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SUMMARY

The 30 processing of most bacterial precursor
tRNAs involves exonucleolytic trimming to yield
a mature CCA end. This step is carried out by
RNase T, a member of the large DEDD family
of exonucleases. We report the crystal struc-
tures of RNase T from Escherichia coli and
Pseudomonas aeruginosa, which show that
this enzyme adopts an opposing dimeric ar-
rangement, with the catalytic DEDD residues
from one monomer closely juxtaposed with a
large basic patch on the other monomer. This
arrangement suggests that RNase T has to be
dimeric for substrate specificity, and agrees
very well with prior site-directed mutagenesis
studies. The dimeric architecture of RNase T
is very similar to the arrangement seen in oligo-
ribonuclease, another bacterial DEDD family
exoribonuclease. The catalytic residues in
these two enzymes are organized very similarly
to the catalytic domain of the third DEDD family
exoribonuclease in E. coli, RNase D, which is
monomeric.

INTRODUCTION

All stable RNAs are synthesized as precursors. Maturation

of stable RNAs often involves an initial cleavage by endo-

ribonucleases followed by exonucleolytic trimming. In

Escherichia coli, seven distinct exoribonucleases have

been identified (Ezraty et al., 2005; Zuo and Deutscher,

2001). Although many of them, including RNase D, RNase

PH, RNase II, and RNase T, contribute to this trimming

process, RNase T (RNT) appears to be the most important

for the final step of maturation of many stable RNAs (Kelly

and Deutscher, 1992; Li and Deutscher, 1995, 1996; Li

et al., 1998, 1999). In fact, RNase T is essential for gener-

ating the mature 30 ends of 5S and 23S rRNAs (Li and
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Deutscher, 1995; Li et al., 1999). RNT is also involved in

tRNA end turnover, which consists of the removal and re-

generation of the CCA end of tRNA (Deutscher et al.,

1985). The latter half of this process involves a universally

conserved CCA-adding enzyme, tRNA nucleotidyl trans-

ferase. Despite its many important roles, RNT orthologs

have been found in only a small group of bacteria, the

g division of Proteobacteria (Zuo and Deutscher, 2001).

RNase T is a 30 to 50 hydrolytic exoribonuclease

(Deutscher and Marlor, 1985). It is one of several E. coli

proteins belonging to the DEDD superfamily, a large family

of 30–50 exonucleases which also includes the proof-

reading domain of many DNA polymerases (Zuo and

Deutscher, 2001). Members of this superfamily contain

four highly conserved acidic residues distributed in three

conserved motifs (Figure 1). In the Klenow fragment, the

four acidic residues were shown to bind two divalent metal

ions and form the catalytic center (Beese and Steitz,

1991). It is believed that all DEDD family members share

a common catalytic mechanism involving two divalent

metal ions coordinated by the conserved acidic residues

(Steitz and Steitz, 1993). The DEDD family can be divided

into two subfamilies, DEDDh and DEDDy, depending on

whether a histidine (e.g., in the 3 subunit of DNA polymer-

ase III) or a tyrosine residue (e.g., in the Klenow fragment)

is conserved in the ExoIII motif (Zuo and Deutscher, 2001).

Other than a slight difference in local folding surrounding

this residue, the DEDDh and DEDDy exonucleases share

a nearly identical fold with the His/Tyr residues occupying

an essentially equivalent position. It is believed that a His

in DEDDh functions the same way as a Tyr in DEDDy

(Breyer and Matthews, 2000; Hamdan et al., 2002). The

significance of the difference between a histidine and a

tyrosine residue at this position is still unclear. However,

it cannot be responsible for the difference between

DNases and RNases, as both classes of enzymes are found

in the DEDDh and DEDDy groups. RNase T is a member of

the DEDDh subgroup. Sequence analysis suggests that

RNase T is closely related to DP3E, the proofreading

3 subunit of DNA polymerase III, which is another

DEDDh member (Koonin and Deutscher, 1993; Zuo and

Deutscher, 2001). Interestingly, RNase T also displays
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Figure 1. Structure-Based Multiple Alignment of E. coli and P. aeruginosa RNase T and Related Nucleases

