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SUMMARY

Telomerase, a ribonucleoprotein complex, repli-
cates the linear ends of eukaryotic chromo-
somes, thus taking care of the ‘‘end of replication
problem.’’ TERT contains an essential and uni-
versally conserved domain (TRBD) that makes
extensive contacts with the RNA (TER) compo-
nent of the holoenzyme, and this interaction is
thought to facilitate TERT/TER assembly and
repeat-addition processivity. Here, we present
a high-resolution structure of TRBD from Tetra-
hymena thermophila. The nearly all-helical
structure comprises a nucleic acid-binding fold
suitable for TER binding. An extended pocket
on the surface of the protein, formed by two
conserved motifs (CP and T motifs) comprises
TRBD’s RNA-binding pocket. The width and
the chemical nature of this pocket suggest that
it binds both single- and double-stranded RNA,
possibly stem I, and the template boundary ele-
ment (TBE). Moreover, the structure provides
clues into the role of this domain in TERT/TER
stabilization and telomerase repeat-addition
processivity.
INTRODUCTION

Any organism with linear chromosomes faces a substantial

obstacle in maintaining the terminal sequence of its DNA

often referred to as the ‘‘end replication problem’’ (Black-

burn, 1984; Cavalier-Smith, 1974; Cech and Lingner,

1997; Lingner et al., 1995; Lundblad, 1997; Ohki et al.,

2001). Eukaryotic cells overcome this problem through

the use of a specialized DNA polymerase, called telome-

rase. Telomerase adds tandem, G-rich DNA repeats (telo-

meres) to the 30 end of linear chromosomes that serve to

protect chromosomes from loss of genetic information,

chromosome end-to-end fusion, genomic instability, and

senescence (Autexier and Lue, 2006; Blackburn and Gall,

1978; Chatziantoniou, 2001; Collins, 1996; Dong et al.,

2005).
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The core telomerase holoenzyme is an RNA-dependent

DNA polymerase (TERT) paired with an RNA molecule

(TER) that serves as a template for the addition of telo-

meric sequences (Blackburn, 2000; Lamond, 1989; Miller

and Collins, 2002; Miller et al., 2000; Shippen-Lentz and

Blackburn, 1990). TERT consists of four functional do-

mains, one of which shares similarities with the HIV re-

verse transcriptases (RTs) in that it contains key signature

motifs that are hallmarks of this family of proteins (Autexier

and Lue, 2006; Bryan et al., 1998; Lee et al., 2003; Peng

et al., 2001). The RT domain, which contains the active

site of telomerase, is thought to be involved in loose asso-

ciations with the RNA template (Collins and Gandhi, 1998;

Jacobs et al., 2005). TERT, however, is unique, compared

to other RTs, in that it contains two domains N-terminal to

the RT domain that are essential for function. These in-

clude the far N-terminal domain (TEN), which is the least

conserved among phylogenetic groups, but is required

for appropriate human, yeast, and ciliated protozoa telo-

merase activity in vitro and telomere maintenance in vivo

(Friedman and Cech, 1999; Friedman et al., 2003). The

TEN domain has both DNA- and RNA-binding properties.

DNA binding facilitates loading of telomerase to the chro-

mosomes, whereas RNA binding is nonspecific. The pre-

cise role of the TEN-TER interaction is unclear at this stage

(Hammond et al., 1997; Jacobs et al., 2006; Wyatt et al.,

2007). A third domain, TRBD, is located between the

TEN and RT domains, and, unlike the TEN domain, is

highly conserved among phylogenetic groups and is

essential for telomerase function both in vitro and in vivo

(Lai et al., 2001). The TRBD contains key signature motifs

(CP and T motifs) implicated in RNA recognition and bind-

ing and makes extensive contacts with stem I and the TBE

of TER, both of which are located upstream of the tem-

plate (Bryan et al., 2000; Cunningham and Collins, 2005;

Lai et al., 2001, 2002; Miller et al., 2000; O’Connor et al.,

2005). The TRBD-TER interaction is required for the

proper assembly and enzymatic activity of the holoen-

zyme both in vitro and in vivo and is thought to play an

important role (although indirect) in the faithful addition

of multiple, identical telomeric repeats at the ends of

chromosomes (Lai et al., 2001, 2002, 2003).

