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ABSTRACT 

 
Box H/ACA ribonucleoprotein particle (RNP), an RNA-guided RNA modification 

enzyme, is comprised of four conserved proteins (Cbf5, Nop10, Gar1 and L7Ae) and one 

guide RNA. This complex recognizes the substrates by the guide RNA and catalyzes the 

chemical modification by the protein partners. In archaea and eukaryotes, box H/ACA 

RNP is responsible for pseudouridylation in most stable RNAs, using more than 100 

guide RNAs. In this thesis, we present the structural studies of this most complex 

pseudouridine synthase.  Based on this complicated system, we extend our understanding 

of the catalytic mechanism of pseudouridylation.  

 

In Chapter 2, we present a crystal structure of the substrate binding archaeal box 

H/ACA RNP complex which shows the detailed information of the active site. The 5-

fluorouridine on the target position of substrate RNA is fully docked and rearranged into 

(5S,6R)-5-fluoro-6-hydroxy-pseudouridine (f5oh6Ψ) similar to other known structures of 

non RNA-guide pseudouridine synthases. This structure also reveals the substrate RNA 

binding details and the functions of conserved protein partners. 

 

In Chapter 3, we apply the crystallization on various substrate analogs with the 

functional H/ACA RNP complex. We also combine the activity assays and structures, 

provide a complete view of the enzyme active site along the reaction pathway, and 

suggest pre-organization as an important catalytic strategy.  

 

In Chapter 4, we focus on the specificity of PUA domain of Cbf5 for the absolutely 

conserved ACA sequence on guide RNA. We discovered that the high specificity enables 

the Cbf5 to catch the short RNA substrate containing ACA at the 3’end during 

crystallization. The activity assay shows that ACA trinucleotides block the Cbf5 activity 

on the small hairpin RNA substrate in a non RNA-guide manner.  
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CHAPTER 1 

INTRODUCTION: OVERVIEW OF RNA PSEUDOURIDYLATION 

 

1.1 RNA INTRODUCTION 

 
In the central dogma of molecular biology, RNA, DNA and protein comprise the 

three major biological molecules (Figure 1.1). RNA (ribonucleic acid) is a biopolymer 

that is made up of nucleotide units. Each nucleotide consists of a nitrogenous base, a 

ribose sugar, and a phosphate. DNA transfers the genetic information to RNA by 

transcription and RNA transfers this information to protein by translation. Unlike DNA, 

RNA is typically in single-stranded form and contains ribose rather than deoxyribose in 

DNA. This difference makes RNA less stable than DNA because of the β‟-hydroxyl 

group hydrolysis. In addition, RNA has the base uracil (U) instead of thymine (T) in 

DNA. 

 

RNA was thought to only transfer the genetic information from DNA to protein 

before the 1980s. It was then discovered that the ribozyme RNA can work as the enzyme 

to catalyze the chemical reaction1, 2. Further, more types of RNA with various functions 

have been discovered, such as microRNA (miRNA)3-7, small interfering RNA (siRNA)8, 9 

and small nucleolar RNA (snoRNA)10-12. These RNAs, including transfer RNA (tRNA) 

and ribosomal RNA (rRNA), belong to non-coding RNA13 which is defined not to be 

translated into protein. Around 98% of RNA are non-coding RNA and their functions 

haven‟t been completely identified yet14.  

 

Many RNAs are generally modified by enzymes after transcription to qualify their 

variable functions. For example, the pre-mRNA has to undergo three types of 

modification (5' capping, 3' polyadenylation, and RNA splicing) to become mature 

mRNA15.  Pre-tRNA also requires the removal of the leader sequences, 3'-CCA addition, 

introns deletion as well as numerous modifications to form functional mature tRNA16, 17.  
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1.2 POST-TRANSCRIPTIONAL MODIFICATION OF RNA 

 

RNA is made up of nucleotide units. There are four major nucleotides and many 

modified nucleotides (Figure 1.2) which are mostly generated post-transcriptionally by 

chemical modifications of the four major ones or in particular cases, by base 

replacement18. In RNA secondary structure, the four major bases could contribute the 

hydrogen bond accepters or donors to enable the complementary Watson-Crick pairs. The 

various modified nucleotides function in different ways including stabilizing the RNA 

structures. 

 

The methyl group is the most common group added on the RNA nucleotides. For 

example, m5C, m1Ψ,  and T with methyl group on bases (Figure 1.2) are believed to 

improve base-stacking because of increased hydrophobicity and polarizability. In 

addition, the methyl group may induce more changes in structures by increasing steric 

block or inhibiting the hydrogen bonds19-26. The methylation on m1A blocks a Watson-

Crick position in the adenosine and also introduces a positive charge to the nucleoside26, 

27, which may raise ionic interactions with the negatively charged phosphates in the 

backbone28. Methylation of the β‟-OH could result in γ‟endo-conformation of the ribose 

or block the sugar edge interaction23, 24, 29. It can also protect the RNA from hydrolysis by 

nucleases.  

 

Transfer RNA, the most highly modified RNA, was studied for the modification 

effect by many biochemical and biophysical methods. The tRNAs from various 

organisms may contain different levels of modifications but a few modified nucleotides 

(Cm32, m1G37, t6A37 , 39, 55, m1A58) are present in tRNAs from all kingdoms30 

(Figure 1.3). Most modifications are clustered in two areas, the anticodon domain and the 

center of the L-shaped 3D structure. Modified Nucleotides play variable roles in 

maintaining tRNA function and structure.  For example, the position 37 modifications 

next to the 3'-Side of the anticodon influence translational efficiency, fidelity and 

sensitivity of the tRNA to the reading context and reading frame maintenance30. Modified 

Nucleotides at the Wobble position (Position 34) also influence translational fidelity and 
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codon choice30. There are different enzymes catalyzing not only the different 

modification, but also catalyzing the same modification in different positions of the 

tRNA.  

 

1.3 PSEUDOURIDINE SYNTHASE OVERVIEW 

 
1.3.1 Pseudouridine introduction 

Pseudouridine ( Ψ, an isomer of uridine, is the most abundant modified nucleotide in 

RNA with an unusual carbon-carbon glycoside bond connecting base and ribose30-32. 

Pseudouridylation is a post-transcriptional modification from uridine to pseudouridine 

carried out by pseudouridine synthase. This process is thought to begin with the cleavage 

of the N-glycosyl bond (ring cleavage), followed by a 180° rotation of the uracil base 

while still enzyme-bound (ring rotation), then reattachment of the ring at C5 (ring 

reattachment) and finally deprotonation of C533-35. Cofactors are not known to be 

required for any of these steps.  

 

Pseudouridine residues are highly conserved in many RNA species, such as several 

specific positions in tRNA and the pseudouridine cluster around the peptidyltransferase 

center of the ribosome36. Compared with uridine, pseudouridine contains an extra 

hydrogen bond donor at the equivalent of uridine C5. So the major role of pseudouridine 

has been hypothesized to stabilize the particular RNA conformations or interactions21, 37, 

38. Reduction of uridine to dihydrouridine has been found to change the sugar pucker20. 

 

Although the tRNA crystal structures did not show the direct hydrogen bond of N1-

H of pseudouridine with other nucleotides, a water molecule or hydration sphere was 

suggested to be around this area by electron density and molecular dynamics 

simulation21-24. Thus, the N1-H may form a bridge with adjacent residues, mediated by a 

coordinated water molecule28. Although the function of pseudouridine isn‟t completely 

known, some studies have shown it is physiologically important. For example, missing 

pseudouridines at position 1911, 1915, and 1917 of 23S RNA in Escherichia coli results 
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in severe growth inhibition39. Lack of a conserved pseudouridine in the A site of rRNA in 

yeast impairs translation substantially40. Mutations on Cbf5p, a pseudouridine synthases 

in yeast, result in the loss of pseudouridines in RNA correlating with abnormal growth of 

yeast cells and reduced levels of cytoplasmic 40S and 60S subunits41
.  

 

 

1.3.2 Pseudouridine synthases 

 

Pseudouridine synthases catalyze the isomerization of uridine residues in RNA to 

pseudouridine. By sequence analysis, known pseudouridine synthases fall into six 

families: TruA, TruB, TruD, RluA, RsuA, and Pus1042-50. They are named by the first 

member identified in Escherichia coli except Pus10 which is found in humans. These 

families don‟t share global sequence similarity but all contain a core -sheet fold at the 

active site according to their crystal structures (Figure 1.4). In bacteria, each 

pseudouridine synthase is responsible for the whole process of pseudouridylation while 

various pseudouridine synthases catalyze the reaction at the particular positions of 

different RNA species. In Archaea and Eukarya, where rRNA are more extensively 

modified, pseudouridylation is mostly carried out by a RNA-protein complex named box 

H/ACA RNP (ribonucleoprotein). The protein with catalytic domain in this complex 

belongs to the TruB family. Regardless of their enzyme composition and substrate 

specificity, however, all families of pseudouridine synthases contain a well-conserved 

active site and several conserved amino acids34, 51, 52 (Figure 1.4).  

 

 

1.3.2.1 The RNA-guided RNA Modification 

 

In eukaryotes, the majority of RNA belongs to non-coding RNA. These RNA are not 

translated into proteins but play an important biological role in cells. Except for tRNA 

and rRNA, the most characterized functional non-coding RNA acts as the guide RNAs 

which guide the chemical modifications on right positions of RNA substrates. These 

guide RNAs are generally assembled with proteins, forming the complex named RNP. 
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The RNPs target the substrates by the guide RNAs and catalyze the reaction by the 

proteins.      

 

In eukaryotes, small Nucleolar RNAs (snoRNAs) are short RNA molecules which 

guide chemical modifications of other RNAs, mainly rRNA. In archaea, snoRNAs are 

refered as sRNA (small RNA). There are two main classes of snoRNA, the box C/D 

RNAs guiding β‟ methylation and the box H/ACA RNAs guiding pseudouridylation. 

These RNAs are named by their conserved sequence motifs and containing 10-20 

nucleotides which are complementary to the sequence of the substrate. Their complex 

with proteins are named the box C/D RNP and box H/ACA RNP53. The common 

mechanism is that the guide RNA recognizes the substrates by base pairing manner and 

traps the target residue at the active site, following the chemical modification carried out 

by the proteins. 

 

This RNA-guide mechanism seems to be common in cellular RNA reaction, such as 

the RNA induced silencing complex (RISC)54, RNA-guided editing55, 56, RNA-guided 

histone mRNA processing57, and so on. These variable RNA-guided enzymatic processes 

include two critical mechanistic steps: RNA-guided RNA reorganization and protein 

catalysis. For example, RISC uses the small interfering RNA (siRNA) or micro RNA 

(miRNA) to recognize the complementary mRNA and activates RNase to cleave it in 

order to regulate the gene expression54.  

 

1.3.2.2 The box H/ACA RNPs 

 

The box H/ACA RNPs are the most complex pseudouridine synthases that are 

required for modification of ribosomal and spliceosomal RNAs58-62. Each box H/ACA 

RNP contains four core proteins and a guide RNA. The H/ACA guide RNAs, including 

70-250 nucleotides, form the particular hairpin-hinge-hairpin-tail secondary structures 

(Figure 1.5A). H/ACA RNAs have a conserved sequence ANANNA named box H at the 
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hinge region and an absolutely conserved sequence ACA at the γ‟ end. Each hairpin 

forms the stem-loop-stem-turn secondary structures. The loop named pseudouridylation 

pocket contains 10-21 nucleotides which are complementary to the region nearby the 

target residue on substrate so that the guide RNA can bind with the substrate by base 

pairing. The target residue is right at the center of this -like motif (Figure 1.5A).    

 

In archaea, box H/ACA RNP contains four proteins: Cbf5 (Cbf5p in yeast, Nap57 in 

mice and Dyskerin in human), Nop10, Gar1, L7Ae (Nhp2 in Eukarya) (Figure 1.5B). L7 

is shared by box C/D RNP in archaea. Cbf5 is the largest protein containing the catalytic 

domain which is a homolog of TruB in bacteria. In vitro study showed Cbf5 has 

interaction with Nop10 and Gar1 separately and guide RNA only interacts with Cbf5 and 

L7Ae61, 63. The minimal functional combination is CNg complex (Cbf5, Nop10 and guide 

RNA) and association with Gar1 and L7Ae can improve the activity dramatically61. 

Single Cbf5 may be also responsible for pseudouridylation at U55 in tRNAs in archaea64 

 

H/ACA RNP is a significant enzyme in eukaryotes and archaea. Mutation in yeast 

Cbf5p causes the abnormal cell growth41
. Mutations in the human Cbf5 gene, DKC1, 

result in X-linked dyskeratosis congenita characterized by abnormal skin pigmentation, 

bone marrow failure, nail dystrophy, and a predisposition to epithelial cancers65-67. 