Structures included here are: E. coli RNase T (PDB ID code 2IS3); P. aeruginosa putative RNase T (PDB ID code 2F96); E. coli DNA polymerase III 3

subunit (PDB ID code 1J53); E. coli oligoribonuclease (PDB ID code 1YTA); E. coli exonuclease I (PDB ID code 1FXX); three human 30–50 exoribonu-

cleases, PARN (PDB ID code 2A1R), 30hExo (PDB ID code 1W0H), and ISG20 (PDB ID code 1WLJ); yeast POP2 protein exonuclease domain (PDB ID

code 1UOC); E. coli RNase D (PDB ID code 1YT3); E. coli DNA polymerase I Klenow fragment (PDB ID code 2KZZ); and T. gorgonarius DNA poly-

merase (PDB ID code 1TGO). The last three belong to the DEDDy subgroup, while the others have DEDDh folds. Sequence alignments were initially

generated using T-Coffee (http://www.tcoffee.org) (Notredame et al., 2000), followed by some manual adjustment. The three conserved Exo motifs

are labeled at the bottom with the DEDD residues marked by red triangles. The NBS basic residues conserved in RNase T orthologs are highlighted

using blue rectangles. The numbering at the top is based on the E. coli RNase T sequence, with the secondary structure of P. aeruginosa RNase T.
strong DNA exonuclease activity (Viswanathan et al.,

1998; Zuo and Deutscher, 1999).

Like all DEDD exonucleases, RNase T is a single-

strand-specific exonuclease and requires divalent metal

ions, such as Mg2+ or Mn2+, for its activity (Deutscher

and Marlor, 1985; Zuo and Deutscher, 2002c). RNase T

is distributive, and displays an unusual base specificity,

discriminating against pyrimidines and, particularly, C res-

idues (Zuo and Deutscher, 2002c). Although RNase T ap-

pears to bind up to about ten nucleotides, its substrate

specificity is defined largely by the last four residues.

Another major reason for the specific involvement of

RNase T in stable RNA maturation and tRNA end turnover

is that RNase T appears to be the only enzyme capable of

efficiently removing residues close to a duplex structure

without unwinding the double helix. RNase T action slows

down significantly as it approaches a duplex; however, it

can digest RNA up to the first base pair (Li and Deutscher,
418 Structure 15, 417–428, April 2007 ª2007 Elsevier Ltd All right
1995) and generate a blunt-ended DNA duplex (Zuo and

Deutscher, 1999).

RNase T forms a homodimer in vitro and in vivo, and for-

mation of the dimer is required for it to function (Li et al.,

1996a). In addition to confirming that the conserved DEDDh

residues are essential for RNase T activity, mutagenesis also

identified three short conserved nucleic acid-binding se-

quence (NBS) segments important for substrate binding

(Zuo and Deutscher, 2002a). These three NBS segments

are rich in positively charged Arg/Lys residues. Homology

modeling using oligoribonuclease, a related DEDD family

exoribonuclease as a template, suggested that the NBS seg-

ments cluster and form a positively charged surface patch on

the face of the RNase T monomer opposite the DEDDh cat-

alytic center (Zuo and Deutscher, 2002b). It was proposed

that the two subunits of an RNase T dimer complement

each other with substrate binding and catalysis to form fully

functional RNase T active sites (Zuo and Deutscher, 2002b).
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Table 1. Summary of Data Collection and Refinement Statistics

P. aeruginosa RNaseT E. coli RNase T

Data Collection

Wavelength (Å) 0.9794 0.9786 0.9788

Space group P21 I422

Unit cell dimensions (Å) a = 49.9, b = 76.6, c = 61.7;

90.0, 93.55, 90.0

a = 213.1, b = 213.1, c = 149.2;

90.0, 90.0, 90.0

Resolution range (Å)a 19.97–2.09 (2.15–2.09) 30.0–3.1 (3.21–3.1) 30.0–3.1 (3.21–3.1)

Rmerge
b 0.114 (0.395) 0.092 (0.696) 0.085 (0.845)

I/s(I) 17.9 (2.6) 28.9 (2.1) 27.3 (1.4)