Unlike TERT, TER varies considerably in size between

species. For example, in Tetrahymena thermophila TER

is only 159 nucleotides long (Greider and Blackburn,
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1989), whereas yeast harbors an unusually long TER of

1167 nucleotides (Zappulla and Cech, 2004). Despite the

large differences in size and structure, the core structural

elements of TER are conserved among phylogenetic

groups, suggesting a common mechanism of telomere

replication among organisms (Chen et al., 2000; Chen

and Greider, 2003, 2004; Ly et al., 2003; Theimer and Fei-

gon, 2006). These include the template, which associates

loosely with the RT domain and provides the code for telo-

mere synthesis, and the TBE, which partly regulates telo-

merase’s repeat-addition processivity. In Tetrahymena

thermophila, the TBE is formed by stem II and the flanking

single-stranded regions, and it is located upstream and in

close proximity to the template (Lai et al., 2002, 2003;

Licht and Collins, 1999). Low-affinity TERT-binding sites

are also found in helix IV and the template recognition

element (TRE) of Tetrahymena thermophila TER.

TERT function is regulated by a number of proteins,

some of which act by direct association with the TERT/

TER complex, whereas others act by regulating access

of telomerase to the chromosome end through their asso-

ciation with the telomeric DNA (Aisner et al., 2002; Cong

et al., 2002; Dong et al., 2005; Loayza and de Lange,

2004; Smogorzewska and de Lange, 2004; Smogorzew-

ska et al., 2000; Witkin and Collins, 2004; Witkin et al.,

2007). For example, p65 in the ciliated protozoan Tetrahy-

mena thermophila and its homolog p43 in Euplotes aedi-

culatus are integral components of the telomerase holo-

enzyme (Aigner and Cech, 2004; Aigner et al., 2003;

O’Connor and Collins, 2006; Prathapam et al., 2005; Wit-

kin and Collins, 2004; Witkin et al., 2007). Both p65 and

p43 are thought to bind and fold TER, a process required

for the proper assembly and full activity of the holoen-

zyme. In yeast, recruitment and subsequent upregulation

of telomerase activity requires the telomerase-associated

protein Est1 (Evans and Lundblad, 2002; Hughes et al.,

1997; Lundblad, 2003; Lundblad and Blackburn, 1990;

Reichenbach et al., 2003; Snow et al., 2003). Est1 binds

the RNA component of telomerase, an interaction that fa-

cilitates recruitment of the holoenzyme to the eukaryotic

chromosome ends via its interaction with the telomere-

binding protein Cdc13 (Chandra et al., 2001; Evans and

Lundblad, 1999; Lustig, 2001; Pennock et al., 2001).

How telomerase and associated regulatory factors

physically interact and function with each other to main-

tain appropriate telomere length is poorly understood.

Structural and biochemical characterization of these fac-

tors, both in isolation and complexed with one another,

is needed to understand a host of questions regarding

telomere biology. For example, how does the interaction

of the TRBD domain with stem I and the TBE of TER facil-

itate the proper assembly and promote the repeat-addi-

tion processivity of the holenzyme? It is also unclear if

the TRBD-TER interaction allows for TRBD movement

during nucleotide addition. The structure of the TRBD do-

main of TERT will provide clues to the physical interactions

between TERT and TER, which, in turn, will help us better

understand the role of this domain in telomerase assembly

and telomere replication.
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In order to address some of these questions, we solved

and refined the structure of the RNA-binding domain of

telomerase from Tetrahymena thermophila to 1.71 Å reso-

lution. The structure reveals a nearly all-helical nucleic

acid-binding fold. The molecule is divided into two asym-

metric halves joined together by several loops forming

a boomerang-like structure. The nucleic acid-binding

site is formed by two conserved motifs (CP and T motifs),

which are located at a crevice formed by the two lobes of

the molecule, and spans two-thirds of the width of the

molecule. Part of this pocket is narrow and hydrophobic

in nature, and part of it is wide and positively charged.