Significantly, H/ACA RNP proteins are parts of the human telomerase68, 69. Telomerase 

RNA also contains the conserved H/ACA RNA-like domain at its γ‟ end. This domain 

can help the RNA accumulation and localization in the Cajal body. 

 

 

1.4 CATALYTIC MECHANISM OF PSEUDOURIDYLATION 

 
1.4.1 Two proposed mechanisms 
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According to sequence alignment, only a single aspartic acid is absolutely conserved 

in all known pseudouridine synthases and previous studies showed it plays an essential 

role during reaction34. Cofactors are not known to be required. Two mechanisms that 

invoke Asp as a nucleophile have been proposed for the catalytic process (Figure 1.6) 

The first one is Michael addition mechanism proposed in 1988 including a nucleophilic 

attack of an active Cys residue to C6 on uracil70. It was based on the thymidylate 

synthase mechanism but then the active residue is corrected to be Asp instead of Cys due 

to the sequence comparisons34. So, the current corrected mechanism is that Asp attacks 

the RNA ring atom C6, leading to an Asp-pyrimidine covalent adduct. The cleaved ring 

rotates 180° and reattaches the ribose by C5-C1‟ N-glycosidic bond. After deprotonation 

on C5, Asp leaves and the isomerization is finished. In the other acylal mechanism 

proposed in 199834, Asp attacks the sugar atom C1‟ to form the acylal intermediate that 

stabilizes the oxocarbonium ion and the ring is cleaved but trapped in the enzyme. 

Precedents for such a mechanism are  distantly related glycosidases34, 71, 72 and uridine 

DNA glycosylases possessing an Asp-activated catalytic water molecule73. Ring 

reattachment and deprotonation are similar to that in Michael mechanism. 

 

 

1.4.2 Pseudouridylation mechanism studies 

 

Crystal structures of pseudouridine synthases from variable families are available42-

47, 49, 74. Complex structures of pseudouridine synthase and RNA substrate are obtained by 

using 5-flurouridine RNA substrates48, 50, 75.  All proteins share the same mixed -sheet 

and conserved Asp is at nearly the same position (Figure 1.4). In addition, a conserved 

K/RxY motif was closed to Asp in the active site of all but the TruD family of enzymes 

(where the motif is replaced by NxF)44, 76. A positive charged residue (Arg in TruA, TruB 

and RluA; Lys in TruD, RsuA and Pus10) is noted on the other side. In all cocrystal 

structures, 5-flurouridine was modified to 5-fluoro-6-hydroxpseudouridine (f5oh6 ).  

 

Many in vitro enzyme activity assays have been done to investigate the mechanism.  

Mutation of catalytic Asp to Asn in bacterial TruB and TruA pseudouridine synthases 
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resulted in complete loss of enzyme activity34, 77. Mutations of Tyr of K/RxY motif in 

TruB and human pseudouridine synthase I (of the TruA family) retained some detectable 

activity76, 78, suggesting that this residue is nonessential. The strongest evidence 

supporting Michael mechanism is the observation that using a 5‟-fluorouridine RNA 

substrate, both E. coli TruA and RluA could form the protein-RNA complex which can 

survive under SDS-PAGE condition. These experiments suggest there is either a covalent 

link or a strong interaction between enzyme and substrate79, 80. In both cases, 5‟-

fluorouridine was hydrated and the RNA substrate containing 5‟-fluorouridine 

irreversibly inhibits the reaction.  

 

More understanding of catalytic mechanisms can further come from structural 

studies of the enzyme and substrate analog complexes. In either catalytic scheme, the 

5FU-containing RNA substrate is hypothesized to be cross-linked or strongly associated 

with catalytic Asp. In opposition to the proposed mechanisms, however, crystal structures 

of TruB, RluA, and RluF bound to 5FU substituted RNA substrates do not show a 

covalent intermediate, although it was argued in the case of the RluA-RNA complex that 

X-ray radiation used for diffraction studies dissolved the possible covalent linkage48, 50, 81, 

82. In addition, TruB activity assays showed that, unlike the TruA and RluA, TruB is not 

inhibited by the RNA substrates containing 5-fluoriuridine83. The TruB isotope labeled 

assay showed the hydroxyl group on f5oh6  is from water molecule in solution33. These 

studies seem to be opposite to Michael mechanism or suggest different pseudouridine 

synthases catalyze in different mechanisms.  

 

Furthermore, these same three complex structures display a similar active site 

arrangement that is inconsistent with either the Michael addition or the acylal 

mechanism. In all cases, the pyrimidine ring is positioned with its C6 pointing away from 

the -carboxyl group of the catalytic Asp and the distance between Asp and C1‟ distance 

is over 3.6 Å. The unfavorable orientation is also observed in the complex of the Asp-to-

Asn TruB mutant bound to an 5FU-containing RNA substrate84.  
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1.5 OBJECTIVES 

 

This dissertation describes the crystallographic and biochemical approaches on 

H/ACA RNP. It involves obtaining the structures of functional H/ACA RNP bound to 

5FU substrate and other substrate analogs and the activity assays of different substrates. 

We also test the high specificity of PUA domain of Cbf5 to ACA trinucleotides. The 

accomplishments of this work reveal many important features of H/ACA RNP and 

enhance our understanding of catalytic mechanisms. The purpose of this dissertation is to 

investigate the enzyme structures and catalytic mechanism of pseudouridylation, one of 

the most important modifications on RNA. 
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Figure 1.1 Central dogma of molecular biology shows the relations between three major 
classes of biopolymers: DNA, RNA, and protein. The general transfers include that DNA 
can be replicated to DNA (DNA replication), DNA information can be transcribed into 
RNA (transcription), and proteins can be synthesized using RNA as a template 
(translation). Some special transfers include the RNA reverse transcription and RNA self 
replication which are known to occur in viruses and eukaryotes.   
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Figure 1.2 Structure and nomenclature of some common modified nucleosides 
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Figure 1.3 The secondary structure of  tRNAphe  from yeast. D refers 5,6-dihydrouridine; 
m2G refers 2-methylguasine; m1G refers 1-methylguasine; m5C refers 5-methylcytidine; 
m7G refers 7-methylguasine; m2

2G refers N(2)-dimethylguasine;  refers pseudouridine; 
Cm refers β‟-o-methyl cytidine; Gm refers β‟-o-methyl guasien; yW refers wybutosine.  
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Figure 1.4 crystal structures of the active site of various pseudouridine synthases. The 
conserved or partial conserved amino acids are shown in yellow and the rearranged 
f5oh6  is shown in red. 
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                                    A 

 

                                     B 

 

 
Figure 1.5 (A) Secondary structure of box H/ACA RNAs. (B) The associated proteins of 
box H/ACA RNP using archaeal nomenclatures. 
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Figure 1.6 The two proposed mechanisms of pseudouridylation. (A) Michael addition 
mechanism (B) Acylal mechanism 
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CHAPTER 2 

CRYSTAL STRUCUTRE OF A FUNCTIONAL H/ACA RNP BIND WITH 5FU 

RNA SUBSTRATE 

 

2.1 INTRODUCTION 

 
Pseudouridine is the most abundant modified nucleotide found in all transfer RNA 

(tRNA), ribosomal RNA (rRNA) and small nuclear RNA (snRNA). Modification of 

uridine to pseudouridine has been suggested to increase the stabilizing effect by improved 

stacking or offering an extra hydrogen bond donor. In bacteria, variable pseudouridine 

synthases catalyze the reaction on specific positions on tRNA and rRNA.  In eukaryotes 

and archaea, box H/ACA ribonucleicprotein complex, containing four proteins and an 

H/ACA guide RNA, carry out the catalysis on rRNA and small nuclear RNAs. The 

H/ACA RNPs target the substrates by base pairing, following the modification catalyzed 

by proteins. Cbf5 is the largest protein containing the catalytic domain which belongs to 

TruB family. The H/ACA proteins are also essential components of telomerase RNP in 

mammals. In addition to the nucleotide isomerization function, some members of H/ACA 

snoRNPs are responsible for rRNA processing85 and one vertebrate H/ACA RNP is 

required for telomere maintenance68, 69. Significantly, mutations in human Cbf5 or 

dyskerin65, NOP1086 and NH2P87 cause the rare genetic disorder dyskeratosis congenita.  

 

Previous studies obtain the crystal structures of Cbf5-Nop10-Gar1 protein 

complex88, RNP complex (Cbf5, Nop10, Gar1, L7Ae and H/ACA RNA) without 

substrate89, an inactive enzyme complex (Cbf5, Nop10, Gar1 and H/ACA RNA) with 

substrate90. Cbf5 shows the overall structural homology to the E. coli pseudouridine 

synthase TruB as expected. These two enzymes share the nearly same backbone 

structures of two α-helixes and three -sheets in the catalytic domain. This suggests that 

both enzymes may react in a same catalytic mechanism but with different substrate 

The text and figures in this chapter are reprinted from Liang, B., Zhou, J., Kahen, E. J., Terns, R. M., 
Terns, M. P., and Li, H. (2009). Structure of a functional ribonucleoprotein pseudouridine synthase bound 
with a substrate RNA. Nat. Struct. Mol. Biol. 16, 740-746, with permission from Nature Publishing Group. 
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recognition manners. All RNP catalysis processes include the substrate binding and 

releasing steps. The RNPs work mostly on the regions of rRNA. It is so interesting to 

know how the RNPs efficiently target and capture the specific nucleotides within the 

large and complex rRNA, and then release the mature rRNA. The molecular basis of this 

complicated mechanism remains unknown. 

 

Here we describe the 2.35 Å high resolution crystal structure of a functional H/ACA 

RNP complex (Cbf5, nop10, L7Ae and H/ACA RNA) bind with 5-fluorouridine RNA 

substrate. The guide RNA used for crystallization is a composite 58-mer RNA based on 

previously characterized Pf9 RNA61 and another computationally identified Pf6 RNA91, 92 

(Figure 2.1A). The 21-mer substrate RNA with 5-fluorouridine at the target position was 

used for crystallization and the oligo of 5th to 17th nucleotide was modeled in the crystal 

structure. This structure shows a modified target 5-fluoro-6-hydroxy-pseudouridine at the 

active site and gives us a view of substrates binding at the molecular level. We also report 

a complex containing Cbf5, Nop10 and a guide RNA with a bound but undocked 

substrates RNA at 3.65Å resolution.  

 

 

2.2 RESULTS 

 
2.2.1 Overall structure 

 

The overall structure of assembled guide RNA and proteins is similar to the previous 

published RNP complex (Cbf5, Nop10, Gar1, L7Ae and H/ACA RNA) without 

substrate89 (Figure 2.1B). The lower stem of guide RNA is anchored by the conserved 

trinucleotide ACA binding with the PUA domain of Cbf5 and its upper stem is anchored 

by the kink-turn motif bound to L7Ae. The structure of 5FU substrate in this complex 

differs from that in the L7Ae-minus enzyme (PDB 2RFK)90, suggesting an important role 

of proteins in RNA conformation. The proteins, Cbf5, Nop10 and L7Ae, form an 

elongated platform on which the substrate lies longitudinally. In this structure the protein-

RNA interface (6694 Å2 ) is significantly greater than that of the L7Ae-minus RNP 
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structure (5332 Å2)90 and that of the substrate-minus RNP structure (4488 Å2)89. This 

finding suggests that binding of the substrate RNA enhances the interaction between the 

protein complex and the RNA.  

 

 

2.2.2 The active site 

 

Unbiased electron density maps calculated before modeling the substrate RNA 

indicate that the nucleotide targeted for modification is fully docked into the active site of 

Cbf5 (Figure2.1C). According to the electron density, the 5-fluoriuridine is rearranged 

and also appears to be hydrated at position 6 to (5S,6R)-5-fluoro-6-hydroxy-

pseudouridine (f5oh6 ) as was previously observed in the TruB-RNA complex50. 

However, the features of the electron density do not completely exclude a hydrated trans 

isomer of f5ho6  or a nonhydrated 5F  as was suggested by mass spectrometric analysis 

of the reaction products of a f5U-containing substrate by TruB33. For simplicity, we 

modeled the nucleotide as the re-arranged and cis hydrated product, f5ho6 . We 

superimposed the f5ho6  in the structure of this complex with those found in the TruB-

RNA50, RluA-RNA48 and RluF-RNA75 complex structures, and compared its surrounding 

amino acids (Figure 2.2). The four active sites share a striking similarity. In addition to 

the strictly conserved aspartate, a tyrosine, two glycines, an arginine, a lysine, and a 

hydrophobic residue form a nearly identical pocket that accommodates f5ho6  (Figure 

2.2). This result establishes that Cbf5 is the catalytic subunit of the H/ACA RNP 

pseudouridine synthase and that Cbf5 likely shares a similar catalytic mechanism of TruB 

and possibly RluA. Our finding that the nucleotide to be modified is fully docked into the 

active site and rearranged, as previously observed for the TruB and RluA complexes48, 50, 

demonstrates that the RNP lacking Gar1 is a functional pseudouridine synthase, although 

its efficiency is significantly compromised in the absence of Gar161, 63.  