Reflections

Measured 117,164 406,651 396,810

Unique 27,229 31,325 31,269

Completeness (%) 99.5 (96.5) 99.5 (95.1) 98.9 (89.3)

Refinement Statistics

R factors

Rwork 0.158 0.196

Rfree (5% data) 0.204 0.231

Number of atoms

Protein 3,099 6,039

Solvent (H2O/sulfate) 233 65

Average B factor (Å2) 28.6 77.4

Rmsd from ideality

Bond length (Å) 0.014 0.013

Bond angle (�) 1.35 1.37

Ramachandran plot statistics (%)c

Residues in most favored regions 94.0 87.9

Residues in additional allowed regions 5.7 11.1

Residues in generously allowed regions 0.3 1.0

Residues in disallowed regions 0.0 0.0

a Data in parentheses are for the highest-resolution shell.
b Rmerge = S(jIj� <I>j)/S<I>, where Ij is the observed intensity of reflection j and <I> is the average intensity of multiple observations.

The calculation is performed for merged Bijovet pairs.
c Ramachandran plot statistics are taken from PROCHECK (Laskowski et al., 1993).
Here we report two independently solved structures of

RNase T, a 2.1 Å resolution RNT structure from Pseudomo-

nas aeruginosa (H.Z., M.C., M.C., T.S., A.S., and W.M.),

and a 3.1 Å resolution RNT structure from Escherichia

coli (Y.Z., Y.W., and A.M.). Although RNase T is mostly re-

lated to the proofreading 3 subunit of DNA polymerase III in

sequence, our structures reveal that RNase T adopts an

oligoribonuclease-like homodimer architecture with the

two monomers arranged in an opposing orientation as pro-

posed previously (Zuo and Deutscher, 2002b). This ar-

rangement juxtaposes the NBS patch from one monomer

in the vicinity of the DEDD active center pocket of the other

monomer, explaining the requirement of homodimer for-

mation for RNase T activity.
Structure 15
RESULTS

Structure Determination of RNase T

RNase T from P. aeruginosa (Midwest Center for Struc-

tural Genomics target APC5754) crystallized in the P21

space group with one RNT dimer in the asymmetric unit.

Phasing was performed using single-wavelength anoma-

lous diffraction (SAD), and the structure was refined to

a resolution of 2.1 Å with a final R factor of 16% (Table

1); RNase T from E. coli crystallized in the I422 space

group with four monomers (two dimers) in the asymmetric

unit. Phases were obtained using multiwavelength

anomalous diffraction (MAD) to 3.1 Å, and the structure

was refined to an R factor of 19.6% (Table 1).
, 417–428, April 2007 ª2007 Elsevier Ltd All rights reserved 419
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Figure 2. Crystal Structure of E. coli and P. aeruginosa RNase T

(A) RNase T in a ribbon representation, with the two subunits in each dimer colored differently. Also shown are conserved DEDDh residues (sticks) and

bound metal ions (balls).

(B) Molecular surface of RNase T, colored by local electrostatic potential using GRASP (Nicholls et al., 1991). Red color indicates negative potential,

blue color indicates positive potential, and both panels use similar scales for electrostatic shading. The larger ‘‘blue’’ patch in the P. aeruginosa RNase

T reflects a larger number of basic residues in the NBS patch.

(C) Comparison of RNT monomers. The two monomers of P. aeruginosa RNase T (PDB ID code 2F96) and the four monomers of E. coli RNase T (PDB

ID code 2IS3) are superimposed, with only the Ca backbone shown in stereo view. Each monomer is colored differently: cyan, 2F96 chain A; blue,

2F96 chain B; yellow, 2IS3 chain A; green, 2IS3 chain B; red, 2IS3 chain C; and orange, 2IS3 chain D.
RNT forms a compact a/b fold, with the N and C termini

coming together at the base of the molecule (Figure 2A).