Close inspection of this cavity indicates that it could ac-

commodate both single- and double-stranded RNA,

which is consistent with previous studies that suggest

that it interacts with stem I and the TBE of TER.

RESULTS AND DISCUSSION

RBD Structure
To explore the role of the essential RNA-binding domain

of telomerase (TRBD), we cloned, overexpressed, and

purified to homogeneity a construct identified by limited

proteolysis that contained residues 254–519 from Tetra-

hymena thermophila (Figure 1A). This protein construct

is monomeric in solution, as indicated by both gel filtration

and dynamic light scattering (data not shown). Crystals of

this construct grew readily and diffracted to 1.71 Å resolu-

tion (Table 1). The protein was phased to 2.7 Å resolution

by the multiwavelength anomalous dispersion (MAD)

method by using a holmium derivative, and the phases

were extended with the native data set to 1.71 Å resolution

(Table 1). In the refined structure, there is clear density for

residues 259–265 and 277–519.

The structure contains 12 a helices linked together by

several long loops and 2 short b strands (Figures 1B–

1D). The helices are organized so that the molecule is di-

vided into two asymmetric halves linked together by three

extended loops. The larger half consists of nine a helices,

one of which (a11) runs along the middle of the domain

and spans its entire length, making contacts with every

one of the other eight helices. The smaller half of the mol-

ecule consists of three helices (a4, a5, and a12), all of

which are arranged at an �120� angle to the plane of the

larger half of the protein. The smaller half of the protein

is somewhat more flexible than the larger half, as sug-

gested by its high B factors, reflecting the intrinsic mobility

of this region, and may result from the absence of observ-

able contacts with the RNA substrate (Figure 4C). An inter-

esting feature of the structure is a b hairpin formed by the

15 residues that connect helices a11 and a12 of the larger

and the smaller halves, respectively (Figures 1B–1D). The

b hairpin protrudes from the base of the crevice formed by

the two halves of the protein and stands at a 45� angle to

the plane of the smaller half of the molecule. The positioning

and the fact that this hairpin is well defined in the density

could be attributed to helix a7 and the loop that connects

it to helix a8. Both of these elements are conveniently posi-

tioned at the back of this hairpin, holding it in place. A
d All rights reserved



Figure 1. TRBD Structure and Fold

(A) Primary structure of Tetrahymena thermo-

phila TERT showing the functional domains

and conserved motifs.

(B) Structure of TRBD from Tetrahymena ther-

mophila; the structure consists of two asym-

metric halves (large to the left, small to the right

of the plane of the paper) linked by three

extended loops. The b hairpin that forms part

of the T pocket is colored red. Secondary

structure elements are labeled.

(C) (B) rotated 90� for clarity.

(D) Schematic of the TRBD fold.
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search in the protein structure database with the Dali server

(Holm andSander, 1996) produced no structural homologs,

suggesting that the TRBD domain of telomerase is a novel

nucleic acid-binding fold. The overall organization of the

two halves of the protein has significant implications for

nucleic acid recognition and binding.

The TRBD RNA-Binding Motifs
The ability of the TRBD domain to interact with TER has

been attributed to two conserved motifs known as the

CP and T motifs, whereas a third motif, known as the

QFP motif, is thought to be important for RNP assembly

(Figure 2A) (Bosoy et al., 2003; Bryan et al., 2000; Jacobs

et al., 2005; Xia et al., 2000). The TRBD structure shows

that the QFP motif is formed by several mostly hydropho-

bic residues, which are located on the larger half of the

molecule. The QFP residues are buried within the core of

this domain, and they make extensive contacts with the

surrounding residues, aiding in the fold of the protein

(Figure 3A). The location and the contacts of the QFP res-

idues suggest that they are not directly involved in nucleic

acid binding.