 

The active site of Cbf5 is accessible to both ordered and bulk solvent. Cross-

validated and sigmaA-weighted difference density maps revealed bound solvent or ion 

molecules. A cluster of peaks is found near the sugar phosphate moiety of f5ho6  and is 



19 
 

assigned to a hydrated potassium ion based on coordination geometries (Figure 2.3A). 

The potassium ion is within coordination distance (~2.4-2.9 Å) to two water molecules, 

the carbonyl oxygen of Thr181, and the O4‟ and O5‟ atoms of f5ho6 . In both TruB and 

RluA complex structure, this site also binds a solvent molecule48, 50. This solvent 

molecule(s) can potentially hydrate the rearranged 5FU and may thus play a role in 

isomerization reaction. A second solvent site is 2.7 Å from N1 that mediates recognition 

of the nucleobase of f5ho6  by the N-terminus of the α5 helix (Figure 2.3A). 

Unexpectedly, the nucleobase is also accessible to bulk solvent with a notable solvent 

accessible area (7.7 Å2 ). In contrast, the nucleobase bound to TruB or RluA has a 

negligibly small solvent accessible area (<0.8 Å2 )48, 50. The difference in solvent 

accessibility was found not due to the insertion regions in TruB (resides 83-101) and 

RluA (resides 175-195) that block the back entrance of the active site48, 50. Rather, the 

difference is attributable to the less compact active site of Cbf5. Compression of the 

active site, through Gar1 binding for example, could prevent escape of the uracilate 

intermediate and therefore, enhance the activity of Cbf5. 

 

 

2.2.3 Substrate RNA binding to Cbf5 

 

The substrate RNA interacts exclusively with Cbf5 residues (Figure 2.3) at the tip of 

the V shape that ends with f5ho6  (G7-C12). The rearranged nucleotide f5ho6  

establishes the most extensive interactions with a polar pocket of Cbf5 (Figure 2.3A). 

The carboxylate group of the putative catalytic residue Asp85 establishes two hydrogen 

bonds with f5ho6 : Oδ1 with Nγ (β.9ÅΨ and Oδβ with β‟-OH (2.4 Å). Two amide 

nitrogen atoms (Ile183 and Arg184) contact N1 and O6, respectively (Figure 2.3A). The 

amide nitrogen of Gly180 and the guanidinium group of Arg205 further enhance the 

interaction by contacting two non-bridging oxygen atoms (Figure2.3A). 

 

Two Cbf5 regions interact with nucleotides flanking f5ho6 : an amino acid cluster 

comprising His63, His80, Gly81, Gly82 and Thr83 (His-Gly-Thr cluster) and the loop 

connecting the 7 and 10 strands ( 7_10 loopΨ (Figure 2.3 & 2.4). The His-Gly-Thr 
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cluster interacts with the major groove, whereas the 7_10 loop interacts with the minor 

groove side of the substrate RNA. These interactions are largely non-specific, consistent 

with the flexibility observed in the identity of nucleotides in this region, and involve 

hydrophobic and electrostatic contacts to the backbone of the RNA. The sugar phosphate 

backbone of substrate RNA nucleotides G7-G9 directs the approach of the target uridine 

to the active site and is stabilized by interactions with protein backbone atoms and 

positively charged arginine residues of the 7_10 loop (Lys150, Arg154 and Arg156). On 

the strand leaving the active site, G11 nucleobase stacks with the aliphatic chain of 

Arg146. In Cbf5 proteins from other organisms, this position is often substituted by a 

hydrophobic residue (Figure 2.4). Thr83 interacts with both G9 and C12 on either side of 

f5ho6  by forming a hydrogen bond with its amide nitrogen to the β‟-hydroxyl oxygen 

of G9 and a water-mediated interaction with its hydroxyl oxygen to the non-bridging 

oxygen atoms of C12. This interaction is important for maintaining the V-shape of the 

substrate RNA that places the substrate uridine in the active site.           

 

2.2.4 Placement of substrate RNA by L7Ae 

 

The effect of L7Ae on substrate docking has been well discussed90, 93-95. Our 

structure provides unambiguous support for the proposed role of L7Ae in substrate 

placement. The substrate RNA binds in the absence of L7Ae but is far from the active 

site. Delivery to the active site upon L7Ae binding is almost entirely based on a rotation 

of the guide-substrate helix, SH1, as a result of anchoring the upper stem, P2, by L7Ae 

(Figure 2.5A &2.5 B). More unexpectedly, comparison of the new substrate-bound 

structure with a previously determined structure lacking the substrate RNA (this work 

and ref.89) suggests plasticity in the complex that could be important in the interaction of 

the proteins with the diverse family of H/ACA RNAs and/or with their substrates (Figure 

2.5A). Whereas the Cbf5 structures in complexes containing or lacking the substrate 

RNA are closely superimposable, in the presence of the substrate, L7Ae, Nop10 and the 

upper stem of the guide RNA are positioned 6 Å closer to the back face of the catalytic 

domain of Cbf5, leading to further anchoring of the guide RNA (Figure 2.5A). The 
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movement of L7Ae and Nop10 could be a result of differences in the secondary 

structures of the distinct guide RNAs used as well as of substrate binding. The large shift 

suggests a molecular basis for the ability of box H/ACA proteins to accommodate 

structurally diverse guide RNAs and/or substrate binding. Notably, the residues that form 

the Cbf5, L7Ae and Nop10 interfaces remain nearly unchanged in the two structures 

(data not shown), suggesting that a minor rearrangement of the protein interface can 

accommodate relatively large differences in RNA interactions. 

To assess the range of structural plasticity in the guide RNA, we tested the 

pseudouridylation activities of the Pf9_Pf6 RNAs that form 12–17 base pairs between the 

target uridine and the ACA trinucleotide (Figure 2.6). Notably, all mutant Pf9_Pf6 RNAs 

were able to guide pseudouridylation of the substrate RNA with exception of the guide 

RNA that forms a -pocket with one less base pair (p–1) (Figure 2.5C), suggesting an 

impressive range of flexibility in the guide RNA. The structural mechanism identified 

here offers one possible solution to binding structurally varied guide RNAs. 

 

 
2.2.5 Gar1 affects substrate RNA conformation via a Cbf5 loop 
 
 

Gar1 binds to a peripheral portion of the catalytic subunit and is unable to contact 

either the guide or the substrate RNA89, 90. Yet both in vitro pseudouridylation activity 

assays61, 96 and a substrate-docking fluorescence assay94 provide clear evidence for its 

impact on the rate of pseudouridylation and substrate placement. To understand the 

functional role of Gar1 and its cooperativity with the 7_10 loop of Cbf5, we determined 

a crystal structure of the substrate-bound complex containing the guide RNA, Cbf5 and 

Nop10 to compare with a previously determined structure of this complex in the presence 

of Gar1. In the absence of both L7Ae and Gar1, the substrate is undocked. However, the 

substrate is shifted closer to the active site than that in the presence of Gar1 (Figure 2.5D) 
90, supporting the idea that Gar1 may restrict access to the active site in the absence of 

L7Ae.  
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Superimposition of the currently available Cbf5 structures88-90, 93, 97-99 shows that the 

7_10 hairpin is found in two distinct conformations that depend on the presence of Gar1 

and substrate RNA (Figure 2.5B &2.5D). In the absence of Gar1 and the presence of a 

fully docked substrate RNA, the 7_10 loop is oriented to interact with the substrate 

RNA (Gar1-minus, substrate-plus, or 'G-,S+', conformation). With one exception (in 

which the 7_10 loop is involved in a crystal packing interaction88), in the presence of 

Gar1 and the absence of substrate RNA, the 7_10 loop is moved toward Gar1 and away 

from the substrate-docking position (Gar1-plus, substrate-minus, or 'G+,S-', conformation) 

(Figure 2.5D). Thus, the 7_10 loop conformation is sensitive to binding of both 

substrate RNA and Gar1. However, removal of three 7_10 loop residues (C loopNGL) 

did not completely abolish pseudouridylation activity under the condition of excess 

enzyme over substrate (Figure 2.5C), suggesting that the 7_10 loop has a role in the 

regulation of enzyme activity. We predict that in the presence of both substrate RNA and 

Gar1, the Cbf5 7_10 loop experiences an energetic 'tug-of-war', which may result in 

positioning of the loop in a third, intermediate conformation. The third (Gar1-plus, 

substrate-plus, or 'G+,S+') loop conformation may optimally position the substrate in the 

active site, or close the active site, or mediate substrate binding and release (Figure 2.5D). 

This interpretation is completely consistent with the conformational behavior of the 

substrate RNA provoked by Gar1 in either the wild-type or a 7_10 loop mutant RNP100. 

 

2.3 DISCUSSION 

 

Although box H/ACA snoRNPs have long been known to be responsible for site-

specific pseudouridylation of rRNA and snRNA, and box H/ACA RNPs that efficiently 

modify RNA have been reconstituted, the enzymatic mechanism of this unique class of 

pseudouridine synthases has remained elusive. Box H/ACA RNP enzymes have a 

complex mechanism for recruiting substrate RNA and require a number of proteins in 

addition to the catalytic subunit for activity. The structure of an archaeal box H/ACA 

RNP interacting with its substrate RNA provides important insight into the processes of 

substrate binding and modification. 
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The arrangement of active site residues around f5ho6  is similar to that found in the 

previously studied bacterial pseudouridine synthases. This result directly links the 

catalytic mechanism of the RNP pseudouridine synthase to that of stand-alone 

pseudouridine synthases. More notably, the process of substrate binding to the RNP 

pseudouridine synthase is extraordinarily complex and requires all protein and RNA 

components. Systematic disruption of structural elements that are directly involved in the 

substrate-enzyme interaction, including the conserved pseudouridine pocket structure and 

the 7_10 loop of Cbf5, either causes misplacement of the substrate RNA or reduces 

binding efficiency. These findings suggest a structural plasticity of the box H/ACA RNP 

assembly that is optimized for the RNA-modification process. 

The architecture of the archaeal and eukaryotic H/ACA RNPs is probably similar. 

Generally, the eukaryotic H/ACA RNP proteins contain additional sequences; however, 

the elements responsible for particle assembly are conserved between the two domains. 

The finding that mammalian Gar1 is assembled with the other H/ACA RNP components 

separately and at the last stage of initial biogenesis of the complex is consistent with its 

subtle conformational role in substrate docking. In mammalian cells, Gar1 is the last of 

the four core proteins to assemble on the RNP, competing off the early-binding assembly 

factor NAF1 in the nucleolus101. It is possible that, through this conformational role, Gar1 

controls the onset of the pseudouridylation activity or the release of modified RNA 

substrate. 

Key questions remain with regard to the catalytic mechanism of Cbf5 and all 

pseudouridine synthases. In the absence of cofactors or external sources of energy, 

pseudouridine synthases break one chemical bond, rotate the uracilate ring and form a 

different chemical bond. With new knowledge of the active site arrangement, 

understanding this remarkable enzymatic acrobat is now within reach. 

 

2.4 METHOD 

 

2.4.1 Protein and RNA Preparation 
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We purified Pf H/ACA proteins as described88 with slight modification. Cbf5, 

Nop10, Gar1 and L7Ae from Pyrococcus furiosus were separately cloned into pET24D 

or pET21D vectors. Nop10, Gar1 and L7Ae contain the His-tag at C-terminal. We 

purified Nop10 and Cbf5 as a binary complex by a Ni-NTA affinity purification and 

purified as a single complex by Ni-NTA affinity chromatography followed by gel 

filtration (Superdex-200) in buffer containing 20 mM Hepes pH 6.0, 750 mM KCl, 5 mM 

-mercaptoethanol and 0.5 mM ethylenediamine tetra acetic acid. Gar1 was purified 

separately in the same manner. We purified Pf L7Ae separately by treating cell 

supernatant with 1% polyethyleneimine and then precipitating with 80% ammonium 

sulfate, followed by Ni-NTA affinity purification and a gel filtration procedure in buffer 

(20mM Tris pH 7.5, 300mM KCl, 5 mM -mercaptoethanol and 0.5mM ethylenediamine 

tetra acetic acid). The proteins were concentrated and stored at -80ºC before 

crystallization. The full-length Pf9_Pf6 composite guide RNA was in vitro transcribed 

using T7 RNA polymerase and purified as described102. The two guide RNA oligos used 

for the CN-subcomplex crystallization were purchased from IDT (Integrated DNA 

Technologies). The substrate RNA with sequence 5'-

GAUGGAGCG(f5U)GCGGUUUAAUG-3' was purchased from Dharmacon (Thermo 

Fisher Scientific) and purified and stored according to manufacturer instructions. 