This part of the molecule appears flexible, with the N-ter-

minal ends disordered in both structures (residues 1–18 in

P. aeruginosa; 1–6 in E. coli could not be seen in the elec-

tron density). Electron density for several residues at the

C-terminal end is missing in both structures. Two internal
420 Structure 15, 417–428, April 2007 ª2007 Elsevier Ltd All r
loop regions in molecule B of E. coli RNT (residues 27–36

and 65–84) are invisible in the density map, and appear to

be disordered in the crystal. The E. coli and P. aeruginosa

RNT sequences share more than 60% identical residues

over the entire sequence. Other than 12 additional resi-

dues at the N-terminal end of P. aeruginosa RNT, pairwise

alignment between P. aeruginosa RNT and E. coli RNT
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shows no gaps (Figure 1). Unless otherwise mentioned,

the residue numbers in the entire paper will be based on

E. coli RNT. The use of the E. coli RNT numbering facili-

tates correlations to earlier biochemical studies, and the

residue numbers for P. aeruginosa RNT can be readily de-

termined by adding 12. The structures of P. aeruginosa

RNT and E. coli RNT have essentially the same fold, with

pairwise root-mean-square deviation (rmsd) between

monomer Ca atoms from 0.9 to 1.6 Å, not much higher

than pairwise rmsd between monomers within each struc-

ture (0.6 Å between P. aeruginosa RNT monomers, and

0.6–1.2 Å among E. coli RNT monomers). Though several

loop regions are flexible, the biggest movement appears

to be in the DEDDh-specific a2 region above the DEDD

cavity (Figure 2C). All analyses apply to both P. aeruginosa

and E. coli structures unless otherwise specified.

Overall Fold of RNase T

RNase T is a dimer with monomers facing opposite ends

(Figure 2). As identified using the DALI server (Holm and

Sander, 1996), each monomer has an a/b fold very similar

to the catalytic domains of other DEDD family exonucle-

ases, such as the 3 subunit of DNA polymerase III (when

compared to an E. coli RNase T monomer, the Z score

is 17.7; Protein Data Bank [PDB] ID code 1J53) (Hamdan

et al., 2002), the nuclease domain of exonuclease I (Z

score: 16.1; PDB ID code 1FXX) (Breyer and Matthews,

2000), E. coli oligoribonuclease (Z score: 13.4; PDB ID

code 1YTA) (T.J. Fiedler, Y.Z., and A.M., unpublished

data), the nuclease domain of POP2 (Z score: 11.5; PDB

ID code 1UOC) (Thore et al., 2003), and several human

DEDDh exoribonucleases, 30hExo (Z score: 16.1; PDB ID

code 1W0H) (Cheng and Patel, 2004), ISG20 (Z score:

13.5; PDB ID code 1WLJ) (Horio et al., 2004), and PARN

(Z score: 12.5; PDB ID code 2A1R) (Wu et al., 2005). The

top Z scores are all against DEDDh proteins. For the

DEDDy subfamily, the protein with highest structural sim-

ilarity to RNT is Thermococcus DNA polymerase (PDB ID

code 1TGO) (Hopfner et al., 1999), with a Z score of 11.2.

Oligoribonuclease is another homodimeric DEDD exo-

nuclease whose structure has been solved (T.J. Fiedler,

Y.Z., and A.M., unpublished data; Gilliland et al., 2002).

RNase T and oligoribonuclease share low sequence iden-

tity (�15%), yet adopt a very similar homodimeric confor-

mation. The opposing arrangement of two monomers in

the RNT homodimer allows putative RNA-binding sites

from one monomer to lie very close to the active site of

the other monomer (Figure 2B) (Zuo and Deutscher,

2002b). Another DEDD exonuclease, the human poly(A)-

specific exoribonuclease PARN, has also been shown to

be a homodimer (Wu et al., 2005). However, PARN is

a large multidomain protein, and uses a different dimeriza-

tion interface when compared to RNT (Wu et al., 2005).

RNT Dimeric Interface

Approximately 1300 Å2 are buried for each monomer at

the RNase T dimer interface (more than 12% of the total

surface area of the monomer). The interface features com-

plementary protuberances and cavities (Figure 3A) that
Structure 15, 4
come together to allow RNT to form a very stable dimer,

as verified by size-exclusion chromatography at various

salt concentrations (Li et al., 1996a). At the center of the

highly hydrophobic interface are residues Leu157 and

Trp201 from one monomer protruding deep into the other

monomer (Figure 3A), contributing about 20% of the bur-

ied interface. These two residues are surrounded by con-

served hydrophobic residues, including Phe14, Phe149,

Leu154, Phe194, Ile197, and Leu204 (Met in P. aeruginosa

RNT), which form a hydrophobic core at the dimer inter-

face.