The T motif is located at the center of the molecule,

where the two halves of the protein meet, and it consists

of residues that form both part of the b hairpin and helix

a12. Together, these structural elements form a narrow

(�10 Å), well-defined pocket (T pocket) that is lined by

several solvent-exposed and highly conserved residues

(Figures 2A, 2C, and 3B). Of particular note are the side
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chains of the invariant residues Y477 and W496, which

are part of the b hairpin and helix a12, respectively. To-

gether, these residues form a ‘‘hydrophobic pincer’’ that

could sandwich the purine/pirimidine moiety of an inter-

acting RNA nucleotide (Figure 3B). In this structure, the

side chains of Y477 and W496 are only 4 Å apart, which

is not sufficient to accommodate a nucleotide base. Inser-

tion of a base between the two side chains would require

structural rearrangement of the T pocket, possibly splay-

ing the two halves of the molecules apart. In addition to

its hydrophobic part, the T pocket also contains several

hydrophilic residues, such as R492 and K493, both of

which are solvent exposed and are located at the interface

of the T and CP pockets connecting the two together.

The CP motif is formed by helix a3 and the following

loop. In contrast to the T motif, which is a narrow, well-

defined pocket, the CP motif comprises a shallow, wide

(�20 Å), highly positively charged cavity located adjacent

and beneath the entry of the T pocket (Figures 2B and 3B).

Several of the conserved residues that form the CP motif

are buried in the core of the larger half or the region that

connects the two halves of the molecule and are contrib-

uting to the protein fold. Of particular interest are residues

L327, C331, L333, and P334, all of which are buried and

make direct contacts with structural elements of the T

motif, thus aiding in the formation of both the CP and the

T pockets. For example, L327 and C331 are within van der

Waal contacts of the large hydrophobic side chain of the

invariant F476 and the aliphatic part of the side chain of
November 2007 ª2007 Elsevier Ltd All rights reserved 1405



Table 1. Data Collection Statistics

TRBD(254–519)

Native Holmium Derivative

l Ho-l1 Ho-l2

Wavelength (Å) 0.9795 1.5347 1.5595

Space group P21 P21 P21

Cell dimensions (Å) 39.4, 67.2, 51.5, 90.7 39.2, 68.2, 50.1, 91.6 39.2, 68.2, 50.1, 91.6

Resolution (Å) 20–1.71 (1.77–1.71)a 50–2.59 (2.69–2.59) 50–2.63 (3.02–2.63)

Redundancy 3.7 (3.0) 1.7 (1.8) 1.7 (1.8)

Completeness (%) 99.3 (93.3) 92.5 (88.1) 92.9 (88.7)

Rsym (%) 4.7 (48.1) 7.3 (23.8) 7.0 (21.5)

I/s (I) 27.3 (2.6) 9 (3.4) 9.4 (3.7)

Phasing Analysis

Resolution (Å) 50–2.7

Number of sites 2

Mean figure

of merit (FOM)

0.43

a Values in parentheses correspond to the highest-resolution shell.
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the conserved R492, both of which form part of the b hair-

pin. Interestingly, R492 is located at the base of helix a12,

and its contact with L327, C331, and L333 partially helps

position this helix at a 45� angle of the plane that runs par-

allel with the larger half of the molecule, thus further facil-

itating the formation of the T pocket. Moreover, the inter-

action of R492 with L327, C331, and L333 helps position

the guanidine moiety, the only solvent-exposed part of

this residue, at the interface formed by the CP and T

pockets. The CP pocket also contains several surface-

exposed, conserved residues that are mainly hydrophilic

in nature (Figures 2C and 3B). These include K328 and

K329, both of which are located beneath the T pocket

and in close proximity to R492 and K493, together forming

a single large, positively charged surface area that almost

spans the entire side of the molecule (Figure 4A).

TRBD Structure and Existing Mutants
To date, several mutants of TERT that affect RNA binding

and telomerase activity have been isolated. Several of

these mutants are found in the TRBD domain and specif-

ically within the T and CP motifs. Single- and double- as

well as stretches of 4–10 amino acid alanine substitutions

within these two motifs showed moderate to severe loss

(20%–100%) of RNA-binding affinity and polymerase

activity when compared to the wild-type enzyme (Bryan

et al., 2000; Lai et al., 2002; Miller et al., 2000).