 

 

2.4.2 Pseudouridylation assay 

The Pf9_Pf6 composite wild-type and mutant guide RNAs and substrate RNAs were 

transcribed in vitro with T7 RNA polymerase. The same conditions were used for 

synthesis of uniformly labeled substrate RNAs, except that 6 μCi of [α-32P]UTP (3,000 

Ci/mmol) (MP Biomedicals) was added to label all six uridines in the substrate RNA. We 

performed pseudouridylation assays in a similar manner to those described61. Briefly, we 

incubated 0.2 nM [α-32P]-labeled substrate RNA, 1.2 μM guide RNA and 3 μM of 

indicated protein components in the reaction buffer containing 100 mM Tris-HCl, pH 8.0, 

100 mM ammonium acetate, 5 mM MgCl2, 2 mM DTT and 0.1 mM EDTA for 1 hr at 
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70 °C. The RNAs were extracted by phenol/chloroform/isoamyl alcohol (pH4.5), purified 

by ethanol precipitation and digested with nuclease P1 (1 unit, United States Biological). 

The resulting 5'-mononucleotides were separated via thin-layer chromatography, as 

described61 

 

2.4.2 Crystallization and diffraction data 

 

We mixed the guide and target RNA at a 1:1 molar ratio and annealed them by 

heating the solution for 10 min at 70°C followed by slow cooling to room temperature. 

The RNA–protein complex was formed at a 1:1.2 molar ratio with a total concentration 

of 23 mg/ml. We carried out crystallization using vapour diffusion methods in hanging 

drops against a reservoir of 0.8 M KCl, 0.15 M Mg Acetate, 0.05 M Na cacodylate pH 

6.5, 8% (w/v) Polyethylene glycol (PEG) 6000. Crystals, which grew to full size (0.3 mm 

x 0.3mm x 0.4 mm) at 30°C within a week, were soaked briefly in a solution containing 

0.8M KCl, 0.15M Mg Acetate, 0.05M Na cacodylate pH 6.5, 8% (w/v) PEG 6000 and 

5% (v/v) glycerol followed by the same solution with 10% glycerol before being flash 

cooled in a liquid nitrogen for data collection.  

 

For CN complex crystallization, the two guide strands and the target RNA were 

annealed at a 1:1:1 molar ratio. After mixing proteins and RNAs at a 1:1.2 ratio with a 

total concentration of 18 mg/ml, the full-size crystals (0.1 mm 0.2 mm 0.3 mm) were 

obtained by vapor diffusion against a reservoir solution of 0.05M sodium cacodylate, pH 

6.5, 2.0 mM CoCl2, 30 mM CaCl2, 2.0 mM spermine, 2.0 M LiCl at 30 °C within 45 d. 

The crystals were soaked in a mother liquor plus 2.5 M LiCl for 5–8 h before being 

mounted in nylon loops and flash cooled in a liquid nitrogen stream. 

 

Diffraction data were collected at beamline 22ID and 22BM of the South Eastern 

Consortium Access Team (SER-CAT) at Advanced Photon Source (APS) and were 

processed using HKL2000 103. 
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2.4.3 Phase Determination and Structure Refinement 

 

We determined both structures by molecular replacement methods using Molrep104. 

For the CNL complex structure, the coordinates of Cbf5, Nop10 and L7Ae from the 

substrate-minus structure (PDB code 2HVY)89 were used as a search model. A single and 

outstanding solution was found in space group P21212, containing one RNP in each 

asymmetric unit with a solvent content of 61.7%. The initial solution was subjected to 

successive rigid body, energy minimization and simulated annealing refinement using 

CNS105. Electron density computed using the protein coordinates was improved by 

solvent flattening. A molecular mask generated using a manually constructed RNA-

protein complex was used to perform the density modification. At this stage, most RNA 

nucleotides for the entire guide RNA and partial substrate RNA could be built 

unambiguously based into the electron density map. Further refinement using CNS105, 

REFMAC5106 and manual model building by O107 and COOT108 were carried out 

iteratively until the complete model for RNA-protein complex could no longer be 

improved. Each individual protein and RNA molecules was treated as a single „rigid-

body‟ group. The final model was refined to Rfree β4.8% and Rwork β1.7% and has 

RMSD of 0.010 Å and 1.397° from ideal bond lengths and angles, respectively. Of the 

protein residues, 92.5% lie in the most favoured regions of the Ramachandran plot, 7.0% 

in additional allowed regions, one residue (LYS 40) in the generously allowed region, 

and one residue in disallowed regions (GLU 97) as similarly observed in the high 

resolution structure of Cbf5-Nop10-Gar1 protein complex88 (Table 2.1). 

 

 
2.4.3.1 Brief introduction of crystallography  

 

X-ray crystallography produces the 3D images of the electron densities of the 

molecules that can form crystals. It can give us a view of macromolecule at the atomic 

resolution. Crystallography usually contains three major steps: crystallization, X-ray 

diffraction and structure determination. Among those steps, crystallization is the hardest 

step to be accomplished. Sometimes, certain molecules cannot even be crystallized. The 

screen solutions, plates (Figure 2.7A) and other accessories of crystallization we used 
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were usually bought from Hampton Research. Vapor diffusion in hanging drops (Figure 

2.7B) is a common method to obtain the macromolecule crystals. Two samples of 

macromolecule crystals are shown in Figure 2.7C. 

 

Once a crystal is obtained, diffraction can be applied using a beam of radiation. 

Although we generally screen our crystals using X-ray facility in IMB of FSU, 

synchrotron sources, having a much higher intensity of X-ray beams, are often used for 

data collections. X-ray was adopted because its wavelength (0.01-10nm) is close to the 

covalent chemical bond and the radius of atoms. During diffraction measurement, the 

crystal is mounted on a goniometer and gradually rotated while being bombarded with X-

rays (Figure 2.8). Atoms in the crystal scatter X-ray waves and generate different 

interference. The diffraction patterns, the sum of all interferences, are recorded by the 

detector.  

 

 The set of diffraction patterns at different rotation angles are then converted into a 

3D electron density map using Fourier transform which requires the intensity information 

recorded by detector and the phase information obtained generally by Molecular 

replacement88, multi-wavelength Anomalous diffraction (MAD)109, Heavy atom 

methods110 and Ab initio phasing111. The molecule model can be built according to 

density map and furthered refined to acceptable level. The structures of biological 

molecules are usually deposited in Protein Data Bank. 

  



28 
 

 

 
 
 
Figure 2.1 Overview of the structure. (A) The sequence of the composite guide RNA 
Pf9_Pf6 is shown in yellow and that of the substrate RNA is in red (modeled) and black 
(not modeled). RNA secondary-structure elements are named as in ref. 90. (B) Overview 
of the RNP structure. Cbf5 is in blue, Nop10 is in green and L7Ae is in orange. The RNA 
molecules are colored as in A. The substrate RNA anchoring loop of Cbf5, 7_10, is 
shown in purple. Nomenclature of the protein domains is as in ref. 90. (C) Electron 
density maps around the modified nucleotide. Above, 3Fo – 2Fc density map computed 
before modeling of the RNA. Below, 3Fo – 2Fc density map of the final refined model. 
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Figure 2.2 Comparison of active site structure. The modified nucleotide f5ho6  was 
superimposed and oriented in the same way for all three structures. f5ho6  is shown in 
red and the surrounding residues are in blue (Cbf5), cyan (TruB), green (RluA) and 
magenta (RluF). The structures of TruB–RNA, RluA–RNA, RluF-RNA complexes are 
from PDB 1K8W 50, 2I82 48, 3DH375 respectively. 
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Figure 2.3 Interactions of the RNA with Cbf5. (A) Interactions between the substrate 
RNA (red) and Cbf5 (green). Dashed lines indicate polar atom contacts within 3.4 Å. Red 
spheres indicate solvent molecules, and the purple sphere indicates bound potassium. (B) 
Schematic interactions between the guide (yellow) and substrate RNA (red) with Cbf5 
(green).   
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Figure 2.4 Summary of Cbf5 residues involved in protein-protein and protein-RNA 
interactions shown with aligned Cbf5 sequences. Note regions where Cbf5 interacts with 
both substrate RNA and Gar1 ( 10Ψ and where Cbf5 interacts with both Nop10 and the 
substrate RNA ( 4 and 1βΨ. 
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Figure 2.5 Structure and activity analysis of variously assembled wild-type and mutant 
RNPs reveal mechanisms for plasticity and the sensitivity of 7_10 loop to substrate and 
Gar1 binding. (A) The RNP structures of the substrate-plus (this work) and substrate-
minus (PDB 2HVY)89 complexes are superimposed. A large downward shift of L7Ae, 
Nop10 and the guide RNA is observed upon binding of substrate RNA. L7Ae and Nop10 
of the substrate-plus complex are labeled in green and those of the substrate-minus 
complex are in pink. Note that the substrate-minus complex would have 15 base pairs 
between the target uridine and the ACA trinucleotide if substrate is bound, whereas the 
current substrate-plus structure has 14 base pairs. (B) Cbf5-superimposed structures 
containing a bound substrate RNA. For clarity, only the substrate RNA and 7_10 loop 
are shown. Each structure is labeled, where CNL denotes the structure of the Cbf5–
Nop10–L7Ae complex bound with a guide and substrate RNA (this work), CN denotes 
that of the Cbf5–Nop10 complex bound with a guide and substrate RNA (this work) and 
CGN denotes that of  Cbf5–Gar1–Nop10 complex bound with a guide and substrate RNA 
(PDB 2RFK)90. (C) Thin-layer chromatography radiograms of reacted and nuclease-
digested substrate RNA with various RNP complexes. „gRNA‟ denotes the Pf9_Pf6 
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composite RNA, „C‟, „G‟, „N‟, „L‟ denote Cbf5, Gar1, Nop10 and L7Ae respectively. 
„Cm‟ denotes Cbf5 containing D85A, and „CΔloop‟ denotes the 7_10 loop lacking 
Ala148, Val149 and Lys150. Letters „l‟ and „p‟ refer to „lower stem‟ and „psi-pocket‟ 
respectively. Thus, „l-β‟ refers to the Pf9_Pf6 mutant containing a β-base-pair deletion in 
its lower stem, and so on. Structures of mutant Pf9_Pf6 RNA are shown in Figure 2.6. 
(D) Superimposition of Cbf5 proteins present in various box H/ACA complex structures 
(this work and PDB 2APO, 2HVY, 2EY4 and 2RFK)88-90, 97 reveals two distinct 
conformations of the 7_10 loop that depend on Gar1 binding and the presence of the 
substrate RNA. Cbf5 structures observed in the presence of Gar1 (pink) and absence of 
substrate are shown in gray. The loop is in the Gar1-plus, substrate-minus conformation 
(G+,S–) with one exception (PDB 2EY4) that is influenced by crystal packing. In the 
absence of Gar1 and presence of substrate RNA, Cbf5 is shown in blue (this work). The 
loop is in Gar1-minus and substrate-plus conformation (G–,S+). The structure in the 
absence of both Gar1 and substrate is shown in green (PDB 2APO), and the loop (or 7 
and 10) adopts the Gar1-minus, substrate-minus conformation (G–,S–). The proposed 
third conformation of the loop in the presence of both Gar1 and substrate RNA (G+,S+) 
is indicated by a double arrow. 
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Figure 2.6 Secondary structures of the composition Pf9_Pf6 guide RNA and its mutants 
used in pseudouridylation assay. 
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Figure 2.7 (A) The crystallization plates from Hampton Research. (B) Hanging drop 
vapor diffusion method. (C) Crystals of biological molecules. 
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Figure 2.8 Illustration of X-ray diffraction.  
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Table 2.1 Data collection and refinement statistics. „CNL+g+s‟ denotes the Cbf5–
Nop10–L7Ae complex bound with a guide and substrate RNA. „CN+g+s‟ denotes Cbf5–
Nop10 bound with a guide and substrate RNA. *Values in parentheses refer to the 
highest-resolution shell.  
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CHAPTER 3 

STRUCTURES OF PRE- AND POST-REACTIVE H/ACA 

RIBONUCLEOPROTEIN PARTICLE PSEUDOURIDINE SYNTHASE 

COMPLEXES 

 

3.1 INTRODUCTION 

 
Despite its prevalence21, 112 and demonstrated importance in RNA structure22, 113, 114 

and function40, 115, the catalytic mechanism of pseudouridylation remains unsolved. This 

process is thought to begin with the cleavage of the N-glycosyl bond (ring cleavage), 

followed by a 180° rotation of the uracil base while still enzyme-bound (ring rotation), 

then reattachment of the ring at C5 (ring reattachment) and finally deprotonation of C533-

35 (Figure 1.6). Cofactors are not known to be required for any of these steps. 