Several charged residues also contribute to RNT dimer-

ization. The long aliphatic side chain of Arg15 is part of the

hydrophobic dimer interface. Asp150, a residue con-

served in almost all DEDD proteins, is also buried at the

interface. Replacing Asp150 with alanine leads to a signif-

icant loss of RNase T activity (Zuo and Deutscher, 2002a).

However, Asp150 appears to be more important for main-

taining the local fold rather than contributing to dimeriza-

tion. A surprising observation is that Arg13 is buried at

the interface, forming two hydrogen bonds with the back-

bone of the other subunit. In a previous study, Arg13 was

predicted to be involved in substrate binding, which does

not explain the dramatic effect on RNase T activity by an

Arg13-to-alanine mutation, as this single mutation led to

a large increase in Km (�15 fold) and a more than

100-fold decrease in Vmax (Zuo and Deutscher, 2002a). It

is evident from the crystal structure that the Arg13-to-ala-

nine mutation likely affects RNase T dimerization. Pre-

vious experiments have also shown that mutation of

Trp207 makes RNase T temperature sensitive, due to a de-

stabilized dimer conformation (Zuo and Deutscher,

2002a). The crystal structure suggests that Trp207 serves

to sequester Arg13 from the bulk solvent. Therefore, the

temperature sensitivity of Trp207 mutants might be more

of an indirect effect of an exposed Arg13 residue, which

would weaken the hydrogen bonds at the dimer interface

(Figure 3B).

RNase T Active Center

All DEDD family exonucleases share a common active site

geometry, with four acidic side chains that coordinate two

divalent metal ions: a site A metal ion coordinated by the

three conserved acidic residues from ExoI and ExoIII

sequence motifs (Figure 1), and a site B metal ion coordi-

nated by the conserved aspartate residue in ExoI and in-

directly by the conserved aspartate in ExoII. Both metal

ions interact with the terminal phosphate in the presence

of a substrate, and a general catalytic mechanism was

proposed involving the two bound metal ions and a con-

served tyrosine residue in the ExoIII motif in the case of

a DEDDy protein (Beese and Steitz, 1991; Steitz and

Steitz, 1993). RNT, a DEDDh member, has all four con-

served acidic residues (Asp23 and Glu25 in ExoI,

Asp125 in ExoII, and Asp186 in ExoIII), and a conserved

histidine in ExoIII (His181). The geometry of the four con-

served acidic residues in RNT agrees very well with other

DEDD family members. Of the 203 Ca atoms in one

P. aeruginosa RNT monomer, 140 can be superimposed
17–428, April 2007 ª2007 Elsevier Ltd All rights reserved 421
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Figure 3. Dimer Interface of RNase T in Stereo View

(A) View of the P. aeruginosa RNase T monomer from the dimer interface. One monomer is shown with its molecular surface colored by electrostatic

potential as in Figure 2, while the other is shown as a Ca trace (gray) with major interface contributors shown in orange as sticks (Arg13, Phe14,

Phe149, Leu154, Phe194, Ile197, Val198, Met204, and Trp207) and balls (Leu157 and Trp201). Both the Leu157 and Trp201 side chains protrude

deep into the partner subunit. The metal ion at the active center of the monomer is shown as a green sphere. The residue numbers shown here

are that of corresponding E. coli RNase T residues. Met204 corresponds to Met216 in P. aeruginosa RNase T, and is Leu204 in E. coli RNase T.

(B) Details of the P. aeruginosa RNase T dimer interface, showing the position of Arg13 and its interactions with Phe14 and Trp207, and the backbone

of the partner subunit. The carbon atoms from the two subunits are colored differently.
on E. coli exonuclease I Ca traces with an rmsd of 1.60 Å,

and 109 can be superimposed on Klenow fragment exo-

nuclease domain Ca traces with an rmsd of 1.58 Å.