One set of mutants, F476A, Y477A, T479A, E480A,

R492A, and W496A, showed severe loss (80%–100%) of

RNA-binding affinity and telomerase activity, suggesting

that these residues mediate direct contacts with the

RNA substrate (Bryan et al., 2000; Lai et al., 2002). All 5

residues are part of the T motif, and, with the exception

of F476, all of their side chains are solvent exposed

(Figure 3B). In the structure, both Y477 and W496 are

located at the base of the T pocket, and their side chains
1406 Structure 15, 1403–1412, November 2007 ª2007 Elsevier Lt
form a ‘‘hydrophobic pincer.’’ Assuming that the solvent-

exposed side chains of these residues are involved in

stacking interactions with the single-stranded RNA, mu-

tating them to small alanines would most likely compro-

mise substrate binding, which would explain the dramatic

loss of RNA-binding affinity and telomerase function. In

contrast to Y477 and W496, F476 is buried and is not

accessible for interactions with the nucleic acid substrate.

Instead, F476 is located at the base of the b hairpin and

contributes significantly to the formation of the T pocket.

Mutating the large hydrophobic side chain of this residue

to the small alanine one would most likely lead to con-

formational rearrangements of this pocket and loss of

RNA-binding affinity and telomerase activity.

A second set of alanine mutants, L327A, K329A, C331A,

and P334A, which showed moderate loss of RNA-binding

affinity and telomerase activity, has also been isolated

(Bryan et al., 2000; Miller et al., 2000). Both L327 and

C331 make direct contacts with F476 and the aliphatic

part of the side chain of R492, both of which are located

at the base of the T motif. Mutation to the smaller alanine

residue could result in the rearrangement of the T pocket,

potentially leading to loss of interactions with the nucleic

acid substrate and loss of function. Likewise, P334 is lo-

cated at the back of helix a12 and makes direct contacts

with residues of this structural element (Figure 3B). Helix

a12 contains the invariant W496 and the conserved

K493, both of which form part of the T pocket. Mutating

P334 into an alanine could lead to the displacement of

helix a10 and reorganization of the T pocket, leading to

loss of function. K329 is also located on helix a3 and, un-

like L327A, C331A, and P334A, is solvent exposed and

possibly makes direct contacts with the nucleic acid sub-

strate (Figure 3B). Mutating it to an alanine would lead to

loss of RNA interactions and loss of RNA-binding affinity

and telomerase activity.
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Figure 2. TRBD Sequence Alignment and Surface Conservation

(A) Sequence alignment and schematic of the secondary structure of TRBDs from a wide range of phylogenetic groups (ciliated protozoan, mammals,

yeast, and plants) produced by ALSCRIPT (Barton, 1993). Conserved residues in key signature motifs are colored (CP, slate; QFP, brown; T, salmon),

and mutated residues that affect RNA binding and telomerase function are also boxed. The black triangles define the boundaries of the TRBD

construct that we used in our studies.

(B) Surface representation of TRBD showing solvent-exposed residues that form both the T (salmon) and CP motifs (slate).

(C) Conservation of surface-exposed residues of TRBD (red, variable; blue, invariable) produced by CONSURF (Glaser et al., 2003).
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The TRBD Domain Facilitates the Formation
of a Stable RNP Complex and Promotes
Repeat-Addition Processivity
In vivo, telomerase exists as a stable ribonucleoprotein

complex, and contacts between the protein (TERT) and
Structure 15, 1403–1412,
the RNA components (TER) are mediated by the TEN,

TRBD, and RT domains. Extensive biochemical and muta-

genesis studies have shown that the TRBD is involved

in extensive, specific interactions with stem I and the

TBE of TER (Lai et al., 2001; O’Connor et al., 2005)
November 2007 ª2007 Elsevier Ltd All rights reserved 1407



Figure 3. Conserved Residues and Existing Mutants of the CP, QFP, and T Motifs

(A) Stereo view of the larger half of the molecule showing the QFP residues (brown stick) buried in the core of the domain.

(B) Zoom in, stereo view of the CP (slate) and T motifs (salmon) showing conserved residues in stick representation. Mutated residues that affect RNA

binding and telomerase activity are boxed.
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(Figure 4D). Contacts between the TRBD and TER are

thought to facilitate the proper assembly and stabilization

of the RNP complex and promote repeat-addition proces-

sivity (Lai et al., 2003). In ciliates, in addition to the TRBD,

a conserved motif (CP2) located N-terminally to the TRBD

domain is thought to be required for TERT/TER assembly

and template boundary definition (Lai et al., 2002; Miller

et al., 2000). However, until now, it has been unclear as

to how the telomerase TRBD carries out this process.

The TRBD domain is divided into two asymmetric halves

connected by several long loops that are shaped like

a boomerang, an arrangement that has significant implica-

tions for RNA recognition and binding. The overall organi-

zation of the two lobes of the molecule results in the for-

mation of two well-defined cavities (CP and T pockets;

Figures 2B, 4A, and 4B) on the surface of the protein

that consist of several solvent-exposed, invariant/con-

served residues. The T pocket is a narrow, deep cavity

located at the junction of the two halves of the molecule;

part of the T pocket is hydrophobic in nature, whereas

the part that is located the vicinity of the CP pocket is pos-

itively charged (Figure 4B). Interestingly, the hydrophobic

side chains of Y477 and W496 are solvent exposed and
1408 Structure 15, 1403–1412, November 2007 ª2007 Elsevier Lt
are stacked against each other, forming a narrow ‘‘hydro-

phobic pincer’’ that, in this structure, could not accommo-

date a nucleotide base. It is, however, worth noting that

helix a12, which contains W496, is somewhat flexible

with respect to the b hairpin that contains Y477 (Figure 4C).

The ability of helix a12 and therefore W496 to move could

splay the two side chains apart, thus allowing for the

space required for the accommodation of a nucleotide

base between them. Another possibility is that the polar

moiety of Y477 and W496 could act together as a nucleo-

tide base that would allow for the formation of pseudo

Watson Crick interactions with an incoming nucleotide

base. Pseudo Watson Crick interactions have been previ-

ously observed for a number of protein nucleic acid com-

plexes, including the Rho transcription termination factor

(Bogden et al., 1999) and the signal-recognition particle

(Wild et al., 2001). The width and the organization of the

hydrophobic part of the T pocket suggest that it binds

single-stranded RNA, most likely the TBE, possibly medi-

ated by a network of stacking interactions.

In contrast to the T pocket, the CP pocket is a positively

charged, shallow cavity located on the side of the mole-

cule and forms an extension of the T pocket (Figure 4A).
d All rights reserved



Figure 4. Surface Charge of TRBD and

the TER Primary Structure

(A) Surface representation of TRBD showing

positive charge in blue, negative charge in

red, and hydrophobic residues in gray. The

CP and T pockets and the location at which

RNA is thought to bind are highlighted with an

orange, dashed line.

(B) (A) rotated 90� for clarity.

(C) TRBD structure colored by B factor; blue

represents regions with low mobility, and gray

represents regions with high B factors.

(D) Schematic of the primary structure of the

RNA component (TER) of telomerase from

Tetrahymena thermophila. Stem I and the TBE

are shown in blue, and the template is shown

in red.
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Together, the hydrophilic part of the T pocket and the CP

pocket are lined with several lysines and arginines, the

side chains of which are solvent exposed and could be in-

volved in direct contacts with the backbone of double-

stranded RNA. The width and the chemical nature of this

pocket suggest that it binds double-stranded RNA, most

likely stem I or stem II (Figure 4D). The nature and the ex-

tent of the protein/nucleic acid interactions mediated by

the TRBD-binding pockets would provide the stability re-

quired for the proper assembly of a functional ribonucleo-

protein enzyme and guide TERT to a TER-binding site

(between stems I and II) that has significant implications

for telomerase function.

Telomerase is unique in its ability to add multiple short

oligonucleotide repeats at the end of linear chromosomes.

The enzyme’s ability to do so has been partly attributed to

the interactions of the TRBD domain with the TBE and, in

ciliates, both the TRBD and the CP2 motif (Lai et al., 2002,

2003; Miller et al., 2000). The TBE consists of stem II and

the flanking single-stranded RNA regions and is located

downstream of stem I and only a few nucleotides up-

stream of the RNA template (Figure 4D). The TRBD struc-

ture suggests that the T pocket, a narrow, hydrophobic

cavity located on the surface of the protein that can only

accommodate single-stranded RNA, may play an impor-

tant role in this process. Assuming that the T pocket binds

the single-stranded RNA that connects stem I and stem II,

this interaction most likely forces stem II to act as a steric

block, which, in turn, forces the TRBD domain to stay

within the boundaries of stem I and stem II. The stem I-

and -II-locked TRBD domains then may act as anchors

that constrain the distance the RT domain can travel and

prevent it from moving beyond the boundaries of the

RNA template, thus promoting telomerase addition proc-

essivity. In ciliates, however, the TRBD domain alone is
Structure 15, 1403–1412,
not sufficient for template boundary definition, and it re-

quires the action of the CP2 motif (Lai et al., 2002; Miller

et al., 2000). The precise mechanism by which the CP2

motif facilitates template boundary definition is unclear

at this stage, and additional experimental evidence is re-

quired to help us better address this question. One, how-

ever, can speculate that CP2 binding to TER promotes

template boundary definition either via contributing to

the stabilization of the RNP complex or, like the TRBD,

by acting as an anchor that prevents slippage of the active

site of the RT domain beyond the RNA template.

In summary, the TRBD domain is highly conserved

among phylogenetic groups and is essential for the func-

tion of telomerase. Extensive biochemical and mutagene-

sis studies have localized TRBD binding to stem I and the

TEB, interactions that are thought to be important for the

proper assembly and stabilization of the TERT/TER com-

plex as well as the repeat-addition processivity of the ho-

loenzyme. Here, we present the first, to our knowledge,

atomic structure of the TRBD domain, which provides

clues for TERT/TER binding and explains the wealth of

biochemical data published to date. The RNA-binding

site of TRBD is an extended groove on the surface of the

protein that is partly hydrophilic and partly hydrophobic

in nature and is formed by the previously identified T and

CP motifs shown to be important for telomerase function.

The size, organization, and chemical nature of this groove

suggests that the TRBD domain interacts with both dou-

ble- and single-stranded nucleic acids, possibly stems I

or II, and the single-stranded RNA that connects them.

Extended contacts in this region would confer stability,

whereas the nature of the interactions will facilitate the en-

zyme’s ability to add short oligonucleotide repeats at the

ends of linear chromosomes. Moreover, the fact that the

TRBD domain is an essential, highly conserved domain
November 2007 ª2007 Elsevier Ltd All rights reserved 1409



Table 2. Model Refinement Statistics

TRBD(254–519)

Refinement Statistics

Resolution (Å) 20–1.71

Rwork/Rfree (%) 20.0/23.9

Rmsd bonds (Å) 0.008

Rmsd angles (�) 0.831

Number of atoms

Protein 2145

Bromine 7

Water 213

Average B factor (Å2)

Protein 27.41

Bromine 42.63

Water 31.22

Ramachandran % (No Res.)

Most favored 91.6

Allowed 8.4

Structure

The Structure of the TRBD Domain of Telomerase
among phylogenetic groups that contains a well-defined

RNA-binding pocket suggests that it could serve as an

ideal candidate for telomerase inhibitors.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification

The Tetrahymena thermophila TERT residues 254–519 were identified

by limited proteolysis and cloned into a modified version of the pET28b

vector containing a cleavable hexahistidine tag at its N terminus. The

protein was overexpressed in E. coli BL21 (pLysS) at 20�C for 4 hr.

The cells were lysed by sonication in 50 mM Tris-HCl, 10% glycerol,

0.5 M KCl, 5 mM b-mercaproethanol, and 1 mM PMSF (pH 7.5) on

ice. The protein was first purified over a Ni-NTA column, followed by

TEV cleavage of the hexahistidine tag overnight at 4�C. The TRBD/

TEV mix was diluted so that the concentration of imidazole was at

15 mM, and the protein mix was passed over a Ni-NTA column to re-

move the TEV, the cleaved tag, and any tagged protein. The Ni-NTA

flowthrough was concentrated to 1 ml and diluted to a salt concentra-

tion of 0.15 M. The diluted TRBD sample was then passed over

a POROS-HS column (Perseptive Biosystems). At this stage, the pro-

tein was more than 99% pure. The protein was finally passed over a se-

phedex-S200 sizing column preequilibrated with 50 mM Tris-HCl, 10%

glycerol, 0.5 M KCl, and 2 mM DTT (pH 7.5) to remove any TRBD ag-

gregates. The pure, monodisperse protein, as indicated by SDS-PAGE

and dynamic light scattering, respectively (DynaPro, model 99-CP,

Protein Solutions), was concentrated to 8 mg/ml by using an amicon

10K cutoff (Millipore), and the protein was stored at 4�C for subsequent

studies. Stock protein was dialyzed in 5 mM Tris-HCl, 500 mM KCl,

1 mM TCEP (pH 7.5) prior to crystallization trials.

Protein Crystallization and Data Collection

Initial plate-like clusters of TRBD that diffracted poorly (�4 Å resolu-

tion) were grown at 4�C by using the sitting drop method by mixing

one volume of dialyzed protein with one volume of reservoir solution

containing 20% PEG 3350, 0.2 M NaNO3. Single, well-diffracting crys-

tals were grown in microbatch trays under paraffin oil by mixing one

volume of dialyzed protein with an equivalent volume of 50 mM HEPES
1410 Structure 15, 1403–1412, November 2007 ª2007 Elsevier Lt
(pH 7.0), 44% PEG 400, 0.4 M NaNO3, 0.4 M NaBr, and 1 mM TCEP at

4�C. Crystals were harvested into cryoprotectant solution that con-

tained 25 mM HEPES (pH 7.0), 25% PEG 400, 0.2 M NaNO3, 0.2 M

NaBr, and 1 mM TCEP and were flash frozen in liquid nitrogen. Data

were collected at the NSLS, beamline X6A, and were processed with

HKL-2000 (Minor) (Table 1). The crystals belong to the monoclinic

space group P21; there is one monomer in the asymmetric unit.
Structure Determination and Refinement

Initial phases were obtained from a two-wavelength MAD holmium

(Ho) derivative that was prepared by cocrystallizing the protein with

5 mM HoCl3. Heavy-atom sites were located by using SOLVE (Terwil-

liger, 2003), and the sites were refined and new phases calculated with

MLPHARE (CCP4, 1994) as implemented in ELVES (Holton and Alber,

2004) (Table 1). Initial maps showed well-defined density only for the

larger half of the molecule. The density for the smaller half of the mol-

ecule was weak, mostly due to its intrinsic mobility with respect to the

larger half of the molecule. The problem associated with building the

model into the density was exacerbated by the lack of information re-

garding the location of specific side chains such as selenomethio-

nines. Key factors in building a complete model were successive

rounds of PRIME and SWITCH in RESOLVE (Terwilliger, 2002), fol-

lowed by manual building in COOT (Emsley and Cowtan, 2004). The

model was refined by using both CNS-SOLVE (Brunger et al., 1998)

and REFMAC5 (Murshudov et al., 1997). The last cycles of refinement

were carried out with TLS restraints as implemented in REFMAC5

(Table 2). Figures were prepared in PYMOL (DeLano, 2002), and elec-

trostatic surfaces were prepared in APBS (Baker et al., 2001).
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