 

The box H/ACA RNPs comprise the most complex pseudouridine synthases that are 

responsible for modification of ribosomal and spliceosomal RNAs58-62. Understanding the 

catalytic process of pseudouridylation has important implications in ribosome and 

spliceosome biogenesis. In human, a box H/ACA RNP has a minimal of four proteins 

(DKC1 or dyskerin, NOP1, NHP2, and GAR1) and a small RNA. The RNA subunit 

specifies the substrate RNA via base complementarity while the proteins catalyze the 

actual pseudouridylation reaction. The rare genetic disorder, dyskeratosis congenita (DC), 

is correlated with single site mutations primarily on the catalytic subunit of human RNA-

dependent pseudouridine synthase, dyskerin, and some also on NOP1 and NHP265, 86, 87, 

116. Furthermore, pseudouridine synthases are strongly inhibited by 5-fluorouracil (5FU) 

substituted RNA substrates34, 80, 117. 5-fluorouracil is a common chemotherapeutic drug 

that is effective on colorectal and breast cancers118. Although a direct correlation between 

the antiproliferation effect of 5-fluorouracil and pseudouridine synthase function has not 

been established, 5-fluorouridine is known to be incorporated into cellular RNA 

The text and figures in this chapter are adapted from Zhou, J., Liang, B., Lv, C., Chen, M., Yang W., Li, H.  
Structures of pre- and post-reactive H/ACA ribonucleoprotein particle pseudouridine synthase complexes 
(submitted) 
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molecules119-121. Precisely how the uracil nucleobase influences pseudouridine synthase 

structure and function, and consequently disease development or therapy remains unclear.  

 

         In bacteria, approximately a dozen uridine residues in tRNA and rRNA are 

modified by five families of pseudouridine synthases: TruA, TruB, TruD, RluA and 

RsuA42-50. Pus10 from human has no significant sequence homology to these defined 

families so identified as the sixth family49. In Archaea and Eukarya, where rRNA is more 

extensively modified, pseudouridylation is largely carried out by the box H/ACA RNP 

pseudouridine synthases with a catalytic subunit belonging to the TruB family. 

Regardless of their substrate specificity and enzyme composition, however, all families 

of pseudouridine synthases contain a well-conserved catalytic domain and a catalytic 

aspartate residue34, 51, 52.  

 

Michael addition and acylal mechanisms that invoke Asp as a nucleophile have been 

proposed for the catalytic process. In the Michael addition mechanism, Asp attacks the 

RNA ring atom C6, leading to an Asp-pyrimidine covalent adduct. In the acylal 

mechanism, Asp attacks the sugar atom C1‟ to form the acylal intermediate that stabilizes 

the oxocarbonium ion. Support for either catalytic mechanism can further come from 

structural studies of the enzyme and substrate analog complexes. Efforts in capturing the 

structure of a cross-linked intermediate have been made by using the 5FU-containing 

RNA substrate that, in either catalytic scheme, is hypothesized to be cross-linked or 

strongly associated with catalytic Asp. In opposition to the proposed mechanisms, 

however, crystal structures of TruB, RluA, RluF and the H/ACA pseudouridine synthase 

bound to 5FU substituted RNA substrates do not show a covalent intermediate, although 

it was argued in the case of the RluA-RNA complex that X-ray radiation used for 

diffraction studies dissolved the possible covalent linkage48, 50, 75, 81, 82. Furthermore, these 

same three complex structures display a similar active site arrangement that is 

inconsistent with either the Michael addition or the acylal mechanism. In all cases, the 

pyrimidine ring is positioned with its C6 pointing away from the -carboxyl group of the 

catalytic Asp and the distance between Asp and C1‟ distance is over γ.6 Å. The 

unfavorable orientation is also observed in the complex of the Asp-to-Asn TruB mutant 
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bound to an 5FU-containing RNA substrate84. Hence, elucidating the actual catalytic 

mechanism will involve obtaining pseudouridine synthases bound to other substrate 

analogs and comparing these structures to that bound to 5FU substrate. 

 

In previous studies, we obtained a cocrystal structure of a functional H/ACA RNP 

pseudouridine synthase bound to a guide RNA and a 5FU-containing substrate RNA81. In 

the present work, we constructed four substrate analogs that allowed capture of a three 

nonreactive (3MU (3-methyluridine), 5BrU (5-bromouridine) and 5BrdU (β‟-deoxy-5-

bromouridine)), and two post-reaction (2dU (β‟-deoxyuridine) and 4SU (4-thiouridine)) 

complexes of the same RNP enzyme. Structural studies are complemented by enzyme 

activity assays on the substrate analogs and on enzyme mutants. Together, our results 

provide a complete view of the enzyme active site along the reaction pathway and 

suggest pre-organization as an important catalytic strategy.  

 

3.2 RESULTS 

 

3.2.1 The effects of uridine modification on its isomerization 

 

We incorporated 3-methyl (3MU), β‟-deoxy-5-bromo (5BrdUΨ, β‟-deoxy (2dU) and 

4-thio (4SU) modified uridine (Figure 3.1) into a 22mer substrate for the Pyrococcus 

furiosus (Pf) H/ACA RNP pseudouridine synthase. Based on the previously known 

structure of H/ACA RNP pseudouridine synthase bound with f5oh6 -containing RNA 

substrate81, 82, these modifications can potentially disrupt pseudouridylation at any one of 

the three chemical steps. For instance, N3 modification can block formation of the 

f5oh6 -like intermediate because of the short distance between N3 of f5oh6  and the 

carboxylate group of Asp85 (Pf Cbf5 numbering) (2.9 Å). 5BrU/5BrdU, on the other 

hand, is electronically more similar to uridine than 5FU and is predicted to proceed to 

br5oh6, in a manner similar to the 5FU conversion to f5oh6 . The effects the β‟-

deoxyuridine and 4-thiouridine on the reaction pathway were not predicted a priori.  
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To determine if the Pf H/ACA RNP acts on these modified uridines, we used the 

DNA splint technique for constructing substrate RNA from two synthetic oligos122 with a 
32P-label on the 5‟ position of the target uridine or modified uridine (Figure 3.2). The 

integrity of the ligated substrate RNA was checked on a denaturing polyacrylamide gel 

(Figure 3.3). After pseudouridylation assays with saturation amount of H/ACA RNP 

synthase and nuclease P1 digestion of RNA substrates, formation of uridine (or modified 

uridine) isomers was detected by thin layer chromatography (Figure 3.2).  

 

The substrates containing 2dU or 4SU were isomerized but those containing 5BrdU 

or 3MU were not (Figure 3.1). By inference, 5BrdU-containing substrate is also an 

inhibitor of the pseudouridylation reaction. Compared to WT substrate, an obvious 

reduction in the amount of isomerized product from the 2dU and 4SU substrates was 

observed, suggesting an important, although nonessential, role played by the β‟-hydroxyl 

and 4-oxy groups in catalysis. We believe that the inability of 3MU to react is most likely 

a result of the developing repulsive intermediate, as predicted based on f5oh6  structure. 

The result that 5BrdU (5BrU) inhibited isomerization reaction was unexpected 

considering the weaker electronegative effect of bromide on pyrimidine than fluoride.  

 

We also applied MALDI mass spectrometry on the 3MU substrates before and after 

H/ACA RNP treatment to make sure if there is covalent linking between the substrate 

RNA and proteins or 3-methlyuracil ring cleavage during reaction. The result is that the 

mass of 3MU RNA is unchanged (Figure 3.4). 

 

 

3.2.2 Structural basis for enzymatic discrimination of 5BrU and 3MU 

 

Crystal structures of the nonreactive 5BrU, 5BrdU and 3MU containing RNA in 

complex with the Pf H/ACA RNP that contains Cbf5, Nop10, L7Ae and a guide RNA 

were determined and refined at 2.9, 2.5 and 2.7 Å respectively. The global structures bear 



42 
 

strong similarity to the previously determined f5oh6 -bound RNP structure81, 82. At the 

active site, sigmaA-weighted electron density maps clearly revealed the presence of the 

modified nucleotides (Figure 3.5). Consistent with enzyme activity assays, electron 

densities showed that 5BrU, 5BrdU and 3MU were not isomerized by or cross-linked to 

the enzyme. Therefore, these structures represent non-reactive complexes. 

 

The nucleobase of 3MU is bound at a location closer to the Asp85 carbonyl group 

than that of any other target uridine observed so far in the enzyme active site (Figure 

3.6A). In this arrangement, it is possible for Asp85 to directly attack 3MU C6 but not 

C1‟. Despite the observed favorable orientation for reaction, however, 3MU was found to 

be inactive in our enzyme activity assay, suggesting that inhibition may take place at 

certain step during the reaction. Under the assumption that f5oh6  represents the on-path 

intermediate and that the 3-methyl group minimally disrupts pyrimidine electronic 

structure, 3MU would result in an intermediate whose 3-methyl group clashes with 

Asp85 (Figure 3.6B). Hence, the repulsive nature of the intermediate most likely blocked 

its isomerization by the enzyme. It is clear from the electron density or from in vitro 

assays and MALDI that 3MU substrate did not form a covalently cross-linked product 

with the enzyme.    

 

Unlike 3MU that inhibits the reaction by blocking intermediate formation, the 

structural basis for discrimination of 5BrU by the enzymes lies in the orientation of the 

bound nucleotide. The carbonyl oxygen of Cbf5 Asp85 is 4.06 Å from target residue C6 

and 4.γβ Å from C1‟ (Figure 3.7A), making it unfavorable for either reaction mechanism. 

The 5BrU substrate C6 atom is pointed away from the carbonyl oxygen of Cbf5 Asp85, 

similar to the C6 orientation previously seen in the precursor complex structure of TruB 

and 5FU substrate84. Furthermore, even if Asp85 could facilitate hydration of substrate 

C6 in this orientation (shown as the orange arrow in Figure 3.7A), it would result in the 

minor trans 6-hydroxyl stereoisomer123. It also is difficult for the carbonyl group of 

Asp85 to attack C1‟ because it is above the ribose ring. Therefore, 5BrU is confined to an 

orientation that does not permit the reaction to take place. The bromide atom is primarily 
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responsible for this confinement and is anchored by hydrogen bonds with the hydroxyl 

group of Tyr113 and the amide of Ile183 and Van der Waals interactions with the 

aliphatic groups of Ile183 (Figure 3.7B). Strikingly, the O6 atom in the bound f5oh6  is 

located in exactly the same site and establishes similar extensive interactions with the 

enzyme, which likely serves to hyperstabilize the reaction intermediate (Figure 3.7C). 

The inhibitory effect of 5BrU on pseudouridylation by substrate entrapment suggests that 

enzyme preorganization124, 125 may be at play in catalysis.  

 

3.2.3 Structural transitions and mutational effects of the active site 

Our enzyme activity assay showed that both 4SU- and 2dU-containing substrates are 

active in pseudouridylation and their complexes with the pseudouridine synthase, 

therefore, represent product complexes. Structures of the 4SU- and 2dU-containing 

complexes were refined at 2.2 Å and 2.5 Å, respectively. In both structures, all substrate 

nucleotides except the modified target uridine and the +1 nucleotide (G11) are well-

ordered and could be modeled into the electron density map. We interpret this as an 

indication that the enzyme active site has low affinity for the reaction products. To the 

first order of approximation, we now have a total set of structures representing 

nonreactive (3MU, 5Br(d)U), intermediate (5FU), and post-reactive (2dU and 4SU) 

enzyme complexes. These structures provide an unusual opportunity for us to analyze 

enzyme structural features before, during, and after reaction. We superimposed the 

catalytic domain of all structures reported here plus that of f5oh6  reported previously 

(Figure 3.8A) and compared the enzyme structures.  

 

Regardless the reaction status, core active site residues superimpose surprisingly 

well, suggesting an active site with well-placed catalytic groups. These include Asp85, 

Tyr113, Tyr182, Ile183, and Arg184. Interestingly, the equivalent arginine of Arg184 in 

TruB lies in a different orientation and is much closer than Arg184 to the catalytic Asp 

(Figure 3.8A). Among the core residues, Asp85, Tyr113, Tyr182 and Arg184 are 

conserved while Ile183 can be replaced by other hydrophobic residues in TruB family of 

pseudouridine synthases88, 89. In other families of pseudouridine synthases, Tyr182 is 
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frequently replaced by histidine42, 45-48 or arginine74, 75, 126 and Arg184 is replaced by 

lysine43-45, 49. All but one active site residues remain nearly identical in the structures 

containing various substrate analogs. Tyr182 is significantly different in these structures 

(Figure 3.8A). As this residue lines the back of the target uridine, its variation may 

suggest its role in accepting various reactant uridine nucleotides and releasing the product 

when the reaction process is complete. 

 

Although many of these conserved residues have been mutated extensively in many 

pseoduridine synthases, their effects on substrate analogs are not known. In order to test 

if altered functional groups can rescued the inhibitory effect of 5-bromo substitution, we 

mutated Asp85 to glutamate, Tyr182 to phenylalanine, arginine, histidine, or serine and 

Arg182 to glutamate or lysine. None of these mutations rescued the activity on 5BrdU 

substrate (Figure 3.8B). This suggests a stringent requirement for the active site 

geometry. On the wild-type substrate, we found that D85E, Y182R, Y182H, Y182S and 

R184E all abolished the enzyme activity (Figure 3.8B). Interestingly, Y182F and R184K 

maintained activity on the wild-type substrate (Figure 3.8B). Taken together, the RNP 

pseudouridine synthase active site is specific for the wild-type substrate containing 

uridine and minimally requires Asp85 plus a hydrophobic ring at position 182 and a 

positive charge at position 184 for the isomerization reaction.  

 

The second structural difference occurs on the Cbf5 7_10 loop that had previously 

been described as ordered and anchoring the f5oh6 -containing substrate RNA81, 82 

(Figure 3.9A). In the pre- and post-reactive structures reported here, as well as in 

substrate-free enzyme complex structures88-90, this loop is not anchored to interact with 

the substrate. Correspondingly, compared to the other substrate analogs, the  f5oh6  

nucleotide is deepest in the active site pocket and interacts most extensively with the 

active site network81. Similarly, G11 is also closer to active site than other substrates. 

Superimposed structures suggest that the bound 5BrU, 3MU, and 4SU substrates prevent 

fully docking of the 7_10 loop, mostly by the phosphate group of the +1 nucleotide, 
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G11 (Figures 3.9B-D). Thus, the 7_10 loop plays a specific role in positioning the 

reaction intermediate.    

 

Comparison of 5BrU and 5BrdU complex structures revealed an unexpected role of 

β‟-hydroxyl group in substrate docking (Figure 3.9F). In the 5BrU complex structure, the 

β‟-hydroxyl group interacts simultaneously with Asp85 and C5‟ atom of G11. In the 

5BrdU complex structure where this network of interactions is missing, G11 fails to flip 

out in spite of the nearly identical positions of 5BrdU and 5BrU nucleotides. The flipped 

G11 stacks with Arg146 of the 7_10 loop in the f5oh6  complex structure81, 82. The lack 

of β‟-hydroxyl group prevents this interaction that, in turn, reduces enzyme activity on 

the 2dU substrate (Figure 3.9E).  

 

3.3 DISCUSSION 

 

Elucidation of catalytic mechanisms requires a complete view along the enzyme 

active site reaction path. This is accomplished by obtaining high resolution structures of 

enzymatic complexes that are blocked at specific chemical groups. This process may be 

limited due to the available chemical modifications and additional effects on original 

reactive groups. It is, thus, crucial to combine structural data with functional 

investigations.  Using a combined approach in this report, we identify a pre-reactive, a 

nonreactive, and two post-reactive substrate analogs for the Pf box H/ACA RNP 

pseudouridine synthase.  We have demonstrated that 5Br(d)U and 3MU modifications 

inhibited uridine isomerization and provided a structural basis for their discrimination by 

the H/ACA RNP pseudouridine synthase. We also identified two product substrate 

analogs that contain 2dU and 4SU in place of the target uridine.  

 

The observed active site geometry at different reaction steps expands our knowledge 

of the catalytic mechanism. The 3MU bound structure likely represents the pre-reactive 

state and reveals the first observed conformation favorable for a C6-based ring cleavage 
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mechanism. Furthermore, 5Br(d)U modification blocks the ring cleavage step because of 

its confinement to a low energy conformation that places C6 opposite to Asp85. 

Together, our data are consistent with the hypotheses that the ring cleavage step is 

facilitated by a C6-based mechanism and that enzyme pre-organization plays a critical 

role in this process. In this mechanism, the carbonyl group of the catalytic aspartate or a 

water molecule activated by the catalytic aspartate may act as the nucleophile. Both 

schemes are consistent with formation of the f5oh6  intermediate79, 123 and the acquired 

6-hydroxyl group from the aqueous solution83.  

 

 Finally, we observed structural transitions taking place among the pre-reactive, 

intermediate, and post-reaction complexes. A substrate-binding tyrosine residue 

undergoes largest changes and its mutation reduced or abolished enzyme activity. A 

substrate-anchoring loop is found to be sensitive to the reaction status of the substrate and 

is thus an important element for substrate binding and release.  The 7_10 loop of Cbf5 is 

only ordered when f5oh6 , that represents reaction intermediate, is bound at the active 

site through interactions with the backbone of the substrate and the +1 nucleotide and is 

disordered when any other substrate analog, either reactive or inactive, is used. We have 

previously shown by structural and fluorescence studies that the noncatalytic subunit, 

Gar1, has the ability to modulate the orientation of this loop81, 94. These findings further 

implicate a switch-like mechanism mediated by the Cbf5 7_10 loop and Gar1 in the 

pseudouridylation pathway.  

 

3.4 METHODS 

 

3.4.1 Protein expression, purification, and crystallization   

 

         Pyrococcus furiosus H/ACA RNP components were prepared as previously 

described 88 102. Substrate ββmer RNA 5‟-GAUGGAGCGXGCGGUUUAAUG-γ‟ where 

X is 2dU, 4SU, 5BrU, 5BrdU, 3MU, were ordered from Dharmacon (Chicago, IL) or IDT 

(Coralville, IA) and purified according to the manufacturer protocols. For crystallization, 
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guide RNA and substrate RNA were first combined at a molar ratio of 1:1 and then 

combined with Cbf5, Nop10, and Gar1 at 1:1:1 molar ratio to a final protein total 

concentration of 20 mg/ml. The complex was then incubated at 70 ºC for 30 min and 

allowed to cool down to 25 ºC. Crystals were obtained after 3 days in 0.2M KCl, 0.15M 

Mg acetate, 8% PEG 6000 and 50mM cacodylate sodium pH 6.5 at 30 ºC by hanging-

drop vapor diffusion. The crystals were soaked in a cryo solution (1.2M KCl, 0.3M NaCl, 

0.15M Mg acetate, 8% PEG 6000 and 50mM cacodylate sodium pH 6.5) for 10 min 

before being flash-frozen under a liquid nitrogen stream. Diffraction data were collected 

at SERCAT 22ID and 22BM beamlines at Argonne National Laboratory and were 

processed by HKL2000103. 

 

3.4.2 Structure Determination 

 

         The structures were solved by molecular replacement using the published 

coordinate for the f5oh6  complex structure81. The substrate RNA was omitted in the 

initial model in order to avoid model bias. At later stages of refinement, computed 3Fo-

2Fc density maps phased with proteins and the guide RNA allowed 5BrU-, 5BrdU- and 

3MU-containing substrates to be built by COOT108 and O107. Electron density maps at the 

active sites of 2dU and 4SU complexes showed less density and allowed building of only 

the ribose moiety of the modified bases. All structures were refined by PHENIX127. The 

figures were prepared using PYMOL128. Data collection and refinement statistics are 

included in Table 1.  

 

3.4.3 Pseudouridylation Activity Assay 

 

        In order to achieve site specific labeling of the target nucleotide, we employed the 

DNA splint method in which the 22mer substrates were generated by ligation of two half-

oligos122. 5‟-GGAUGGAGCG-γ‟ and 5‟-XGCGGUUUAAUG-γ‟ where X is βdU, 4SU, 

5BrU, 5BrdU, 3MU, respectively, were obtained commercially from Dharmacon 

(Chicago, IL) and IDT (Coralville, IA).  The modified nucleotides X were labeled at the 
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5‟ end with [ -32
P]ATP (PerkinElmer, Waltham, MA) by a T4 polynucleotide kinase 

reaction (NEB, Ipswich, MA) according to the manufacurer‟s protocol. The ββmer 

substrates were generated by ligation of two half-oligos as previously described122 using 

T4 DNA ligase (Invitrogen, Carlsbad, CA). The H/ACA RNP components (protein: 3uM, 

guide RNA: 2.5uM) were first incubated at 70 ºC for 5 min in reaction buffer containing 

100mM Tris-HCl 8.0, 100mM ammonium acetate, 5mM MgCl2, 2mM DTT, 0.1mM 

EDTA Before the labeled substrates were added and continued incubated for additional 2 

hours.  The labeled substrates were then purified by phenol extraction and ethanol 

precipitation as previously described61. Nuclease P1 was used to digest the substrates into 

nucleotides which were analyzed by thin layer chromatography61. 

 

3.4.4 MALDI mass detection 

 

        The β1mer substrates 5‟-GAUGGAGCG(3MU)GCGGUUUAAUG-γ‟ were 

obtained commercially from Dharmacon (Chicago, IL), deprotected and purified 

according to the the manufacturer protocols. The H/ACA RNP components (protein: 

3uM, guide RNA: 2.5uM) were first incubated at 70 ºC for 5 min in reaction buffer 

containing 100mM Tris-HCl 8.0, 100mM ammonium acetate, 5mM MgCl2, 2mM DTT, 

0.1mM EDTA and 1nmol RNA substrate were added into the reaction (Final volume: 

50ul) and incubated for 3 hrs. Phenol extraction and ethanol precipitation were then 

applied to the reaction mixture. The RNA sample was dissolved into 10ul by water and 

went though the standard purification procedure of C18 ZipTip (ZipTip® Pipette Tips, 

Millipore. Wetting solution: 50% acetonitrile (ACN)/water; Equilibration solution/Wash 

solution: 0.02M ammonium acetate; Elution buffer: 50% ACN/water). Matrix solution is 

70mg/ml 3-hydroxypicolinic acid and picolinic acid (9:1) in 50% CAN/water. Negative 

ions/Reflector mode of Autoflex III Mass Spectrometer (Bruker Daltonics) was utilized.  

 

 

3.4.5 Brief introduction of detection of nucleotide modifications 

 

3.4.5.1 Mass Spectrometry 
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Mass Spectrometry (MS) is an important technique in proteomics, especially in 

identification of the post-translation modifications. However, the high polarity and 

tendency of fragmentation of nucleic acids make the application of MS to DNA/RNA be 

restricted until ESI (electrospay ionization) and MADLI (Matrix-assisted laser 

desorption/ionization) became prevalent.  Both are soft ionization techniques (Figure 

3.10) which can generate the intact molecular ions of long oligos. In MALDI, analyte is 

mixed with the matrix solution, spotted on the MALDI plate and co-crystallized by 

solvent evaporation. The laser beam hits the crystal surface and ionizes the matrix which 

then transfers the charges to the analyte in order to ionize and protect them. In ESI, from 

a small tube, the solution containing the analyte is sprayed into a fine aerosol and charged 

in a strong electric field. Solvent in these droplets gradually evaporates and charged 

molecules are getting closer together until they can repel each other. In the end, the 

solvent is completely evaporated and the droplets have split into the single charged 

molecules.  

 

ESI has the advantage because it is easily coupled to chromatographic separation 

systems. Liquid chromatography/electrospray ionization mass spectrometry (LC–ESI-

MS) is the most common technique to determinate post-transcriptional modifications in 

RNA. In this approach, the modified RNA substrate is digested by enzymatic hydrolysis 

into mixtures of nucleosides which are separated in liquid chromatography according to 

their intrinsic polarity and identified in molecular weight by mass spectrometry. The 

combination of chromatographic retention times and mass measurements could identify 

almost all modified nucleosides which are present in the intact RNA. Sequence 

placement of the modified nucleosides can be approached in the RNase mapping manner. 

Base-specific endoribonucleases are applied to digest RNA into a set of small oligo 

pieces followed by analysis of LC/MS.  

 

Compared with ESI, MALDI, a solid-phase technique, is more powerful to generate 

the single charged ion of large biomolecules. 3-hydroxypicolinic acid (HPA), an 

important matrix solution of nucleic acids, significantly increases the size of 
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oligonucleotides amenable to MALDI. With the Time of fight mass spectrometer, there is 

very little fragmentation observed.  It offers a convenient way for identifying/confirming 

the presence of the modification before and after enzyme treatment.  

 

In nucleic acids detection, negatively charged ions yield better results than positively 

charged ions. Since most modifications involve mass change, identification and sequence 

location of post-transcriptional modifications can be obtained by comparison of 

experimental mass data with the predicted data of unmodified RNA sequence. This 

method cannot work on pseudouridylation which is mass-silent post-transcriptional 

modification. To solve this problem, pseudouridine can be chemically derivatized with 

reagents such as methyl vinyl sulfone, acrylonitrile, and the carbodiimide, CMCT129-133 

before mass analysis. 

 

 

3.4.5.2 Thin layer Chromatography 

 

Cellulose thin-layer chromatography (TLC) is the other common method to identity 

the presence or absence of a given modified nucleotide in short RNA fragment (less than 

100-150nt). The process is similar to that of Mass technology. The RNA sample or 

modified RNA substrates are digested by various nucleases to generate the single 

nucleotide, dinucleotide or small RNA pieces analyzed by TLC. To increase the test 

sensitivity, the modified nucleotides can be prelabeled or postlabeled by mainly [32P] but 

also [35S], [14C] or [3H]. In detection of tRNA modification, the prelabeling method is 

commonly applied to generate the radioactive labeled tRNA substrates in a living cell. In 

the other hand, postlabeling means the substrates are labeled after they have been 

modified or digested by respective enzymes. To test the activity of RNA modification 

enzymes, the „„cut-and-paste‟‟ method by using kinase, T4 ligase and DNA or RNA 

templates is used to generate the RNA substrates with specifically the target nucleotides 

radiolabeled. The radiation label method requires only a few micrograms of RNA sample 

and cost low in any laboratory. The autoradiography of TLC is compared with the 

reference maps from publications134, 135(Figure 3.11) for identification.  
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In pseudouridine detection, the widely used solvent is HCl, isopropanol and H2O 

(15:70:15, v/v/v) in one dimensional TLC.  Combination with the solvent isobutyric acid, 

25% NH4OH and H2O (50:1.1:28.9, v/v/v)) or solvent sodium phosphate, 0.1 M (pH 

6.8), ammoniurn sulfate, n-propanol (100:60:2, v/w/v) can be applied on two dimensional 

TLC to further separate the various nucleotides. 
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Figure 3.1 Results of enzyme activity assay of modified RNA substrates. Thin-layer 
chromatography radiograms of the wild-type and modified substrates following reactions 
with various RNP complexes. 'C' denotes Cbf5, “C(D85A)” denotes the RNP  containing 
Asp85-to-Ala mutation, 'G' denotes Gar1, „N' denotes Nop10 and  'L' denotes L7Ae. Note 
that the crystallographic complex contains CNL, a guide RNA and a substrate RNA. All 
reactions contain a guide RNA and a 32P-labeled 22mer substrate RNA one of the target 
nucleotide: WT: Uridine, 2dU: β‟-deoxyuridine, 5BrdU: β‟-deoxy-5-bromouridine, 3MU: 
3-methyluridine, and 4SU: 4-thiouridine.   
 

 

 

 



53 
 

 
 
Figure 3.2 The scheme of DNA splint technique for constructing substrate RNA from 
two synthetic RNA oligos with a radioactive label on the target residue and the 
pseudouridylation activity assays analyzed by thin layer chromatography.  
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Figure 3.3 SDS-PAGE gel analysis of ligated products of halfmer RNA substrates 
containing modified uridine in place of the target uridine.  
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Figure 3.4 MALDI mass spectra of 21mer RNA substrate containing 3MU before and 
after H/ACA RNP reaction. 
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Figure 3.5 Electron density maps around modified nucleotides indicate the quality of 
bound nucleotide structures. For each nucleotide, the top displays the sigma-weighted 
3Fo-2Fc map at 1.0  prior to introduction of the substrate RNA in the model and the 
bottom displays the final sigma-weighted 3Fo-2Fc map at 1.0 . 3MU is in cyan, 5BrU is 
in red and 5BrdU is in green.   
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Figure 3.6 (A) Active site geometry of 3MU substrate-RNP complexes reveals the pre-
reaction arrangement.  Cbf5 is colored in grey (carbon), red (oxygen) and blue (nitrogen). 
The target 3MU nucleotide is colored in cyan. Enzyme-substrate interactions are 

indicated by dashed lines and are labeled with distances. (B) The position of f5oh6Ψ 
(blue) indicates that of the potential reaction intermediate of 3MU and the close contact 
between the 3-methyl group (grey) and Asp85.  
 

  

A B 
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Figure 3.7 5BrU complex structure. (A) Active site geometry of 5BrU substrate-RNP 
complexes. Cbf5 is colored in grey (carbon), red (oxygen) and blue (nitrogen). The target 
5BrU nucleotide is colored in red. (B) Molecular surface representation of the tight 
interaction between Br5 atom and the enzyme active site. (C) Molecular surface 

representation indicates the same location of the O6 atom of f5oh6Ψ  and Br5 of 5BrU.  
 

  

A 

B C 
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Figure 3.8 Structural transitions and mutational results of the active site. (A) 
Pseudouridylation activity assay results of the wild-type and Cbf5 mutants of the archaeal 
H/ACA RNP on the 5BrdU and wild-type substrates. (B) Superimposed core active site 
residues of 5BrU (red), 3MU (cyan), f5oh6  (blue), 2dU (yellow), 4SU (magenta) 
complexes and TruB (grey).  
 

 

  

A 
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Figure 3.9 Cbf5 7_10 loop is sensitive to the structure of bound substrate RNA. The 
position of Cbf5 7_10 loop (grey) in f5oh6  structure (A. blue) is used to model its 
positions in the 5BrU (B. red), 3MU (C. cyan), 4SU (D. magenta) and 5BrdU (E. green) 
complex structures. (F) Comparison of substrate residues 9-12 of 5BrU (red) to those of 
5BrdU (greenΨ suggests a role of Oβ‟ of the target uridine in +1 nucleotide flipping. Dash 
lines indicate close contacts involving Oβ‟ of 5BrU. 
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Figure 3.10 The schematic diagram of the mechanism of MALDI (A) and ESI (B) 
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Figure 3.11 One reference map of two-dimensional cellulose TLC of major and modified 
5' nucleotides and 2'-O-methylated  dinucleotides found in tRNAs135 (A. Isobutyric acid, 
25% NH4OH-H2O (50:1.1:28.9, v/v/v); B. HCl, isopropanol, H2O (15:70:15, v/v/v)). 
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Table 3.1 Data collection and refinement statistics 

 
 
 
  

 5BrU 5BrdU 2dU 4SU 3MU 

Data collection      

 
Space group 
Cell dimensions 

 
P21212 

 
P21212 

 
P21212 

 
P21212 

 
P21212 

a(Å) 184.525 188.173 186.836 187.354 187.119 

b(Å) 62.700 64.580 64.328 64.434 63.691 

c(Å) 85.339 83.798 83.361 83.388 81.885 

 α, β,  () 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90 

Resolution range (Å) 100.0-2.9 
(3.0-2.9) 

50.0-2.50 
(2.54-2.50) 

50.0-2.60 
(2.69-2.60) 

100.0-2.30 
(2.34-2.30) 

50.0-2.70 
(2.80-2.70) 

Rsym 0.098 (0.52) 0.090 (0.56) 0.155 (0.54) 0.101 (0.566) 0.11  (0.592) 

I/σ(IΨ 26.7 (4.5) 31.8 (4.0) 47.8 (3.6) 37.5 (5.7) 34.8 (3.7) 

Redundancy 13.4 (11.4) 5.7 (5.4) 12.9 (7.7) 10.3 (10.1) 6.6 (5.9) 
Completeness (%) 99.8 (99.7) 97.3 (99.6) 98.7 (91.3) 99.7 (99.3) 86.1 (99.9) 

 

 

Refinement  

 

     

Resolution Range (Å) 42.67-2.96 34.84-2.50 34.64-2.60 41.70-2.30 32.32-2.70 

No. of unique reflections 21058 35248 31310 45289 23711 

Rwork / Rfree 18.10/24.34 20.35/25.48 20.58/24.39 20.65/24.45 21.70/28.81 

No. of amino-acid/nucleotide  500/71 500/71 500/71 500/71 496/71 

No. of protein/RNA atoms 3882/1514 3882/1513 3882/1512 3882/1513 3844/1514 

No. of waters/ions 2/1 28/1 2/1 57/1 14/1 

B-factors      

Cbf5/Nop10/L7ae 82.1/93.2/131.9 48.1/51.0/77.9 73.1/76.4/94.5 31.8/35.1/54.5 67.2/69.2/103.6 

guide RNA/substrate RNA 116.4/119.1 71.96/99.34 98.1/162.6 57.6/118.1 101.4/160.1 

Ion/water 231.7/59.3 259.4/41.8 325.3/64.1 120.7/25.4 317.6/55.8 

R.m.s deviation of the model      

Bond length (Å) 0.007 0.010 0.006 0.006 0.011 

Bond angle (o) 1.240 1.428 1.074 1.027 1.521 

Ramachandran plot (%)      

in most favored region 89.2 90.9 91.3 93.5 89.1 

in additionally allowed region 10.3 8.9 8.2 6.2 10.4 

in generously allowed region 0.5 0.2 0.5 0.2 0.5 

in disallowed region 0.0 0.0 0.0 0.0 0.0 
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CHAPTER 4 

STRUCTURAL AND FUNCTIONAL EVIDENCE OF HIGH SPECIFICITY OF 

CBF5 FOR ACA TRINUCLEOTIDE 

 

4.1 INTRODUCTION 

 
Small nucleolar RNAs (snoRNAs) were found in the nucleolus and the cajal bodies 

in eukaryotic cells53, 58, 136. There are two major classes of snoRNAs: box C/D snoRNAs 

responsible for β‟-O-methylation and box H/ACA snoRNAs responsible for 

pseudouridylation53, 58, 59, 136. The box H/ACA snoRNAs generally form the “hairpin-

hinge-hairpin tail” secondary structures and the box ACA refers the absolutely conserved 

trinucleotide sequence ACA at the γ‟ single-strand region58, 59, 137 (Figure 4.1A). Box 

H/ACA RNAs were also identified in archaea138. There are four protein components 

assembled with Box H/ACA RNAs: Cbf5, Nop10, Gar1 and L7ae (NHP2 in eukaryotes) 
91, 139-146. Cbf5 is the largest one and conteins the catalytic domain. Cbf5 interacts directly 

and specifically with the H/ACA guide RNA. Biochemical and structural studies proved 

that the interaction of Cbf5 with the guide RNA depends on the box ACA sequence and 

the pseudouridylation pocket 61, 81, 89.  

 

A box H/ACA motif is also conserved in the γ‟-end of human telomerase RNA 

(hTR)68. The hTR contains two connected hairpin structures with the short single-stranded 

hinge and tail regions containing the conserved H (ANANNA) and ACA boxes, 

respectively (Figure 4.1B). Moreover, RNP proteins associated with box H/ACA 

snoRNAs are also integral components of the human telomerase RNP. The box H/ACA 

snoRNA-like domain of hTR has been proved essential for both accumulation and in vivo
 

function of telomerase147. The H/ACA domain of hTR also contains telomerase-specific 

elements which are conserved at least in vertebrates148. So understanding the specificity 

The text and figures in this chapter are adapted from Zhou, J., Liang, B., Li, H. Structural and Functional 
Evidence of High Specificity of Cbf5 for ACA Trinucleotide (in preparation) 
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of H/ACA sequence to the protein in RNP is important in the studies of these functional 

RNPs. 

 

Recent research discovered the single Cbf5 can pseudouridylate tRNA U55 in in 

vitro activity assay in a RNA-independent manner and the acitivity is enhanced in the 

presence of Nop10 and Gar1, suggesting Cbf5 may be in charge of pseudouridylation of 

tRNA U55 in archaea64. Here, we tested the ability of an archaeal Cbf5-Nop10-Gar1 

complex to catalyze pseudouridylation reactions on previously characterized small 

hairpin RNA substrates for stand-alone enzymes. We found that Cbf5-Nop10-Gar1 is 

able to modify these substrates except for those RNA containing an ACA trinuclotide in 

the stem. We obtained a crystal structure of the Cbf5-Nop10-Gar1 complex bound with 

an ACA-containing 17mer RNA and discovered the structural basis for the discrimination 

of ACA-containing RNAs by Cbf5 as stand-alone substrates. We describe the surprising 

secondary structure of the hairpin RNA as a result of the extraordinarily specific ACA-

Cbf5 interaction. Our results demonstrate that the strong preference for ACA 

trinucleotide by the PUA domain of Cbf5 is sufficient to disrupt small RNA hairpin 

structures.  

 

 

4.2 RESULTS 

 
4.2.1 CGN complex function on Hairpin RNA 

 

According to the fact that single Cbf5 can function on archaeal tRNA U55 in in vitro 

activity assay, we assume it can also function on the small hairpin RNA with only T-stem 

loop secondary structure as the substrates used in assay and cocrystallization of TruB and 

RluA48, 50, 76, 80, 83, 149. Here we used 22mer hairpin RNA as substrate (Figure 4.2A) and 

incubated with the complex of Cbf5, nop10 and gar1 at 70°C for 2 hours. Phenol 

extraction and ethanol precipitation were applied after reaction. Nuclease P1 and alkaline 

phosphatase were used to digest the oligo into nucleosides. The results were analyzed by 

HPLC-ESI-MS. The small peak before cytidine is identified as .  This assay clearly 
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shows that CGN complex can function on the hairpin RNA with a sequence 

corresponding to the T arm of tRNA. 

 
 
4.2.2 ACA binding with Cbf5 blocks the substrate docking 

    

Because CGN complex has activity on short RNA with T-stem loop sequence, we 

designed a 17mer RNA (Figure 4.2D) as substrate for co-crystallyzation with CGN 

complex. 17mer RNA was first annealed and then mixed with Cbf5, Nop10 and Gar1 

under certain condition. The structure was solved by molecular replacement using GCN 

complex structure as model 88 (Figure 4.3A). Surprisingly, the target U55 doesn‟t dock 

into active site and the stem of the hairpin is damaged because the ACA trinucleotides in 

the stem are interacting with Cbf5 PUA domain. The unbiased electron density map 

clearly shows the position of ACA trinucleotides (Figure 4.3C). Two strands of 17mer 

substrates, whose secondary structures are shown in the right bottom in Figure 4.3D, 

form a duplex binding with Cbf5 (Figure 4.3B). This structure is completely different 

from the hairpin structure we thought previously. According to the alignment of this 

structure and recently solved 5FU-substrates binding with gar1 free RNP structure 

(Figure 4.4A), this duplex binds with the PUA domain of Cbf5 in a similar manner to the 

bottom stem of H/ACA guide RNA.  The ACA-protein interactions clearly show that the 

ACA trinucleotides in different substrates interact with PUA domain in the exactly same 

manner (Figure 4.4B). Without substrate in the active site, the 7_ 10 loop is in the 

“open” state compared with the “closed” state in RNP structure (Figure 4.4CΨ as 

predicted before 89. 

 
 
4.2.3 ACA trinucleotides block the pseudouridylation 

  

To clarify if the accidently involved ACA trinucleotides in the substrate result in the 

inactive crystal structure, 17mer and 22mer substrates with and without ACA in the stem 

were used for pseudouridylation activity assay. The substrates were first annealed and 

then gone though the complete procedure. No  peak was found out in the 22mer 
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substrate with ACA (Figure 4.2B). Compared with the result of 22mer without ACA, we 

can conclude that the ACA trinucleotides make the substrates lose activity. We also 

tested the activities of 17mer used in crystallization and another 17mer with only one 

base pair changed in the stem (Figure 4.2 C and 4.2D). No pseudouridine was detected 

for 17mer substrates with ACA, which is consistent with our crystal structure result. The 

other 17mer substrate with ACC instead of ACA shows the detectable activity. The low 

amount of product may result from the artificial substrate and in vitro condition.  

 

 

4.3 DISCUSSION 

 
Cbf5 belongs to the TruB-family of pseudouridine synthases and is the catalytic 

subunit of the multi-subunit ribonucleoprotein particle pseudouridine synthases. In the 

RNA-guided pseudouridylation reaction, the guide RNA uses its internal loop to capture 

substrate RNA through base pairing. However, all protein subunits including those not 

directly involved in catalysis help to place the substrate RNA correctly in the active site 
61, 63, 81, 82. They interact with the guide RNA in specific manners so it is tightly anchored 

on the surface of Cbf5, a process critical to placement of substrate RNA81, 82. In the case 

of TruB, the catalytic and the PUA domains are sufficient to place the substrate RNA 

without the help of accessory proteins50, 149. There are obvious differences in protein 

elements between TruB and Cbf5 that are consistent with the observed mechanism of 

substrate capture. To our surprise, we now show that Cbf5 (with Nop10 and Gar1) is able 

to catalyze small RNA haipin substrates similarly as TruB despite its lack of two 

substrate binding loops. Our result suggests an inherent connection between Cbf5 and 

TruB at the most fundamental level of function and thus a common origin of evolution.    

 

Unique among the TruB-family of enzymes, Cbf5 patterns with H/ACA RNAs to 

catalyze pseudouridylation of multiple sites in substrate RNAs. The ACA trinucleotide is 

strictly conserved in H/ACA sno(ca)RNAs and is required for formation of the Cbf5-

containg RNPs61, 63. ACA trinucleotide is also conserved in human telomerase RNA and 

plays an essential role in hTR accumulation, hTR 3' end processing, and telomerase 
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activity68. By using small RNA hairpin substrates with or without ACA nucleotides, we 

showed that Cbf5-Nop10-Gar1 complex discriminates the RNAs containing ACA 

nucleotides. The crystal structure of the Cbf5-Nop10-Gar1 in complex with an ACA-

containing substrate provides the structural basis for the discrimination. The PUA domain 

of Cbf5 can interact with ACA specifically even without the matural body of the H/ACA 

RNA. One important implication of this results is that Cbf5 may interact with other 

ACA-containing besides sno(ca)RNA and the telomerase RNA.   

 

 

4.4 METHODS 

 

4.4.1 Protein expression, purification, and crystallization 

 

Pyrococcus furiosus CGN complex (Cbf5, Nop10 and Gar1) were co-expressed and 

purified as previously described 88. 17mer substrate (CUGUGUUCGAUCCACAG) was 

ordered from IDT (Coralville, IA) and dissolved in filtered water. For crystallization, the 

substrate (1mM) was first heated at 90°C for 5min in 10 mM HEPES PH 7.5, 1 mM 

EDTA and cool down on the ice. CGN complex were added at 1:1.2 molar ratio of RNA 

to a final total concentration of 12 mg/ml. The complex was then incubated at room 

temperature for 1 hour. Crystals were obtained after 2 days in 0.12M Magnesium acetate 

tetrahydrate, 50mM MES PH 5.6, 20% 2-Methyl-2,4-pentanediol at 30 °C by hanging-

drop vapor diffusion. The crystals were directly frozen under a liquid nitrogen stream. 

Diffraction data were collected at SERCAT 22ID beamlines at Argonne National 

Laboratory and were processed by HKL2000 103. 

 

4.4.2 Structure Determination  

The structures were solved by molecular replacement using the published coordinate 

of CGN complex 88. The substrate RNA was omitted in the initial model in order to avoid 

model bias. At later stages of refinement, computed 3Fo-2Fc density maps phased with 

proteins allows substrates to be built by COOT108 and O107. Structure was refined by 
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PHENIX127. The figures were prepared using PYMOL128. Data collection and refinement 

statistics are included in Table 1.  

 

4.4.3 Pseudouridylation activity assay 

 

The 17mer (CGGUGUUCGAUCCACCG, CUGUGUUCGAUCCACAG) and 22mer 

(GGCGACGGUUCGAAUCCGUGGC, GGUGUCGGUUCGAAUCCGACAC) 

substrates were ordered from IDT (Coralville, IA). The substrates (1mM) were first 

heated at 90°C for 5min in 10 mM HEPES PH 7.5, 1 mM EDTA and cool down on the 

ice. The annealed substrates (100 uM) with CGN complex (3 uM) were incubated at 37° 

for 2 hours in reaction buffer containing (10mM HEPES PH 7.5, 100mM NaCl, 1mM 

DTT).  The substrates were then purified by phenol extraction and ethanol precipitation 

as previously described61. Nuclease P1 (US biological) and alkaline phosphatase (Roche) 

were used to digest the substrates into nucleosides which were separated by Microsorb-

MV C18 column (Varian, 100-5 250×4.6mm) with UV detector at 254nm. The column 

was equilibrated by buffer A (20mM ammonium acetate, PH 6.0) and eluted by buffer B 

(40% acetonitrile in water) at the gradient: 0min, 0% B; 30min, 50% B; 35min, 90% B; 

40min, 0% B; 50min, 0% B at 1.8ml/min flow rate. Assembled HPLC-ESI-TOFMS 

(BASS lab in chemistry and biochemistry department of Florida state university) were 

used to analyze the nucleosides. 
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Figure 4.1 The secondary structure of box H/ACA guide RNA (A) and human 
telomerase RNA (B). 
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Figure 4.2 The secondary structures (left) and HPLC profiles of pseudouridylation 
activity assay results (right) of different substrates. (A) 22mer without ACA; (B) 22mer 
with ACA; (C) 17mer without ACA; (D) 17mer with ACA. The 17mer with ACA (D) 
was used as substrates in crystallization. The U55 were label as red star. The four major 
peaks from are labeled at the top (C for cytidine, U for uridine, G for guanidine and A for 
adenosine). The pseudoU peak identified by mass spectrometry is on the left of cytidine 
labeled by .  
 

 
 
 
 
 
 
 
  

http://en.wikipedia.org/wiki/Cytidine
http://en.wikipedia.org/wiki/Uridine
http://en.wikipedia.org/wiki/Guanosine
http://en.wikipedia.org/wiki/Adenosine
http://en.wikipedia.org/wiki/Cytidine
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Figure 4.3 (A) The overall structures of CGN binding with 17mer substrate. (B) Two 
symmetric units are packed together. (C) The electron density of ACA trinucleotides. (D) 
The secondary structure of 17mer substrates. 
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Figure 4.4 Alignment of the structures of CGN binding with 17mer substrate (color) and 
Gar1 free RNP binding with 5FU-substrates (grey). A: overall structure; B: ACA-Cbf5 
interaction; C: Two states of the Cbf5 7_ 10 loop. 
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Table 4.1 Data collection and refinement statistics 
Data collection  
Space group  
 

P6522 
 

Unit cell  
 

105.696 105.696 243.925 90.00 90.00 120.00 
 

Resolution (Å)  
 

100-2.80 
 

Unique reflections 
 

20726 
 

Completeness (%) 
 

99.9 (100) 
 

I/σ(I)a  
 

48.8 (3.8) 
 

Redundancy  
 

20.6 (17.4) 
 

Rsym
b (%) 

 
8.8 (77.8) 
 

Refinement  
Resolution (Å)  
 

33.38-2.80 
 

Reflections (free) 
 

19905 (1938) 
 

Rworkl (Rfree) (%) 
 

24.73 (18.32) 
 

Rmsd bonds (Å)  
 

0.009 
 

Rmsd angles (deg)  
 

1.269 
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CHAPTER 5 

CONCLUSION 

 
The considerable research on the structure and mechanism of box H/ACA RNPs 

makes it become one of the most extensively characterized ribonucleoprotein to this day. 

In this dissertation, the crystal structure of Gar1-minus functional H/ACA RNP complex 

binding with 5-fluorouridine substrate has been reported. This structure clearly shows the 

target residue analog 5FU is fully docked into the active site. The 5FU has been 

rearranged and hydrated to f5ho6  similar to that observed in the previously reported 

TruB, RluA, RluF cocrystal structure48, 50, 75. The details of substrate RNA binding with 

guide RNA were also revealed. Compared with the inactive CNg complex structure90,  

L7Ae exhibits the ability of anchoring the upper stem of guide RNA, results in a rotation 

of the guide-substrate helix, consequently helps the substrate dock into active site.  

 

The active sites in currently known structures of pseudouridine sythase complexes 

share the striking similarity. This result positively suggests those enzymes with different 

global sequence could catalyze the reaction in the same or similar mechanism. To 

investigate the catalytic mechanism, we expand our structural and functional research on 

other substrate analogs. The RNA guide mechanism makes the functional H/ACA RNP 

be able to trap the nonreactive substrates during crystallization so that we identified the 

pre-reactive, two nonreactive, and two post-reactive states for the box H/ACA RNP 

complex. We interpreted the inactivity reason based on the structures and observed 

structural transitions taking place among the different functional states. We also proposed 

the important function of 7_10 loop of Cbf5.  

 

In the end, we identified the high specificity of Cbf5 for conserved ACA 

trinucleotides by molecular structure and activity assays. The interaction between PUA 

domain of Cbf5 and ACA trinucleotides can inhibit the reaction by damaging the hairpin 

structure of the short RNA substrate and blocking the target uridine docking into active 

site.  
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