No metals were observed in the E. coli structure, but

a metal ion was observed at the B site of each monomer

of the P. aeruginosa RNT structure (Figure 4). This B site

metal ion has an octahedral coordination typical for a mag-

nesium ion. It is interesting to point out that, in contrast to

DEDDy proteins, in which the B site is usually a weaker

metal-binding site than the A site (Zuo et al., 2005), DEDDh

proteins appear to have stronger B site metal binding in

the absence of a substrate. A single metal ion at the B

site has also been observed in E. coli exonuclease I

(Breyer and Matthews, 2000). The absence of a metal

ion at the A site of P. aeruginosa RNT could also be due
422 Structure 15, 417–428, April 2007 ª2007 Elsevier Ltd All rig
to preference for a nonmagnesium metal ion at this site,

even though Mg2+ by itself supports RNase T activity

(Deutscher and Marlor, 1985). In fact, a water molecule

(water-164) occupying the A site in P. aeruginosa RNT

(chain A) might mimic a nonmagnesium metal ion with

five potential coordination ligands.

Like other DEDDh proteins, the conserved histidine in

the ExoIII motif is part of a highly flexible loop. This con-

served histidine residue in DEDDh can occupy a position

spatially equivalent to DEDDy tyrosine, and has been pro-

posed to function in a manner similar to the conserved

tyrosine residue in DEDDy exonucleases (Breyer and

Matthews, 2000; Hamdan et al., 2002). Mutating His181

of E. coli RNase T abolishes its exonuclease activity

(Zuo and Deutscher, 2002a), suggesting an important
hts reserved
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Figure 4. Close-Up of the DEDDh Active Site in P. aeruginosa RNase T: Monomer B in Stereo View

The conserved DEDDh residues are shown as sticks (red and yellow). The Mg ion located at the B site is shown as a green sphere. Also shown are a few

water molecules (small red spheres) at the active center. The experimental electron-density map after solvent flattening is shown contoured at 2s.
role of His181 for RNase T catalysis. Interestingly, the two

DEDDh histidine residues in each RNT homodimer (two

homodimers in the E. coli RNT structure and one homo-

dimer in the P. aeruginosa RNT structure) adopt different

conformations; one is partially directed toward the active

center (Figure 4), while the other is facing away from the

active center. It is not clear whether this is just a crystal

packing artifact, as the histidine directed toward the active

center is close to the symmetry-related molecule, or an

indication of flexibility in the absence of substrate in the

RNT active site.

RNase T Substrate-Binding Site

Both E. coli RNT and P. aeruginosa RNT are highly nega-

tively charged proteins, with theoretical pIs of 5.2 and 5.0,

respectively. However, surface charge distribution is

strongly uneven in both proteins (Figure 2B). Nine out of

the 18 Arg/Lys residues in E. coli RNT (11 out of 23 in

P. aeruginosa RNT) are found in three short conserved se-

quence segments, named NBS segments for their likely

roles in nucleic acid binding (Zuo and Deutscher, 2002a).

The greater number of Arg/Lys residues in P. aeruginosa

RNT NBS segments is reflected in a larger positive patch

(Figure 2B). Except for Arg13, which is buried at the dimer

interface, all the NBS basic residues cluster on one side of

the monomer surface to form a basic patch, which con-

tains no acidic residues. This basic patch is on a side op-

posite the DEDD catalytic center cavity. Another basic

residue, Lys166, on the edge of the DEDD cavity, extends

the basic patch. Mutating the basic residues of the NBS

patch, individually or in combination, leads to significantly

increased Km with little effect on the Vmax of RNase T

catalysis (Table 2) (Zuo and Deutscher, 2002a). This is

consistent with the suggested role of substrate binding

for the NBS patch. The involvement of the NBS patch in

substrate binding is also supported by the observation

that several SO4
2� anions are bound to this region in the

E. coli RNase T structure.
Structure 15,
DISCUSSION

Requirement of Dimerization for RNase T Action

Prior mutagenesis studies have revealed that the con-

served DEDDh residues are essential for RNase T activity,

indicating that they likely form the RNase T catalytic center

in a manner similar to that found in other DEDD exonucle-

ases (Zuo and Deutscher, 2002a). Our structures confirm

Table 2. Effect of Mutations on E. coli RNase T Activity

RNase T Variant Km (mM) Relative Activitya

Wild-type RNT 10 100

D23A RNT 23 1.4

E25A RNT ND 1.3

H120A RNT ND 5.4

D125A RNT 33 34

H181A RNT ND 1.4

D186A RNT 25 0.7

D150A RNT ND 1.4

R13A RNT �150 0.04

R15A RNT �100 14

K108A �150 26

R114A �120 24

K108A/R114A �250 6

K139A �80 35

K108A/K139A �200 10

K108A/R114A/K139A >300 2

K108A/R114A/K139A/R140A >300 0.6

Data are from Zuo and Deutscher (2002a). ND, not deter-

mined.
a Relative activity was estimated with 20 mg tRNA substrate in

a 50 ml reaction (�16 mM).
417–428, April 2007 ª2007 Elsevier Ltd All rights reserved 423
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that RNase T shares the same spatial arrangement of

active center residues as seen in other DEDD enzymes.

Mutagenesis studies also identified three short sequence

segments (NBS segments) important for RNase T

substrate binding. These three NBS segments are highly

conserved in RNase T orthologs and are rich in positively

charged Arg/Lys residues. Like oligoribonuclease, RNase

T forms a homodimer and the homodimeric form is

required for function (Li et al., 1996a). An oligoribo-

nuclease-like homodimer architecture was thus proposed

for RNase T (Zuo and Deutscher, 2002b). According to this

homodimer model, the NBS substrate-binding patch and

the DEDD center from different subunits are brought to-

gether to form fully active sites. Our results confirm this

model, and both the E. coli and the P. aeruginosa RNase

T structures show the basic patch from one monomer po-

sitioned right next to the DEDD catalytic center cavity of

the other monomer in the homodimer (Figure 2B).

Although there is good agreement between the homol-

ogy model and the crystal structure, there is a surprising

observation that the conserved basic residue Arg13 is bur-

ied in the otherwise highly hydrophobic dimer interface

and forms two hydrogen bonds with the backbone of

the other monomer. Arg13 had been predicted to be

part of the NBS patch, though its mutation showed a differ-

ent effect on RNase T activity when compared to muta-

tions of other NBS basic residues (Table 2). In addition

to an increased Km value as seen with other NBS muta-

tions, the Arg13 mutant also displayed a dramatically re-

duced Kcat, which is inconsistent with a residue involved

only in substrate binding. The observation that Arg13 is

buried at the dimerization interface in the crystal struc-

tures suggests that mutating Arg13 might disrupt or signif-

icantly weaken the RNase T dimer. The observation of

a buried Arg13 also suggests that the temperature sensi-

tivity seen in Trp207 mutants might be more of an indirect

effect. In the crystal structure, Trp207 serves to sequester

Arg13 from the bulk solvent; Arg13 is sandwiched be-

tween Trp207 and Phe14 and participates in cation-p-

like interactions with these side chains (Figure 3B). Mutat-

ing Trp207 to an Ala or a stop codon would expose Arg13,

and thus weaken the hydrogen bonding with the partner

subunit. The same could also be true for another C-termi-

nal mutation, Gly206Ser (Li et al., 1996a), which displays

an effect consistent with weaker dimerization of RNase

T. A Gly206-to-Ser mutation would disrupt the C-terminal

folding and thus expose Arg13, even if it does not directly

interfere with dimerization.

In contrast to the unexpected involvement of Arg13 in

RNT dimerization, the hydrophobic residue Cys168, which

was implied in RNT dimerization (Li et al., 1996a), is not at

the dimer interface. Instead, Cys168 is part of helix a6 and

is buried at the a6/a7 interface. Both a6 and a7 helices are

important for shaping the DEDD active center cavity. Mu-

tating Cys168 to less hydrophobic residues (Li et al.,

1996a) would likely weaken the anchoring of a6 to a7. It

is expected that a displaced a6 would compromise RNase

T activity by disrupting the DEDD cavity and the basic

patch, as this helix also harbors the conserved basic res-
424 Structure 15, 417–428, April 2007 ª2007 Elsevier Ltd Al
idue Lys166. It is also possible that a displacement of this

helix will interfere with RNT dimerization, as a6 is close to,

both in sequence and in space, a5 and the C terminus of

a7, which are major contributors to the dimer interface.

Making Sense of RNase T Substrate Binding

RNase T has been shown to be important for the 30 matu-

ration of many stable RNAs as well as tRNA end turnover

in vivo (Deutscher et al., 1985; Kelly and Deutscher, 1992;

Li and Deutscher, 1995, 1996; Li et al., 1998, 1999). All

RNase T substrates share a common feature: their 50

and 30 ends pair with each other to form a stable, dou-

ble-stranded stem followed by a few unpaired 30 nucleo-

tides (Li et al., 1998). Later studies with model substrates

demonstrated that RNase T is a single-strand-specific

exonuclease that can act on both DNA and RNA sub-

strates (Zuo and Deutscher, 1999, 2002c). The important

role of RNase T in stable RNA maturation was thus attrib-

uted to its unique ability to efficiently remove residues near

a stable duplex without substrate unwinding.

Docking studies (data not shown) indicate that RNase T

can make favorable interactions with up to 11–12 nucleo-

tides upstream of the 30 end for a flexible single-stranded

substrate. Other than the 30-terminal 3–4 nucleotides,

which are mostly inside the DEDD cavity, contacts are

expected between the nucleic acid backbone and the

positively charged side chains on the NBS basic patch.

Interactions of duplex substrates with RNase T are likely

to be more restricted due to the need for accommodating

the helical stem on the NBS and for proper presentation of

the 30 overhang into the DEDD active center. For duplex-

containing RNA substrates, such as tRNA or tRNA precur-

sors, a 30 overhang of five nucleotides or longer appears to

be preferred. Due to potential steric hindrance by the

complementing 50-end residues, a substrate with shorter

30 overhang would either not be able to interact with the

NBS patch at the far end or have to disrupt the stacking

on the 30 end (Figure 5A). This explains the impeding effect

of a duplex on RNase T activity. In fact, the active center

cavity can well accommodate a DNA/RNA duplex with

a one-nucleotide 30 overhang, suitable for generating

a blunt-ended duplex (Zuo and Deutscher, 1999). Docking

shows that a DNA duplex substrate with a 30 overhang as

short as a single nucleotide should be able to nicely inter-

act with the entire RNase T NBS patch due to its wide ma-

jor groove; on the other hand, an A-form RNA duplex with

a short 30 overhang is likely to make fewer contacts with

the NBS patch due to steric clashes (Figure 5B).

The physiological role of RNase T is also defined by its

unusual sequence specificity, discriminating against

pyrimidine and, particularly, C residues at the 30 end.

This sequence specificity is defined largely by the last

four residues (Zuo and Deutscher, 2002c). A single 30-ter-

minal C residue can reduce RNase T action by more than

100-fold, and two terminal C residues essentially stop the

enzyme. RNase T prefers a substrate with a CCAN, espe-

cially CCAA, sequence at the 30 end (Zuo and Deutscher,

2002c). This makes RNase T well suited for tRNA matura-

tion while preventing overdigestion of the CCA end. All
l rights reserved
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Figure 5. Possible Binding Modes for Duplex-Containing Substrates on P. aeruginosa RNase T

(A) Docking of an ideal A-form RNA duplex with a two-nucleotide 30 overhang. Although the unpaired 30 overhang is shown stacked here, this region is

likely to be distorted for hydrolytic cleavage.

(B) Docking of an ideal B-form DNA helix with a single-nucleotide 30 overhang. RNase T is shown as a surface potential diagram colored as in Figure 2,

and substrates are shown as green ribbons. Only one substrate molecule was docked; the active pocket/RNA-binding surface on the opposite side of

RNase T is shown empty, and could presumably accommodate another substrate molecule in an analogous manner. Clashes in the docking models

are mostly due to the long side chains of a few solvent-exposed basic residues (Arg101, Arg114, