332 | 0.052 | 0.159 | 62.1
4 166.34 | -89.61 133.80 0.152 | 0.116 | 0.358 | 0.137 | 61.5
5 166.67 | -90.97 131.83 0.422 | 0357 | 0.104 | 0.136 | 61.9
6 155.85 | -178.86 | 157.62 0.234 1 0.095 |0.302 | 0.100 |61.8
*

o, ¢, y; Polar angles (°), x, y, z; Translations, Cc; Correlation, R; Crystallographic
R-facter (%)

The atomic parameters of the crystal structure were refined using the programs
Refmac and Coot. In the asymmetric unit, 465 residues of the 471 residues in the
asymmetric unit have been assigned except for the N-terminal six residues. 268 water
molecules, one zinc atom and five sulfate ions are also assigned. The finel R factor and
Rfee are 18.3% and 24.5%, respectively, indicating that the structure was reasonably
refined. A statistics of the structural refinement is given in Table 7-3-c-2. The final
2|F,|-|F¢| electron density map, contoured at 1.5 o level, is shown in Figure 7-3-c-1. The
refined structure is well fitted on the map. A Ramachandran plot is shown in Figure
7-3-c-2. In the Ramachandran plot, 378 (92.6%) residues are in the most favored
geometry, 22 (5.4%) in the allowed geometry, 3 (0.7%) in generally allowed geometry,
and 5 (1.2%) in disallowed geometry, respectively. The wire models with the zinc atom
and five sulfate ions are shown in Figure 7-3-c-3. The interacting regions of the zinc
atom and two of five sulfate ions in the A4pThrRS-1 crystal are similar to those in the

selenomethionine derivative crystal (see Figure 7-2-c-3).
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Table 7-3-c-2. A statistics of the
structural refinement of ApThrRS-1

Resolution (A) 40.7-2.3
Used reflections 21157
R (%) 18.3
Rfree (%) 24.5
r.m.s bond length (A) 0.02
r.ms. angles (*) 19.2
Protein atoms 3711
Water molecules 268
SO~ 5
Zn® 1

*R = 100 XY [[Fol-|Fe[[/2|F|, where |F,| and
|F,| are the observed and calculated
structure-factor, respectively.

S

\\

%fx;

Figure 7-3-c-1. A part of the final 2|F,|-|F| electron density map of
the ApThrRS-1 crystal, contoured at 1.5 o level (colored in gray).

ApThrRS-1

-1

Phi (degrees)

0

Plot statistics
Residues in most favoured regions [A,B,L]
Residues in additional allowed regions [a,b,l,p]
Residues in generously allowed regions [~a,~b,~|,~p]
Residues in disallowed regions
Number of non-glycine and non-proline residues
Number of end-residues (excl. Gly and Pro)

Number of glycine residues (shown as triangles)
Number of proline residues

Total number of residues

378
22

408
239
36
19

702

92.6%
5.4%
0.7%
1.2%

100.0%

Figure 7-3-c-2. A Ramachandran plot of ApThrRS-1. Black triangles and squares indicate glycine and the
other amino acid residues. Red, yellow, light yellow and white areas indicate the geometry of the main
chains in the most favored, in the allowed, in generally allowed and in disallowed state, respectively. Red
squares indicate the geometry in generally allowed or in disallowed state except for glycine and the
adjacent characters show the residue name, the residue number and the chain name.
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Figure 7-3-c-3. The molecule in the asymmetric unit of the 4pThrRS-1 crystal with the one zinc
atom (gray sphere) and five sulfate ions (yellow and red sphere indicating sulfur and oxygen
atoms). Blue wire models indicate the subunit. Brocken circles indicate ions at the similar position
compared with those in the ApThrRS-1* crystal (see Figure 7-2-c-3).

7-3-d. Dimer structure of ApThrRS-1

The two subunits related by a crystallographic two-fold symmetry along the a axis

in the ApThrRS-1 crystal also form a typical dimer as a member of the Class II.
Superimposed Ca atoms between the two dimers found in the ApThrRS-1 and in the
ApThrRS-1* crystals shown in Figure 7-3-d-1. The dimer formations are also similar to
each other with an r.m.s.d of 0.18 A. The dimer interface represents 18.4% (3856.7 A?)
of the total surface area (20848.7 A?) of each subunit. These values are calculated by the
PISA server [2]. The two molecules are associated by a crystallographic two-fold
symmetry along the a axis to form a dimer. The dimer formation interface is stabilized
by the two catalytic domains. By comparison of the direct hydrogen bond interactions in
Table 7-3-d-1 and Table 7-2-d-1, The hydrogen bond interactions between the two
subunits of the dimer in the ApThrRS-1 crystal are formed by the atoms of different

residues from those in the 4pThrRS-1* crystal. The atomic distances between the two

Figure 7-3-d-1. A superimposition of Coal chains of
the ApThrRS-1 dimer and that of ApThrRS-1*
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Table 7-3-d-1. Interactions of the dimer related a crystallographic two-fold
symmetry in the ApThrRS-1 crystal

Between the anticodon binding domains
Hydrogen bond interactions intermediated by a water molecule
A-subunit Distance(A) Water | Distance (A) | A’-subunit
Oge-Glu459 3.3 W259 | 33 Og-Glu459
Between the catalytic domains
Direct hydrogen bonds
A-subunit Distance(A) A'-subunit
O-Tyrl4 2.8 NC-Lys125
O-Thr30 3.3 N-Phe139
O-Thr37 3.3 N-Ser78
Oy-Ser45 3.0 0e-Glul22
Ne-Arg52 3.0 0e-Glu72
Nn-Arg52 3.2 0e-Glu72
On-Tyr145 2.5 0e-Glul01
Oy-Ser148 2.7 0e-Glul01
NE-Lys125 2.8 O-Tyrl4
N-Phel39 33 O-Thr30
N-Ser78 3.3 O-Thr37
Og-Glul22 3.0 Oy-Ser45
Og-Glu72 3.0 Ne-Arg52
Og-Glu72 3.2 Nn-Arg52
Oe-Glul01 2.5 On-Tyrl45
Oe-Glul01 2.7 Oy-Ser148
Hydrogen bond interactions intermediated by a water molecule
A-subunit Distance (A) Water | Distance (A) | A’-subunit
05-Aspl7 2.7 WI123 | 2.9 N&-Asnl21

2.8 Wi124 | 2.7
Oy-Ser24 34 W10 |26 08-Asnl21
O-Pro42 34 w7 2.7 0-Glu72
Ne-His143 2.8 W20 2.8 N-Ile75
No6-Asnl21 2.9 Wi123 | 2.7 038-Aspl7

2.7 Wi124 | 2.8
05-Asnl21 26 W10 |34 Oy-Ser24
0-Glu72 2.7 w7 34 O-Pro42
N-Ile75 2.8 W20 2.8 Ne-His143
Hydrophobic contacts
A-subunit A’-subunit
Val20 Ile76
Val26 Tyrl14
Phe29 Luell7
Phe33 Luell8
Phe36 Luel20
Val41l Vall84
Lue43 Phe291
Lue46
Tyr96
Ile76 Val20
Tyrl14 Val26
Luell7 Phe29
Luell8 Phe33
Luel20 Phe36
Vall84 Val41
Phe291 Lue43

Lue46
Tyr96
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7-3-e. Subunit structure of ApThrRS-1
A topological diagram of the secondary structure of the ApThrRS-1 subunit and the

three dimensional structure shown in a ribbon model is given in Figure 7-3-e-1. The
ApThrRS-1 structure is composed of the two domains. The N-terminal domain (residues
7-333) is formed with twelve a-helices (al1~a12) and ten B-strands (f1~B10). The three
of ten B-strands form a small B-sheet (B1-f3) and the seven antiparallel strands
(B4-B10) form a large B-sheet. The twelve a-helices are folded around the large -sheets,
as shown in Figure 3-7-e-1 (b). The large B-sheet contains the typical motifs of the
Class II aaRSs, so called as motifs 1, 2 and 3 that each motif contains a conserved
sequence: gdoxxoxxPdd for motif 1; (F/Y/H)Rx(E/D) followed 4 to 12 residues away by
(R/H)xxxFxxx(D/E) for motif 2; and AxdgdgdeRPddd for motif 3 (x stands for any
residues, A for small amino acids P, G, S, T; ¢ for hydrophobic residues F, Y, W, [, L, V,
M, A) [1].

The C-terminal domain (residues 334-471) is made of the one parallel (314) and
four antiparallel B-strand (B11~B13, B15) and five a-helices (al3~a17) (see Figure
7-3-e-1 (b)). This folding is similar to the anticodon-binding domain of EcThrRS.

These domain structures will be discussed again in the next chapter 8 with

comparing with those of the EcThrRS structure.

(a) — Catalyti (b) \
ytic
oTlghy ——_ domain aftJeg
sy
! o5
w6 09 G
iy 2 o3 J 0/‘6~ 04 ﬁ'] ﬁ3
p9 \ p2
i B7 8 | |p10 k
mptif1 “ ilc] p B B5
I
1. 4
L--—Qevs—naaﬁ ( S 54 o7
1 < \
o8 i @12 a;%—‘ 10'{31304 o8 >
! 328
' ol —_| o2
W motif3 | N8 15j s —i \
B ob r
94 90
\ ot
s - 016
423 . & "7
1 = o
B Sis T B B | D g M7 014/ 41
B14 g1 1 1 P12 ¢ 15 814013
435 Vv o15 4 o | < af4 )
— Las o | by 11
410 405 @l3
|8 Anticodon-binding ol3

domain

al5

Figure 7-3-e-1. A topological diagram of the secondary structures of ApThrRS-1 (a). The catalytic domain
and the anticodon-binding domain are surrounded by blue and green lines, respectively. Bars and arrows
indicate a-helices and B-strands, respectively. Characters on or near the arrows and the bars indicate the
residue number and codes of secondary structures. The three dimensional structure of ApThrRS-1 shown in
ribbon model (b). a-helices and B-strands are colored in orange and green, respectively. The characters
indicate the codes of the secondary structures corresponding to those in (a).
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The catalytic site of the ApThrRS-1 subunit is shown in Figure 7-3-e-2. A zinc
finger structure is formed with the Cys112, His166 and His310 residues, which is
similar to the active site of the EcThRS in the catalytic domain. These residues are
covalently bound to the zinc atom at the distances 2.3 A (Zn-Sy of Cys112), 2.0 A
(Zn-Neg of His166) and 2.1 A (Zn-N§ atom of His310) in a tetrahedral configuration.
The fourth position of the tetrahedron is occupied by a water molecule, which is
hydrogen-bonded to Asp164. Near by this site, a sulfate ion is bound through hydrogen
bonds with Aspl64. It is suggested that the substrate threonine is bound preferentially
with high selectivity.

Cys112 /* Asp164
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¢ ¥ t
Py C . - 27 5.
" g \ \_2_ O. &So;.
. : 23 Y
H|S166 ¢ ¢ \ Water D
«p o 1
v
g L)
&
His310, @
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Figure 7-3-e-2. Catalytic site of ApThrRS-1, shown in ball-and-stick models.

7-3-f. Dimer packing of the 4pThrRS-1 crystal
The dimer packing in the unit cell of the ApThrRS-1 crystal is shown in Figure
7-3-f-1. This crystal is isomolphous with the ApThrRS-1* crystal (see Figure 7-2-e-1).

The interaction regions are similar to each other in the unit cells. Direct hydrogen bond

interactions are not observed in the Region-4 of the ApThrRS-1 crystal. By comparison
of direct hydrogen bonds in Table 7-3-f-1 and Table 7-2-e-1, a hydrogen bond
interaction in Region-1 is observed between the Nn atom of Arg354 and the Oy atom of
Ser128 in both of the ApThrRS-1* and ApThrRS-1 crystals. The hydrogen interactions
in Retion-2 and Region-3 of the ApThrRS-1 crystal are formed by the atoms of the
different residues from those in the regions of the SeMet derivative crystal. The atomic

distances of the contacting regions are listed in Table 7-3-f-1 and Table 7-3-f-2.
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Region-2
N

- Region-3 -

Figure 7-3-f-1. Dimer packing in the unit cell of the ApThrRS-1 crystal,
viewed down the ¢ axis (upper) and along along an arbitrary direction to
resolve the overlapped dimers near the (-1 1 0) direction (bottom).

Table 7-3-f-1. Interactions between the ApThrRS-1 subunits related by the
crystallographic 2; symmetry along the c¢ axis (Region-1) (See Figure

7-3-f-1).

Region-1

Direct hydrogen bond

A-subunit Distance (A) Chain A’
Nn-Arg354 2.5 Oy-Serl28

Table 7-3-f-2. I Interactions of the ApThrRS-1 subunits between the two
screwed columns related by a periodic shift along the a axis (Region-2)
and along an arbitrary direction to resolve the overlapped dimers near the

(-1 1 0) direction (Region-3~4) (See Figure 7-3-f-1).

Region-2

Direct hydrogen bonds

A-subunit Distance (A) A'-subunit
O-Arg409 2.8 N-Glu275
Nn-Arg416 3.1 0-Gly149
NC-Lys424 3.1 Oy-Ser148

Hydrogen bond interactions intermediated by an ion molecule

A-subunit Distance(A) | Ion Distance (A) | A’-subunit
NC-Lys406 | 2.8 26 Nn-Arg156
Nn-Argd27 | 2.9 SO~
2.8 Ne-Argl56
Nn-Argd27 | 3.0 EAre
Region-3
Direct hydrogen bond
A-subunit Distance (A) A'-subunit
Oy-Ser212 3.0
Oy-Asp210 2.5 Oy-Ser386
Hydrogen bond interactions intermediated by a water molecule
A-subunit Distance(A) | Water | Distance (A) | A'-subunit
] 2.4 0e-Glu251
- 2.2 W258
Ne-His390 2.5 0&-Glu2s1
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| 7-4. X-ray analysis of ApThrRS-2 |
7-4-a. Crystals of ApThrRS-2

The condition, under which crystals used for X-ray analysis appeared after six

months, is that the protein solution containing 5.8 mg/ml ApThrRS-2 in 20 mM
potassium phosphate (pH 7.0) buffer and the reservoir solution of 2.0 M sodium formate
in 0.1 M sodium acetate (pH 4.6) buffer and were equally mixed into a droplet, which
was then equilibrated to the reservoir solution at 293 K. The crystal shown in Figure
7-4-a has a size of approximately 50x50x50 pum.

o

100 pm

L

Figure 7-4-a. A photo of the ApThrRS-2 crystals.

7-4-b. X-ray data of the ApThrRS-2 crystal
A diffraction image of the Ap-ThrRS-2 crystal is shown in Figure 7-4-b. The

reflection spots were observed till 3.73 A resolution. The point groups and cell

constants were indexed, but these could not be estimated using the programs HKL2000
or Crystal Clear. These programs may not be able to extract each observed diffraction
spots from back ground, because those are weak and broad. The reason is considered
that the crystal is too small for X-ray diffraction experiment and the crystal mosaicity is
not low. We are trying to get more suitable crystals using the different crystallization
conditions.

Figure 7-4-b. An X-ray diffraction image of ApThrRS-2 crystal , taken with
an oscillation angle of 1° (left) and its zoomed up image in a box (right).
Arrows indicate diffraction spots at the resolutions shown with values.
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| 7-5. X-ray analysis of Sf«ThrRS-1 |
7-5-a. Crystals of StThrRS-1
The condition, under which crystals used for X-ray analysis appeared after two

months, is that the protein solution containing 5 mg/ml SfThrRS-1 in 20 mM Tris-HC1
(pH 7.0) buffer and the reservoir solution containing 0.3 M ammonium chloride and
14% PEG3350 were equally mixed into a droplet, which was then equilibrated to the
reservoir solution at 293 K. The crystal has a size of approximately 300x200x200 pum,
as shown in Figure 7-5-a.

Tt

Figure 7-5-a. A photo of the SfThrRS-1 crystal.

7-5-b. X-ray data of the SfThrRS-1 crystal
A diffraction image of the SfThrRS-1 crystal is shown in Figure 7-5-b. Although the

reflection spots were observed till 3.87 A resolution, their intensity data were processed

to 4.3 A resolution. The crystal belongs to the space group P2; with cell constants a =
68.8, b = 99.7, ¢ = 853 A and B = 95.0°. The numbers of observed and unique
reflections are 27253 and 7814, respectively. The data completeness and an Rparee value
are 98.9% and 20.1%, respectively. A statistics of the observed intensity data and the
crystallographic data are summarized in Table 7-5-b.

[ e
Figure 7-5-b. An X-ray diffraction image of SfThrRS-1 crystal, taken with an
oscillation angle of 1° (left) and its zoomed up image in a box (right). Arrows
indicate diffraction spots at the resolutions shown with values.
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Table 7-5-b. A statistics of the observed
intensity data and the crystallographic data of
the StThrRS-1 crystal

Wavelength (A) 1.00
Resolution (A) 50-4.3 (4.45-4.3)
Space group P2,
Unit cell

a(A) 68.8

b (A) 99.7
c(A) 85.3
B 95.0
Observed reflections 27253
Unique reflections 7814
Completeness 98.9 (98.1)
Redundancy 3.5(3.95)
l/c 7.9 (4.5)
Rinerge (%) 20.1 (31.1)

*Rinerge = 100 X 3 s il [ hKD)~I(hKD X i)l (hKT)

7-5-c. Phase angle determination of SfThrRS-1

An acceptable Z value (the number of protein molecule in the asymmetric unit) was
estimated to be 2, the V' value to be 2.31 A*/Da and the solvent content to be 46.7%.
The molecular replacement method (AMoRe, Molrep and Phaser) was applied using

two following models for the observed data in resolution range of 15-4.3 A. A model
containing the two domains, the catalytic domain and anticodon-binding domain, of
EcThrRS (PDBID 1QF6) was used. And a model containing subunit of ApThrRS-1 is
used as another probe.

In the case using the model containing the catalytic and anticodon-binding domains
of EcThrRS as a probe, all solutions calculated by the program AMoRe represent
correlation values of 0.32~0.33 and R values of 49~50 %. No unique solution was
obtained. Using the program Molrep, all solutions represent correlation values of
0.16~0.18 and R values of 57~58%. A unique solution is not obtained. Using the
program Phaser, two solutions represent RFZ (Z-score (number of standard deviations
above the mean value) of rotation function) value of 5.0~5.4 and TFZ (Z-score (number
of standard deviations above the mean value of peaks) of translation function) values of
10~12. For a rotation function, the correct solution may be with a Z-score under 4, and
will not be found until a translation function is performed and picks out the correct
solution. For a translation function the correct solution will generally have a Z-score
over 5 and be well separated from the rest of the solutions. The RFZ values shows more
than 5 and the TFZ values cannot be well separated to each other. The models form a
dimer using one of the two solutions, but the structural refinement is difficult (R was

49.2% and Ry Was 46.5%) because the maximum resolution of the structure factor data
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is 4.3A and the Rmarge value 1s more than 20%.

In the case using the model containing the subunit of ApThrRS-1 as a probe, all
solutions calculated by the program AMoRe represent correlation values of 0.26~0.27
and R values of 50~51%. No unique solution was obtained. Using the program Molrep,
all solutions represent correlation values of 0.15 and R values of 57~58%. Using the
program Phaser, all solutions represent RFZ value of 3.5~3.7 and TFZ values of 4.5.
No unique solution was obtained.

The amino acid sequence of SfThrRS-1 is compared to those of the catalytic and
anticodon-binding domains of EcThrRS with the identity of 45% and to those of
ApThrRS-1 with the identity of 34% (These identity values are calculated by the
program Kalign with the gap opening penalty of 11% and the gap extending penalty of
0.85%). The structure of SfThrRS-1 may be similar to those of EcThrRS and
ApThrRS-1. However, it is difficult to estimate phase information using the molecular
replacement method. One reason is considered the resolution is not so high and the
Rmarge value 1s more than 20% (see Table 7-5-b). We are trying to crystallize StThrRS-1
using the other conditions and to get data with the higher resolution and lower Rmarge
value. In parallel, the selenomethionine derivative was crystallized and the MAD
method were tried to solve the phase angle problem as described in the next section
(7-6).

| 7-6. X-ray analysis of SfThrRS-1* |
7-6-a. Crystals of StThrRS-1*

The optimized condition, under which crystals for X-ray analysis appeared after

two months, is that the protein solution containing 5 mg/ml SfThrRS-1* in 20 mM
Tris-HC1 (pH 7.0) buffer and the reservoir solution containing 0.08 M sodium
dihydrogen phosphate monohydrate and 14% PEG4000 were equally mixed into a
droplet, which was then equilibrated to the reservoir solution at 293 K. The crystal has a

size of approximately 300x100x100 um, as shown in Figure 7-6-a. This crystal was

100 pm

e—>

used for X-ray diffraction experiment.

Figure 7-6-a. A photo of the SfThrRS-1* crystal.
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7-6-b. X-ray data of the SfThrRS-1* crystal

A spectrum of /" and f” around the absorption edge wavelength of Se atoms is drawn

based on XAFS measurement of the crystal (Figure 7-6-b-1). In this spectrum, the four
wavelengths are assigned as the peak (0.97910 A), the edge (0.97942 A), the high
remote (0.96418 A) and the low remote (0.98030 A). The same crystal was used
throughout X-ray experiments. A statistics of the observed intensity data and the
crystallographic data are given in Table 6-2-b. Figure 6-2-b-2 shows an example of
diffraction images taken using the peak wavelength.

In the measurement of the peak wavelength, the observed intensity data were
processed to 4.0 A resolution. The data completeness and an Ryarge Value are 98.8% and
13.4%, respectively. The numbers of observed and unique reflections are 78967 and
20429, respectively. The crystal belongs to the P1 space group. The cell constants are
a=71.1A,b=857A,c=104.1 A, 2=89.9°, f=92.3°and y=95.4°.

In the measurement at the edge wavelength, the observed intensity data were
processed to 4.0 A resolution. The data completeness and an Ryarge Value are 99.2% and
18.9%, respectively. The numbers of observed and unique reflections are 79910 and
20472, respectively.

In the measurement at the high remote wavelength, the observed intensity data were
processed to 4.0 A resolution. The data completeness and an Ryarge Value are 99.3% and
17.4%, respectively. The numbers of observed and unique reflections are 80233 and
20559, respectively.

In the measurement at the low remote wavelength, the observed intensity data were
processed to 4.0 A resolution. The data completeness and an Ryarge Value are 98.2% and

15.3%, respectively. The numbers of observed and unique reflections are 75493 and

20446, respectively.
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Figure 7-6-b-1. Variation of real (f'; green line) and imaginary parts (f”; red line) of anomalous
scattering factors of selenium atoms in the SfThrRS-1%* crystal as a function of wavelength.
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Figure 7-6-b-2. An X-ray diffraction image of SfThrRS-1* crystal, taken with an
oscillation angle of 1° (left) and its zoomed up image in a box (right). Arrows
indicate diffraction spots at the resolutions shown with values.

Table 7-6-b. A statistics of the observed intensity data of the SfThrRS-1* crystal and the

crystallographic data at four wavelengths

peak edge high remote | low remote

Wavelength (A) 0.97910 0.97942 0.96418 0.98030
Resolution (A) 50-4.0 50-4.0 50-4.0 50-4.0

(4.14-4.0) (4.14-4.0) (4.14-4.0) (4.14-4.0)
Space group P1 P1 P1 P1
Unit cell
a(A) 71.1 70.9 70.9 70.9
b (A) 85.7 85.5 85.5 85.6
c(A) 104.1 103.9 103.8 104.0
a(®) 89.9 89.1 89.9 89.9
L) 92.3 92.3 92.3 92.3
7() 95.4 95.2 95.2 95.2
Observed reflections 78967 79910 80233 75493
Unique reflections 20429 20472 20559 20446
Completeness (%) 98.8 (98.1) | 99.2(99.2) 99.3(99.2) | 98.2(99.2)
Redundancy 3.9 (3.9) 3.9(3.9) 3.9 (3.9) 3.7(3.4)
l/c 17.5(5.3) 7.3(2.4) 8.2 (2.5) 8.4 (2.5)
Riverge (%) 13.4 (32.7) | 18.9(50.0) 17.4 (47.1) 15.3 (38.4)

Rinerge = 100 % 30 M hKD)-I(hKD) |/ il (hKT)

7-6-c. Phase angle determination of SfThrRS-1*

The space group was kept to be P1 during the X-ray experiments. The average cell
constants are a =71.0 A, h=85.6 A, c=104.0 A, a=89.7°, f=92.3°and y=95.3°. An
acceptable Z value (the number of protein molecule in the asymmetric unit) was
estimated to be 4, the Vy value to be 2.47 A®/Da and the solvent content to be 50.2%.

Fourty-eight Se atoms will be found for the two molecules in the asymmetric unit,

because StThrRS-1* contains twelve selenomethionine residues.

The MAD method using the four to two wavelength data sets and the SAD
(single-wavelength anomalous dispersion) method of the peak data set were applied
using the program SHARP to determine phase angles.

Using the data sets measured at four wavelengths with resolution range of
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28.56 -5.24 A, fifty-four Se atoms were found in the asymmetric unit, and the
correlation coefficient between F, and F, was 0.254. After the heavy atom position
refinement, a total of ninety-six selenium atoms were found but only two atoms were
with occupancies greater than 50% finally.

Using the peak, edge and remoteH data sets with resolution range of 28.56 - 6.0 A,
twelve Se atoms were found in the asymmetric unit, and the correlation coefficient
between F, and F, was 0.126. After the heavy atom position refinement, a total of
ninety-six selenium atoms were found and seventeen atoms were with occupancies
greater than 50% finally.

Using the peak and edge data sets with resolution range of 28.56 - 6.0 A, ninety-six
Se atoms were found in the asymmetric unit, and then the solution showed that the
correlation coefficient between F, and F, was 0.379. After the heavy atom position
refinement, a total of one-hundred and twenty-six selenium atoms were found and
fourteen atoms with occupancies greater than 50% finally.

A best result, chosen from three trials, has the maximum number of Se atoms with
high occupancies. After heavy atom position refinement by maximum likelihood
method, the final figure of merit was 0.305 and the final phasing power was 0.348. The
figure of merit means the appropriate weight calculated from the phase probability
distribution. It wound be 1 for a perfectly defined phase angle, tending to 0 as the error
increase. The phasing power means the effect of the derivative in finding the phase
angles. If the phasing power exceeds 1.5, the derivative is very useful to phase
determination. It is useless if the value is less than 1.0. After solvent flattering technique
with solvent content fixed to be 37.5%, the final correlation coefficient in [E*| was 0.811
and the final R-factor between the structure factor amplitudes from the modified map
and the observed data was 27.9%. However it is difficult to estimate phase information
using these MAD methods because peptide chains cannot be assigned on the density
modified map. Therefore, the SAD method using the peak data set was also performed.

Using the peak data set with resolution range of 28.56 - 6.0 A, forty-six Se atoms
were found in the asymmetric unit, and then the solution showed that the correlation
coefficient between F, and F. was 0.285. After heavy atom position refinement, a total
of ninety-six selenium atoms were found but only one atom with occupancies greater
than 50% finally. After heavy atom site refinement by maximum likelihood method, the
final figure was merit of 0.239 and the final phasing power was 0.651. After solvent
flattering technique with solvent content fixed to be 37.5%, the final correlation
coefficient in |E’| was 0.811 and the final R-factor between the structure factor

amplitudes from the modified map and the observed data was 27.9%. However it is
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difficult to assign peptide chains on the density modified map.

It is difficult to estimate phase information using the MAD and SAD method. One
reason is considered that the resolution is not so high and the Rparee value is more than
10% (see Table 7-6-b). We are crystallizing SfThrRS-1* using the other conditions to

get data resulting in the higher resolution and lower Ryare Value.

| 7-7. X-ray analysis of SfThrRS-2 |
7-7-a. Crystals of S¢ThrRS-2

The optimized condition, under which crystals for X-ray analysis appeared after

two months, is that the protein solution containing 3 mg/ml SfThrRS-1 in 20 mM
HEPES (pH 7.0) buffer and the reservoir solution containing 0.08 M ammonium acetate
and 14% PEG4000 were equally mixed into a droplet, which was then equilibrated to
the reservoir solution at 293 K. The crystal has a size of approximately 300x50x50 pm,

as shown in Figure 7-7-a. This crystal was used for X-ray diffraction experiment.

Figure 7-7-a. A photo of the StThrRS-2 crystal.

7-7-b. X-ray data of the SfThrRS-2 crystal
A diffraction image of the StThrRS-2 crystal is shown in Figure 7-7-b. Although the

reflection spots were observed till 2.25 A resolution, intensity data were processed to

2.3 A resolution. The crystal belongs to the space group P2,2,2; with cell constants a =
60.3, b = 68.0 and ¢ = 134.4 A. The numbers of observed and unique reflections are
328094 and 25374, respectively. The data completeness and an Rpmaree value are 99.7%
and 10.2%, respectively. A statistics of the observed intensity data and the

crystallographic data are summarized in Table 7-7-b.
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Figure 7-7-b. An X-ray diffraction image of SfThrRS-2 crystal, taken with
an oscillation angle of 1° (left) and its zoomed up image in a box (right).
Arrows indicate diffraction spots at the resolutions shown with values.

Table 7-7-b. A statistics of the observed intensity data
and the crystallographic data of the StThrRS-2 crystal

Wavelength (A) 1.00

Resolution (A) 50-2.3 (2.38-2.3)
Space group P2,2,2,

Unit cell (A) a=60.3,b=68.0,c=1344
Observed reflections 328094

Unique reflections 25374
Completeness 99.7 (100)
Redundancy 12.9 (13.1)

l/c 63.0 (15.4)

Rinerge (%0) 10.2 (30.3)

*Rinerge = 100 % 32 il hkD)-I(RKD)/ L gy il (hkL)

7-7-c. Phase angle determination of SfThrRS-2

An acceptable Z value (the number of protein molecule in the asymmetric unit) was
estimated to be 2, the Vy value to be 2.23 A®/Da and the solvent content to be 44.9%.
The molecular replacement method (AMoRe, Molrep and Phaser) was applied using

three following models for the observed data in resolution range of 15-3.5 A. A model
containing the anticodon-binding domain of EcThrRS (PDBID 1QF6) was used. And
the subunit of ApThrRS-1 and the dimer of PaThrRS (PDBID 2HLO) are used as
another probes.

In the case using the model containing the anticodon-binding domain of EcThrRS
as a probe, all solutions calculated by the program AMoRe represent correlation values
of 0.16~0.19 and R values of 60~61%. No unique solution was obtained. In the case
using the model the anticodon-binding domain of ApThrRS-1 as a probe, all solutions
represent correlation values of 0.17~0.19 and R values of 52~54%. No unique solution
was obtained. In the case using the model containing two editing domain forming dimer
of PaThrRS as a probe, all solutions represent correlation values of 0.14~0.15 and R

values of 52~53%. No unique solution was obtained.
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Using the program Molrep, all solutions represent correlation values of 0.17~0.21
and R values of 61~63% in the case using the model containing anticodon-binding
domain of EcThrRS as a probe. A unique solution is not obtained. In the case using the
model containing the anticodon-binding domain of A4pThrRS-1 as a probe, all solutions
represent correlation values of 0.14~0.16 and R values of 60~62%. No unique solution
was obtained. In the case using the model containing the two editing domains of
PaThrRS forming a dimer as a probe, all solutions represent correlation values of
0.11~0.12 and R values of 61~63%. No unique solution was obtained.

Using the program Phaser, all solutions represent RFZ value of 3.5~3.6 and TFZ
values of 4.5~5.8 in the case using the model containing the anticodon-binding domain
of EcThrRS as a probe. A unique solution is not obtained. In the case using the model
containing the anticodon-binding domain of ApThrRS-1 as a probe, all solutions
represent all RFZ values of 3.7 and TFZ values of 4.6~5.8%. No unique solution was
obtained. In the case using the model containing the two editing domains of PaThrRS
forming a dimer as a probe, all solutions represent RFZ values of 3.6~4.4 and TFZ
values of 5.4~6.6. No unique solution was obtained.

The amino acid sequence of the anticodon-binding domain of SfThrRS-2 is
compared to that of the anticodon-binding domains of EcThrRS with the identity of
26% and is compared to that of ApThrRS-1 with the identity of 30% (These identity
values are calculated by the program Kalign with the gap opening penalty of 11% and
the gap extending penalty of 0.85%). The structure of the anticodon binding domain of
StThrRS-1 may not be similar to those of EcThrRS and ApThrRS-1. The sequence of
the editing domain of PaThrRS is compared with that of SfThrRS-2 with the identity of
20%. The well fitted sequences between the editing domains are constructed with only
13 amino acid residues (see chapter 5). Therefore, it is difficult to estimate phase angle
informaiton using the molecular replacement method. In parallel, the selenomethionine
derivative was crystallized and the MAD method were tried to solve the phase angle

problem as described in the next section (7-8).

| 7-8. X-ray analysis of SfThrRS-2* |
7-8-a. Crystals of SfThrRS-2*

The optimized condition, under which suitable crystals for X-ray analysis appeared

after two months, is that the protein solution containing 3 mg/ml SfThrRS-2* in 20 mM
HEPES (pH 7.0) buffer and the reservoir solution containing 0.08 M ammonium acetate
and 14% PEG4000 were equally mixed into a droplet, which was then equilibrated to
the reservoir solution at 293 K. The crystal has a size of approximately 300x100x50 pm,
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as shown in Figure 7-8-a. This crystal was used for X-ray diffraction experiment.

Figure 7-8-a. A photo of the SfThrRS-2* crystal.

7-8-b. X-ray data of the SfThrRS-2* crystal

A spectrum of /" and f” around the absorption edge wavelength of Se atoms is drawn

based on XAFS measurement of the crystal (Figure 7-8-b-1). In this spectrum, the four
wavelengths are assigned as the peak (0.97893 A), the edge (0.97907 A), the high
remote (0.96384 A) and the low remote (0.98295 A). The same crystal was used
throughout X-ray experiments. A statistics of the observed intensity data and the
crystallographic data are given in Table 7-8-b-1. Figure 7-8-b-2 shows an example of
diffraction images taken using the peak wavelength.

In the measurement of the peak wavelength, the observed intensity data were
processed to 2.9 A resolution. The data completeness and an Ryarge Value are 99.0% and
11.2%, respectively. The numbers of observed and unique reflections are 83055 and
22735, respectively. The crystal belongs to the P2,2,2; space group. The cell constants
area=60.5b=67.9 and c = 134.2 A.

In the measurement at the edge wavelength, the observed intensity data were
processed to 2.9 A resolution. The data completeness and an Ryarge Value are 99.0% and
11.2%, respectively. The numbers of observed and unique reflections are 83857 and
22803, respectively.

In the measurement at the high remote wavelength, the observed intensity data were
processed to 2.9 A resolution. The data completeness and an Ryarge Value are 99.0% and
11.5%, respectively. The numbers of observed and unique reflections are 84524 and
23010, respectively.

In the measurement at the low remote wavelength, the observed intensity data were
processed to 2.9 A resolution. The data completeness and an Ryarge Value are 98.1% and
14.7%, respectively. The numbers of observed and unique reflections are 73735 and

22915, respectively.
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Figure 7-8-b-1.
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Variation of real (f'; green line) and imaginary parts (f'; red line) of anomalous
scattering factors of selenium atoms in the SfThrRS-2* crystal as a function of wavelength.

Figure 7-8-b-2 An X-ray diffraction image of StThrRS-2* crystal, taken with an
oscillation angle of 1° (left) and its zoomed up image in a box (right). Arrows
indicate diffraction spots at the resolutions shown with values.

Table 7-8-b Statistics of intensity data of the S/ThrRS-2* crystal and the crystallographic data at four wavelengths

peak edge high remote low remote
Wavelength (A) 0.97893 0.97907 0.96384 0.98295
Resolution (A) 50-2.9 (3.0-2.9) | 50-2.9 (3.0-2.9) 50-2.9 (3.0-2.9) 50-2.9 (3.0-2.9)
Space group P2,2,2, P2,2,2, P2,2,2, P2,2,2,
Unit cell
a(A) 60.5 60.5 60.5 60.6
b (A) 67.9 67.8 67.9 67.9
c(A) 134.2 133.9 133.8 134.0
Observed reflections 83055 83857 84524 73735
Unique reflections 22735 22803 23010 22915
Completeness (%) 99.0 (100) 99.0 (100) 99.0 (100) 98.1 (99.9)
Redundancy 3.7 (3.8) 3.7(3.8) 3.7 (3.5) 3334
/o 17.7 (4.7) 18.6 (5.0) 17.4 (3.6) 14.2 (3.4)
Rinerge (%) 11.2 (26.7) 11.2 (26.7) 11.5(29.0) 14.7 (36.4)

Rinerge = 100 X Yy AL(hKD-IChKD) Y i i (hkI)
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7-8-c.Phase angle determination of SfThrRS-2*

The space group was kept to be P2,2,2; during the X-ray experiments. The average
cell constants are a = 60.5, b= 67.9 and ¢ = 140.0 A. An acceptable Z value (the number
of protein molecule in the asymmetric unit) was estimated to be 2, the /'y value to be
2.32 A’/Da and the solvent content to be 47.1%. Four Se atoms will be found for two

protein (subunit) in the asymmetric unit, because S:ThrRS-2* contains two

selenomethionine residues.

The MAD method using the four to two data sets and the SAD (single-wavelength
anomalous dispersion) method of the peak data set were tried by the program SHARP.

Using the data sets measured at four wavelengths with resolution range of
42.75-4.03 A, 8 Se atoms were found in the asymmetric unit, and then the solution
showed that the correlation coefficient between F, and F, was 0.214. After the heavy
atom position refinement, a total of eleven selenium atoms were found and two atoms
with occupancies greater than 50% finally.

Using the peak, edge and remoteH data sets with resolution range of 42.75 - 5.0 A,
nine Se atoms were found in the asymmetric unit, and then the solution showed that the
correlation coefficient between F, and F, was 0.217. After the heavy atom position
refinement, a total of eleven selenium atoms were found and three atoms with
occupancies greater than 50% finally.

Using the peak and edge data sets with resolution range of 42.75 - 5.0 A, eight Se
atoms were found in the asymmetric unit, and then the solution showed that the
correlation coefficient between F, and F, was 0.109. After the heavy atom position
refinement, a total of eleven selenium atoms were found and five atoms with
occupancies greater than 50% finally.

A best result, chosen from three trials, has the maximum number of Se atoms with
high occupancies. After heavy atom position refinement by maximum likelihood
method, the final figure of merit was 0.386 for acentric reflections and the final phasing
power was 0.651. After solvent flattering technique with solvent content fixed to be
37.0%, the final correlation coefficient in [E*| was 0.705 and the final R-factor between
the structure factor amplitudes from the modified map and the observed data was 33.6%.
However it is difficult to assign peptide chains on the density modified map. Therefore,
the SAD method using the peak data set was also performed.

Using the peak data set with resolution range of 37.40 - 6.0 A, nine Se atoms were
found in the asymmetric unit, and then the solution showed that the correlation
coefficient between F, and F, was 0.357. After the heavy atom position refinements, a

total of eleven selenium atoms were found and three atoms with occupancies greater
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than 50% finally. After heavy atom position refinement by maximum likelihood method,
the final figure was merit of 0.166 for acentric reflections and the final phasing power
was 0.519. After solvent flattering technique with solvent content fixed to be 49.6%, the
final correlation coefficient in [E*| was 0.693 and the final R-factor between the structure
factor amplitudes from the modified map and the observed data was 32.1%. However it
is difficult to assign peptide chains on the density modified map.

It is difficult to estimate phase information using the MAD and SAD method. One
reason is considered that the Rparee value is more than 10% (see Table 7-8-b). We are
crystallizing SfThrRS-2* using the other conditions to get data resulting in the higher

resolution and lower Ryarge Value.

| 7-9. Reference |

1. E. Gilbert, D. Marc, P. Olivier, G. Jean & M. Dino (1990) “Partition of tRNA synthetases into two classes based on
mutually exclusive sets of sequence motifs” Nature, 347, 203-206.

3. E. Kirissinel & K. Henrick (2007) “Inference of macromolecular assemblies from crystalline state” J. Mol. Biol.
372, 774-797

- 140 -



Part II. Threonyl-tRNA synthetase
Chapter 8. Discussion of ThrRS structures from crenarchaeota

< Chapter 8; Discussion of ThrRS structures from crenarchaeota >

| 8-1. Structual comparesion of ApThrRS-1 with ThrRS from E.coltT

In the case of E. coli, ThrRS is composed of the three domains; editing, catalytic

and anticodon-binding [1]. Threonine is attached to the cognate tRNA™ through a
reactive threonyl-adenylate intermediate in the catalytic domain. A misacylated product,
Ser-tRNA™ is also synthesized, but it is hydrolyzed in the editing domain. In
Aeropyrum pernix and Sulfolobus tokodaii, the genomes contain the two genes of
ThrRS-1 and ThrRS-2. As described in the chapter 5, the sequence of ThrRS-1 contains
the catalytic and anticodon-binding domains. The sequence of ThrRS-2 contains the
editing and anticodon-binding domains. It is considered that ThrRS-1 and ThrRS-2 are
complementary to each other in functions, one is only for catalysis and the other is only
for editing. The crystal structure of Ap-ThrRS-1, which is one of two gene products, has
been successfully determined at 2.3 A resolution. This study has revealed that
ApThrRS-1 is a dimeric enzyme composed of the two identical subunits, each
containing the two domains, catalytic and anticodon-binding.

In general, the two subunits of ThrRS form a dimer as a member of the class II
aaRS. Superimposition of the dimer of ApThrRS-1 on that of EcThrRS is shown in
Figure 8-1-1. The dimer formations are similar to each other, but different in the
peripheral regions. In EcThrRS, the dimer formation interface occurs mainly between
the catalytic domains, and the editing domains are attached to the opposite side of the
interface. The catalytic domains of 4pThrRS-1 are also interacted to each other to form
a dimer, like those of EcThrRS. However, ApThrRS-1 lacks the editing domains.

Figure 8-1-1. A superimposition of Ca chains between the dimers of
ApThrRS-1 (red) and of EcThrRS (blue).

In the case of EcThrRS, the contacting area of the dimerization interface is
estimated to be 1926.9 A? by PISA server' [2]. It is 10.3% of the total surface area

This program was developed for the prediction of probable biological unit from protein structures obtained by
means of protein crystallography. The approach is based on the consistent enumeration of all possible assemblies
in a crystal with subsequent analysis for chemical stability. The analysis is based on the evaluation of free energy
of complex dissociation, which includes the free energy of binding and the entropy change term.
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(18618.0 A?%), when the editing domain is truncated. In the case of ApThrRS-1, the
corresponding value is 18.5% (3856.7 A?) of the total surface area (20848.7 A%), so that
the interface area of ApThrRS-1 is larger than that of EcThrRS, as shown in Figure
8-1-2. This is consistent to the fact that ThrRS-1 from Aeropyrum pernix (an aerobic
hyper-thermophilic crenarchaeon) is optimally grown at 95 °C [3], and it is more stable
than EcThrRS.

\
\
/’\\

Catalytic domain *

/I\
Anticodon-binding
domain

Figure 8-1-2. Dimer interfaces of ApThrRS-1 (@) and EcThrRS (). Red and
cyan surfaces show the residues of the interface in the catalytic domains and
yellow and green in the anticodon-binding domains, respectively.
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Figure 8-1-3. A superimposition of Ca chains between the subunits of ApThrRS-1 (red)
and of EcThrRS (blue), is drawn in wire models (upper). The bottom figures show their
partial structures. The colored numbers indicate the residue numbers.

Figure 8-1-3 shows nine regions in which the main chain conformations are largely
different between ApThrRS-1 and EcThrRS. These differences occur at several inserted
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residues in the ApThrRS-1 sequence. In total, the sequence length of 471 residues is
longer than that of EcThrRS (400 residues) without the editing domain. The regions 1~5
are in the peripheral parts of the catalytic domain. In the region 1 at the N-terminus of
ApThrRS-1, there is an additional loop in ApThrRS-1. In the regions 2~4, the three
loops are longer in ApThrRS-1. In the region 5, an a-helix is added in ApThrRS-1,
while the corresponding part in EcThrRS contains a shorter loop. The regions 6~9 in the
anticodon-binding domains contain long loops and additional helices in ApThrRS-1. In
the region 9 at the C-terminus, the main chain conformation is largely different. These
longer loops of ApThrRS-1 increase the area of the dimerization interface, as shown in
Figure 8-1-2. Although the main chain of 4pThrRS-1 adopts a different conformation
locally, the catalytic site and the anticodon-binding site are highly conserved as
described below.

The motifs 1, 2 and 3, which are the typical features of the class II aaRSs, are
conserved completely in both EcThrRS and ApThrRS-1. These motifs contain the
characteristic sequences: goxx¢xxPdd in the motif 1; (F/Y/H)Rx(E/D) and
(R/H)xxxFxxx(D/E) in the motif 2; and AxdgdgeRpddd in the motif 3 (x stands for any
residues, A for small amino acids P, G, S, T; ¢ for hydrophobic residues F, Y, W, L L, V,
M, A) [4]. Figure 8-1-4 (a) shows sequence alignments of the three motifs between
EcThrRS and ApThrRS-1. In the motif 1 sequences, the proline and the hydrophobic
residues are conserved to a loop and an o helix (Figure 8-1-4 (b)). In the motif 2, HRXE
and RxxxFxxxD are also conserved to form the two [3 strands and loops, which also
conserved in EcThrRS and ApThrRS-1. The motif 3 is involved in formation of an o
helix and loops, and ¢gdgd and AxdgdgdeRdddd are high sequence homology with both
of ApThrRS-1 and EcThrRS. These features suggest that ApThrRS-1 belongs to the
class II aaRSs.

motif 3;

(a)

motif 1 gOxXOXXPH
EcThrRS 28 lleKLK. GPFM 298
ADThrRS-1  59LAKFHARRGYYVVEIPII 76

motif 2

HRXE RxxXFxxxD
EcThrRS 353 L FGSC P LHGLMRVRGF IFCEE 390 motif1 motif 2 motif 3
ApThrRS-1 134 FKVFEFGRVHRYEP IYGLLRVRGF IIVPG 171
motif 3 Ax)GOGHeRYOODO

EcThrRS 506 VPVMIHRAIL FIGILTEEFAGFFP 534
ApThrRS-1 305EVEIIHRALLGSIERFLGVYLEHRRGRMP 332

Figure 8-1-4. Sequence alignments of three motifs of EcThrRS and ApThrRS-1 (a). Red characters indicate the
characteristic sequences described in [3]. Numbers indicate the terminal residue number of each motif. Right figure
(b) shows a superimposition of the three motif structures of ApThrRS-1 (red) onto those of EcThrRS (blue) in
ribbon models.
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| 8-2. Catalytic site of ApThrRS-1 |

The structure described above suggests that ApThrRS-1 catalyzes the first reaction
to produce the Thr-tRNA™. To examine the plausibility of the catalytic site of
ApThrRS-1, the catalytic domain is compared to that of EcThrRS (PDBID 1EVK [5]).

Figure 8-2-1 (a) and (b) shows their superimpositions including threonine found in

EcThrRS. The zinc finger formation is absolutely conserved. The zinc atom is
tetrahedrally coordinated by Cys112, His166 and His310. At the forth position, the
hydroxyl group and the amino group of the threonine can be bound so that the zinc atom
forms a square pyramidal pentacoordinated state. In EcThrRS, the bound threonine is
trapped by hydrogen bonds between the threonine carboxyl group and the side chains of
Arg363, Glu381 and GIn484, and between the threonine amino group and the hydroxyl
group of Tyr482 (see Figure 8-2-1 (a)). These interacting residues are conserved in
ApThrRS-1. They are Argl44, Glul62, Glu383 and Tyr257, respectively (Figure 8-2-1
(b)). The hydroxyl group of threonine forms a hydrogen bond with the side chain of
Asp383 in EcThrRS. This interaction and the zinc atom coordination are essential for
recognition of the threonine. These specific features are also conserved in ApThrRS-1.
The methyl group of threonine is placed in a hydrophobic environment by Thr482 and
Ala513 in EcThrRS. This situation is formed by Thr280 and Ala312 in ApThrRS-1.

From these common features, it is concluded that threonine can be bound in the

catalytic site of ApThrRS-1.
n A Glu162
GIn381 J As164 J
§ 26

Threonlne
Threonine

GIn484

Figure 8-2-1. The catalytic site of EcThrRS (PDBID 1EVK) (a) and the catalytic site of ApThrRS-1 (b). Black,
blue, red and yellow spheres show carbon, nitrogen, oxygen and sulfur atoms, respectively. The bound
threonine molecule in () is generated by superimposition of the two catalytic sites, and colored in green.

In addition, to examine a possibility of ATP binding in the catalytic site of
ApThrRS-1, the two structures of ApThrRS-1 and EcThrRS (PDBID 1EVL [5]) are
superimposed, because 1EVL contains Thr-AMS
(5'-O-(N-(L-threonyl)-sulfamoyl)adenosine), as an analog of Thr-AMP. Figure 8-2-2 (a)
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and (b) shows the superimposed catalytic sites of EcThrRS and ApThrRS-1 with
Thr-AMS. In EcThrRS, the adenine ring is surrounded by the side chains of Val376,
Pro379 and Arg520, which belong to the motifs 2 and 3, respectively (see Figure 8-1-4).
The corresponding residues in ApThrRS-1 are Vall57, Phel60 and Arg319. The side
chain of GIn479 in EcThrRS interacts to the 3’-hydroxy group of the ribose. The
corresponding residue in ApThrRS-1 is GIn277. Although it points away in ApThrRS-1,
it can be back to interact to the ribose when ATP is practically bound. These structural

consistencies also support that this domain of ApThrRS-1 is catalytic.

(a) (b)
Phe160 h
Cys334 Phe379 ‘@T Cyst12 3.0:,4 H ®
2.9/ / vall57

Val376

7 . Y a
4 His166 S, ¢ / Y
24 == |

Arg520

: His310
His511 \ 4 Arg319
GIn479
GIn277

His385

Figure 8-2-2. The catalytic site of EcThrRS (PDBID 1EVL) (@) and the catalytic site
of ApThrRS-1 (b). Black, blue, red and yellow spheres show carbon, nitrogen, oxygen
and sulfur atoms, respectively. The bound Thr-AMS molecule in (b) is generated by
superimposition of the two catalytic sites and are colored in green.

Furthermore, to examine a possibility to recognize the CCA end of tRNA™ the
catalytic site of ApThrRS-1 is compared with that of EcThrRS (PDBID 1QF6 [4]),
because 1QF6 contains tRNA™, Figure 8-2-3 (a) and (b) shows the catalytic site of
ApThrRS-1 superimposed on that of EcThrRS with the bound tRNA™. In EcThrRS, the
terminal adenine (A76 residue) of tRNA™ is intercalated between Tyr313 and Arg363,
and the N6 atom forms a hydrogen bond with the carbonyl group of Ala316. These three
residues correspond to Tyr91, Argl44 and Asn94 in ApThrRS-1, respectively. In Figure
8-2-3 (a), the oxygen atoms of A76 (tRNA™) are involved in a hydrogen-bonded
network; the O2" atom with His309 and Tyr462 and the O3" atom with GIn484. These
residues also correspond to His87, Tyr257, GIn282 and Tyr91 in ApThrRS-1,
respectively. These structural features in the catalytic sites support that tRNA™ can be
bound in the catalytic site of ApThrRS-1.
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(a) His309 (b)

Tyrd62

C75

Arg144
His310
GIn282

His166

Figure 8-2-3. The catalytic site of EcThrRS (PDBID 1QF6) (@) and the catalytic site of ApThrRS-1 (b). Black,
blue, red and yellow spheres show carbon, nitrogen, oxygen and sulfur atoms, respectively. The bound tRNAT
and AMP molecules in (b) are generated by superimposition of the two catalytic sites, and are colored in red
and green, respectively.

|8-3. Anticodon-binding site of ApThrRS-1 |

A superimposition of the anticodon-binging site of ApThrRS-1 onto that of
EcThrRS (PDBID 1QF6) [1] is shown in Figure 8-3 (b). Glu600 and Arg609 in
EcThrRS, which interact with the anticodon G35 and U36 residues, correspond to
Glu404 and Arg416 in ApThrRS-1, respectively. Although their side chains are pointed
away in ApThrRS-1, they can interact to the anticodon bases when tRNA™ s
practically bound in this domain of ApThrRS-1. In EcThrRS, the wobble base C34,
which is not strictly recognized, interacts with GIn575. The corresponding residue of
ApThrRS-1 is Thr382, the Oy atom of which may interact with C34 of tRNA™. These
features suggest that the anticodon-binding domain of ApThRS-1 is able to recognize
the anticodon of tRNA™.

(a) (b)

Thr382

GIn575

GIn575

Figure 8-3. The anticodon-binging site of EcThrRS (blue) (a). tRNA™ bound in
EcThrRS is colored in green. The anticodon binding site of ApThrRS-1
superimposed onto that of EcThrRS (red) is shown in (b). Black, blue, red and pink
spheres show carbon, nitrogen, oxygen and phosphor atoms, respectively.
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| 8-4. Structure of ApThrRS-2 |
The structure of 4pThrRS-2 has not yet been determined. However, a possibility of

the editing and anticodon-binding functions is examined. The sequence of 4pThrRS-2
contains the two domains; editing and anticodon-binding (referred to chapter 5). The
sequence of the editing domain is similar to that of PaThrRS with the identity of 37%.
The two editing domains of PaThrRS form a dimer [6]. The structure of the editing
domain of ApThrRS-2 might be similar to that of PaThrRS which is different from that
of EcThrRS (see Figure 5-1-3 in chapter5). The crystal structure of the editing domain
of PaThrRS in complex with seryl-3’-aminoadenosine, an analog of Ser-AMP, is
reported [6] (PDBID 2HLO). The proposed catalytic residues His83 and Lys121 and the
interacting residues with the adenine base, Val45, Ala94 and Phell7 in PaThrRS are
shown in Figure 8-4-1 (a). The substrate may be hydrolyzed by the water molecule
bound to the side chain of Lys121 [6]. These residues surrounding the substrate are
conserved in ApThrRS-2, as shown in Figure 8-4-1 (). These features suggest that the
editing domain of ApThrRS-2 hydrolyzes the misacylated Ser-tRNA™ in a way similar
to PaThrRS.

(a) (b)
7 Vald2
/| ) APThrRS-2 YRFKVKPPDPPGEASF g;.vpvz GDGAY ASIDHAISH[SSR
PaThrRS EEdvid |z Eisp]y TRRYEVIK D KENBEBEE P I SEDMKRER M Ef ViRl 1 Rk vislE K NE ENfS|LKE T EER{SK VIAEQ
Val45
His77 Alag8 Phe112 Lys116
APThrRS-2 KVYPAHL.SSLAKP KRIEGA. vm:FsykiFchsHpLAELsa
PaThrRS AUK NN VI Y PlIA H LS SELAK P oBa 1. 1N :3vpdelel 1. ich:lel BN v{elisA P F SMY K AFINIEICKGHPLAEL S RY
His83 Ala94 Phe117 Lys121

APThrRS-2 FEG LQFWPADYKGG VLARAGLLGGGSPASWVHREVGFAESFGESLS A Y
PaThrRS 1vipgEl. . . . . RAHEVEEAMRKE. . . ... ... EEEMVIS YywY[IMTPEGEMIN. . yDKFDF[TEY]. . . . . NL

APThrRS-2 |QAC|IS|S|SVT|TLLMGPYPJJSIVFGPLEDDPVEAVSRVLGLISPQLEGVKPLLSGGEGALKASSPDGAELPV
PaThrRS RIKEVNYETAKNRIAEKERIP o oo s iom s anie ormimre oma oiems o e s » oo ool s o eie o s &0 oiiis aiste & isiim

APThrRS-2 AFLKEGRVCLGPTLSFFKLAVSMLVEKARKEGLTPYLN
PATHERE .5 466 Suiimd D08 S il A bl 60918 §ind AGEG Setiinnd 806 B om

Figure 8-4-1. The substrate binding site of the truncated editing domain of PaThrRS (PDBID 2HLO) (a). An
analog, seryl-3’-aminoadenosine, is colored in cyan. Black, blue and red spheres show carbon, nitrogen and
oxygen atoms, respectively. (b) shown a sequence alignment of the editing domains of ApThrRS-2 and
PaThrRS using the program Kalign and colored by the program ESPript. The alignment parameters are
11.0% for the gap opening penalty which is a gap for opening and 0.85% for the gap extending penalty which
is for extending a gap by one residue.

In EcThrRS, GIn575, Glu600 and Arg609 form hydrogen bonds with the anticodon
residues of tRNA™ (see Figure 8-3). Glu600 and Arg609 in EcThrRS correspond to
Glu376 and Arg385 in ApThrRS-2 by a sequence alignment, as shown in Figure 8-4-2.
Glu575 in EcThrRS interacting with the 34™ residue of tRNA™ anticodon corresponds
to Gly351 in ApThrRS-2. In Aeropyrum pernix genome, four genes of tRNA™ are
encoded [3]. Their anticodons are assigned UGU, UGU, CGU, and GGU. Three bases,
U, C and G are available as the first anticodon residue (34™) of tRNA™ in Aeropyrum
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pernix. Therefore, it is considered that the amino acid residue interacting with the 34h
residue of tRNA™ is not required strict recognition. These features of the

anticodon-binding domain of ApThrRS-2 are acceptable for recognition of tRNA™
anticodon.

Gly351 Glu376
ApThrRs-2 P THTERES A V]I PVD S[E S E|GFA OR I A E|IDHA|AS[EVENS[T] . VEIGEIGLERR VEEA G R[SWA|S L VIR V[EK] T|
EcThrRs TWHAENVV IMN|I|TD|S O S[EFIVN E L T oK s|N|AfE] 1 R IADILENE K| [EF|K 1E¥H T LRIR[V|P Y MLEIC[ED! S

GIn575 Glue00
Arg385
apThrrRs-2 THVEEREWE PGKQEVLT|ILDELS|S ER KKL|ARGHER G[s@Y[s|TTL
EcThrRs  KWAVEITEIRCKDLGSMDVINEV I EKLQQEIREREL KOMEE. . .
Arg609

Figure 8-4-2. A sequence alignment of the anticodon-binding domains of ApThrRS-2 and EcThrRS using the
program Kalign and colored by the program ESPript. The alignment parameters are 11.0% for the gap

opening penalty which is a gap for opening and 0.85% for the gap extending penalty which is for extending a
gap by one residue.

A model structure of ApThrRS-2 is shown in Figure 8-4-3. The editing domains
may form a dimer through a P-sheet as like the editing domain of PaThrRS. The
inserted sequences with 110 residues between the editing domain and anticodon-binding
domain (see Figure 5-2-2-2 in the chaper 5) may be liker domain as shown in broken
ellipses. The anticodon-binding domains may be folded on the opposite side of the

dimer formation interface between the editing domains

Figure 8-4-3. A model of ApThrRS-2 based on the structures of the editing
domain of PaThrRS (PDBID 2HLO) colored in orange and the
anticodon-binding domains of EcThrRS (PDBID 1QF6) colored in green.
The substrate models bound to the editing domains are colored in cyan.

| 8-5. Structure of SfThrRS-1 |

StThrRS-1 and SfThrRS-1* are crystallized successfully, but the crystal structure is
not yet determined. Here a possibility that StThrRS-1 has the catalytic and
anticodon-binding functions is described. Figure 8-5-1 shows a sequence alignment of
the catalytic domains of StThrRS-1 and EcThrRS. The Cys334, His385 and His511
residues essential for the zinc finger in EcThrRS correspond to Cys226, His277 and
His405 in SfThrRS-1. This suggests that these residues form the zinc finger. The

conservative motifs 1, 2 and 3 as the class II aaRS are found in the catalytic domain of
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St-ThrRS-1, as indicated in green boxes of Figure 8-5-1. These support that the catalytic
domain of Sz-ThrRS-1 may catalyze the threonylation of tRNA™,

StThrRS-1 MEEYKGVWLKAGIIYALNLASNGFKPVEVGLGERDFYVDVESDTTLTLDEAKKFATYNQYSYQLKDGYIE
EcThrRS

StThrRS-1FNGNKIKVLGEPSSLEPKYFEILNI SVHHPSPNVQYVRIRGVGFEKKEELDQYLKWLEEVSEYDEIE
EBATHERS' smm: 995 80 %8 003 (PR8N #07 10 HE (07 S0 M6 SRS F@7 @S 553 1063 165 36 KpgelK

motif 1 ghxx0xxPO¢
StThrRs-1RABHF|S F P D TLFEYKQRMKEMINEMGFTAEI[\VIIRKTYEYKEV
EcThrRS HMQEEAFW N Dlew|TE FRIZFAE Vig VIR SIK L KIE|Y OFfe$AYK G P F MM D[R VIR E K|T [z Wi NpFa@s| AN F
Cys226 motif 2 HRXE RxxxFxxxD His277
StThrRS-1 L FKMfED| EKPMNQBE;SYQQEBEEEEEQLGL mggggcggg
EcThrRS TTSSENYCGQNGL SYDLP RIWAE F GEXai:IRNENEE GELIEG LIWR VR GFINQODD): H I Fle

Cys334 His385

StThrRS-lDKMLVKKTI VLIKGDDVRINDESLETNAN LGEK[Y|I V[KE
EcThrRS pgoE[epqRpRRyN G C|I RILVIY M YR Tikedy . . E K|I|V[V|KiHE@:3F KR pffefpndAM|3(D|RENE|A DA VESAEN Np P|FIE Y|QIL

motif 3 His405) xb GO G eRODD OO
StThrRS-1 KiHcr -S4k :#iD DR SHGEW LSFKLIDK RKPVMIHRAIGSERFILE
Jotesyaty T Ne E GAFYGPK I|HFUNBNDISLIB|RIAW O[efel T QD FIL PEIR IPNS v Y[EIADINIHR K WP VMI HRA IMG SIIER FIEIT L

His511

motif 3
StThrRS-1 EIE
EcThrRS [HEjJA[F Fj3

Figure 8-5-1. A sequence alignment of the catalytic domains of StThrRS-1 and EcThrRS using the program
Kalign and colored by the program ESPript. The alignment parameters are 11.0% for the gap opening penalty
which is a gap for opening and 0.85% for the gap extending penalty which is for extending a gap by one
residue.

In EcThrRS, the GIn575, Glu600 and Arg609 form hydrogen bonds with the
anticodon of tRNA™ (see Figure 8-3). Glu600 and Arg609 correspond to Glu494 and
Arg505 in SfThrRS-1, as shown in Figure 8-5-2. In Sulfolobus tokodaii genome, the
anticodons of three tRNA™ genes [6] are UGU, CGU, and GGU. The anticodons of
their second and third residues are strictly fixed with G and U. The first residue is
acceptable to one of three bases, U, C and G. Therefore, the recognition is not strict at
the first anticodon base. These support that the anticodon-binding domain of SfThrRS-1
recognize the anticodon of tRNA™

Asp469 Glu494
StThrRS-1 TWLPVQVVI S|KDVIED ALNLKENKELTSK KAYD[E|G T 1|V[EK] EG
EcThrRS B3R 2 RN VEIMNER 7D S Q|S|EF{VIN EFT|OFSAS N A GRS K AP L NfK|1|G FIKFR/EH T LR|R Lvicldp EEG
GIn575 Glu600
Arg505
StThrRS-1 [UTNES NVE[I|RGVKFDDFLK AFMLEEREINEDEANP]S[AI NK L K
EcThrRS QYA NAs GKD[L|GSMDVNE V|I[E KiQOlpSASIISHK[SLEE . . . .
Arg609

Figure 8-5-2. A sequence alignment of the anticodon-binding domains of S¢tThrRS-1 and EcThrRS using the
program Kalign and colored by the program ESPript. The alignment parameters are 10.0% for the gap
opening penalty which is a gap for opening and 0.2% for the gap extending penalty which is for extending a
gap by one residue.

StThrRS-1 has an additional sequence at the N-terminus containing about 134
residues (see Figure 5-2-2-1). The function of the sequence is unclear because it has no

sequence homology with any other sequences found on the FASTA server except for the
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N-terminal sequences of SfThrRS-1. The crystal structure of SfThrRS-1 will provide an

insight of the detail structure and the function.

| 8-6. Structure of S/ThrRS-2 |
X-Ray diffraction data were collected at 2.9 A resolution, but the crystal structure is

not yet determined. A sequence alignment of SfThrRS-2 with PaThrRS is shown in
Figure 8-6-1. The editing domain sequence of SfThrRS-2 is quite different from that of
PaThrRS with the identity of 15%. The residues of PaThrRS, which interact with an
analog, seryl-3’-aminoadenosine (see Figure 8-4-1 (a)) cannot be corresponded any
residues in SfThrRS-2 by sequence alignment. The sequence of StThrRS-2 is also
different from that of EcThrRS with identity of 23%. However, the only 13 amino acids
in SfThrRS-2 correspond to the interfacing residues of a dimer formation of PaThrRS
(see Figure 5-2-2-2 in the chapter 5). Therefore the sequences might occupy the center

of the most essential part of the interface as shown in Figure 8-6-3.

BETRERE=2: o v wves v oo s oo o m s vt 5w w8% am e € ns ¢ e e 85 e GHP S VRH YEK EK
PaThrRS MRVLLIHSDYIEYEVKDKALKNPEPISEDMKRGRMEEV E NPE LKA E

Val45
StThrRS-2 FGFPNPFL L Y. . . SKZ—\T ITEDDVEE K EHGRP. .. .NSPH
PaThrRS QVKAENV|IFVHPF s|s LAPS DINRVY GLKERIGFNV[EKAPFGHMYKRF . . KI|S[EKGHPLAIHLSR
His83 Ala94 Phe117 Lys121

StThrRS-2 IKKVKGK FSDSKN ..... EKE ENBVNLLEYE. - . ... .. L

PaThrRS IPEAH l IALRKEEIELVSYWY PEGE KFDFE lENLRKFVNI . QII lPE
Figure 8-6-1. A sequence alignment of the editing domains of SfThrRS-2 and PaThrRS using the program
Kalign and colored by the program ESPript. The alignment parameters are 11.0% for the gap opening penalty

which is a gap for opening and 0.85% for the gap extending penalty which is for extending a gap by one
residue.

In EcThrRS, GIn575, Glu600 and Arg609 form hydrogen bonds with the anticodon
of tRNA™ (see Figure 8-3). Glu600 and Arg609 in EcThrRS correspond to Glu212 and
Arg223 in StThrRS-2 by a sequence alignment, as shown in Figure 8-6-2. In Sulfolobus
tokodaii genome, three tRNA™ anticodons [6] are UGU, CGU and GGU. The second
and third anticodon residues are strictly fixed to G and U bases, respectively, however,
the first antcodon residue is acceptable to any of the three bases, U, C or G. Therefore,
this site is not required for strict recognition. These features are consistent to that the
anticodon-binding domain of SThrRS-2 recognizes the anticodon of tRNA™.

Pro187 Glu212
StThrRS-2 \'ﬂ'.. PWIREL|P[VIKODFVIK S E I NG . D GLEAEARAGKDWIERYVV ILEE K[TL
EcThrRS WL [oW4VEdMN|T| T D S QIS|E Y[V LSNAGI L KI[]FEEIREH T L R R[VIRYM|L VIC[e]D Elsla
GIn575 Glu600
Ar9223
StThrRS-2 SLT KRNEQR| NR DPMK NFPLLLSQRSKKYIVSK
EcThrRS KVA RIGKDL G IRSRS ................
ArgGOQ

Figure 8-6-2. A sequence alignment of the anticodon-binding domains of StThrRS-2 and EcThrRS using the
program Kalign and colored by the program ESPript. The alignment parameters are 11.0% for the gap
opening penalty which is a gap for opening and 0.85% for the gap extending penalty which is for extending a
gap by one residue.
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The model structure of SfThrRS-2 is shown in Figure 8-6-3. The editing domains
may form a dimer through a 3-sheet as like the editing domain of PaThrRS. However,
the other foldings of the editing domain may be different from that of PaThrRS because
the sequence identity is very low (15%). The inserted sequences with 110 residues
between the editing domain and anticodon-binding domain (see Figure 5-2-2-2 in the
chaper 5) may form a domain for editing as shown in broken ellipses. The
anticodon-binding domains may be folded on the opposite side of the dimer formation

interface between the editing domains.

Figure 8-6-3. A model of StThrRS-2 based on the structures of the editing
domain of PaThrRS (PDBID 2HLO) colored in orange and the
anticodon-binding domains of EcThrRS (PDBID 1QF6) colored in green.
Black colored models indicate non-corresponding regions by a sequence
alignment. The substrate models bound to the editing domains are colored
in cyan.
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Part 111

< Chapter 9; Conclusions >

Many proteins are involved in producing functional RNAs, such as rRNA, mRNA,
tRNA etc. Although some of them were revealed the tertiary structures, their detailed
mechanisms are not fully understood. In this study, two enzymes related to RNA
processing, RNA 3’-terminal phosphate cyclase (Rtc) and threonyl-tRNA synthetases
(ThrRS-1 and ThrRS-2) from crenarchaea, have been subjected to reveal the tertiary

structures.

X-ray analyses RNA 3’-terminal phosphate cyclase from Sulfolobus tokodaii
9-1-a. Purpose of the study

In pre-tRNA splicing, an RNA fragment cleaved by RNase has a phosphate group
at the 3'-terminus. This 3'-terminal phosphate is required to remove in prior to its
ligation with the 5'-terminal phosphate of other RNA. Rtc catalyzes the ATP-dependent
conversion of the 3'-phosphomonoester end to the 2',3’-cyclic phosphodiester end.
X-ray analyses of Rtc from Sulfolobus tokodaii (St-Rtc) and its several complexes with

substrates have been performed in order to establish the reaction mechanism,

9-1-b. Structural features of St-Rtc
In the six different crystals, St-Rtc*, St-Rtc, St-Rtc*+Mn, St-Rtc*+ATP,
St-Rtc+AMP and St-Rtc*-AMP crystals obtained under different conditions, a similar

dimer formation commonly occurs by association of the two subunits, in which the

interface is formed by a B-sheet extension though the hydrogen bonds between the two
[1e223 residues related by a two-fold symmetry. Each subunit consists of a large domain
and a protruded small domain. The Bafaf motifs, repeated by three times, are folded
into the large domain. According to a pseudo three-fold symmetry, three a-helices from
each motif are packed to form the central core with the outer three a-helices. The core is
surrounded by the twelve B-strands. The large domain is deformed from the regular
three-fold symmetry by insertion of the small domain with the BaBBpa motif into the

third motif of the large domain.

9-1-c. Reaction mechanism at the first step

Based on the structures in different states, the following reaction mechanism has
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been proposed. When ATP enters the first catalytic site of Sz-Rtc, the adenine moiety is
stacked between the side chains of Pro126 and His283, and the ATP orientation is fixed
by hydrogen bonds between Asp250 and the N6 atom of the adenine, and between
Asp286 and the ribose hydroxyl groups. The 3- and y-phosphate groups are bound to the
nearby basic residues. The bound Mg”" jon changes the conformation of the
a-phosphate group, so that the lone-paired electron on the Ne atom of His307 will
attack the a-phosphorus atom. After a phosphoamide bond is formed between the Ne
atom and the phosphorus atom, a pyrophosphate ion is ejected. The covalently bounded

St-Rtc-AMP intermediate is used in the second reaction.

9-1-d. Reaction mechanism at the second step

Nearby the first catalytic site, seven basic residues, Argl7, Arg36, Arg39, Lys41,
Arg46, His48 and Lys124, are assembled suggesting the second catalytic site, in which
an RNA carrying a phosphate group at its 3’-terminus is bound. An RNA binding model
constructed reasonably allows us to speculate the reaction mechanism at the second step.
His48 forms a hydrogen bond with the 2’-hydroxyl group of the bound RNA. The
oxygen atom of the 3'-phosphate group is forced to attack the o.-phosphorus atom bound
to His307 of the Sz-Rtc-AMP intermediate. The P-N bond is cleaved to produce an
intermediate linked by a pyrophosphate bond between the 3’-phosphate group of RNA
and AMP. When His48 withdraws a proton from the 2'-hydroxyl group, the 2'-oxygen
atom attacks the 3'-phosphorus atom to form a free AMP and the 2',3"-cyclic phosphate
group at the 3’ end of RNA.

9-1-e. Significance of the study and future prospects

In this study, a reaction mechanism at the first step of 2',3'-cyclic phosphate
formation has been proposed based on the crystal structures. For the second reaction, a
reaction mechanism is postulated, but further experiments are required to be established.

It is expected to be clarified in the near future.

X-ray analyses of Threonyl-tRNA synthetases from creanarchaea)
9-2-a. Purpose of the study

In general, every organism possesses only one gene for each aminoacyl-tRNA
synthetase. However, some crenarchaea organisms have two genes in their genomes.
Sequence alignment analyses of the two gene products (ThrRS-1 and ThrRS-2) suggests

us that ThrRS-1 is composed of bacterial-type catalytic and anticodon-binding domains,
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but no editing domain, while ThrRS-2 composed of archaea-type editing domain and
anticodon-binding domain, but no catalytic domain. This study has been aimed to
clarify their complementary functions and the reaction mechanisms by X-ray analyses
of ThrRS-1 and ThrRS-2 from Aeropyrum pernix (Ap) and those from Sulfolobus

tokodaii (St) have been subjected in order to prove the above speculations,

9-2-b. Structural features of ApThrRS-1
X-Ray analysis of A4pThrRS-1 has been successfully performed. Two subunits of

ApThrRS-1 form a dimer, and each subunit contains the three motifs, 1, 2 and 3, in the
amino acid sequence, as the typical features of the class Il aminoacyl-tRNA synthetase.
In comparison of the structure with those of ThrRS from E. coli (EcThrRS), it is easy to
identify that 4pThrRS-1 is composed of the catalytic and the anticodon-binding

domains, but there is no editing domain, as expected.

9-2-c. Catalytic site of ApThrRS-1

A superimposition of ApThrRS-1 onto EcThrRS in complex with several substrates
has shown that the residues interacting to threonine, ATP and tRNA™ in EcThrRS are
highly conserved in ApThrRS-1. When threonine enters the catalytic site, it is trapped
by hydrogen bonds between the side chains of Argl44, Glul62, Glu383 and Tyr257.
The methyl group of threonine is accepted in a hydrophobic environment of Thr280 and
Ala312. The adenine moiety of ATP is surrounded by the side chains of Vall57, Phel160
and Arg319, and the 3’-hydroxy group of the ribose interacts with the side chain of

GIn277. The bound threonine points the carboxyl oxygen atom to the a-phosphorus
atom of the ATP. This geometrical situation makes the two substrates easy to form
Thr-AMP intermediate. When tRNA™ enters the catalytic site, the adenine moiety at
the 3’-end of the bound tRNA intercalates between Tyr91 and Argl44, and the N6 atom
of the A76 residue forms a hydrogen bond with the main-chain carbonyl oxygen atom
of Asn94. This situation forces Thr-AMP to transfer Thr to the A76 end of the bound
tRNA™.

9-2-d. Anticodon recognition of ApThrRS-1

The superimposed ApThrRS-1 described above also suggests that the residues
interacting to the anticodon of tRNA™ in EcThrRS are highly conserved in ApThrRS-1.
Glu404 and Arg416 in ApThrRS-1 interact with the anticodon G35 and U36 of tRNA™.
The wobble base C34 is also able to interact with the Oy atom of Thr382. These

consistencies suggest that the anticodon-binding domain of 4pThRS-1 recognizes the

-154 -



Chapter 9. Conclusions

anticodon of tRNA™.

9-2-¢. Possible structure of ThrRS-2
As described above, the structural feature of ThrRS-1 suggests the necessity of
ThrRS-2. As the N-terminal sequence of ThrRS-2 is similar to that of the editing

domain of archaea ThrRS, ThrRS-2 is expected to form a dimer between the editing

domains, and it catalyzes de-aminoacylation of the misacylated serine moiety at the
CCA terminus. In addition, ThrRS-2 contains an additional domain different from
archaea ThrRS.

9-2-f. Significance of the study and feature prospects

In this study, by solving the crystal structure of ApThrRS-1, it has been proved that
ThrRS-1 can catalyze threonylation as well as serinylaiton of tRNA™ without editing
the misacylated tRNAs. Further X-ray analyses will be continued to solve the structures
of several complexes with threonine, ATP and tRNA™, For the structure of ThrRS-2, a
possible structure has been proposed, but the structural study will also be continued to
reveal the true structure and functions. Based on those structures, it will be possible to

discuss the evolutionary relationship of the two-gene organisms.
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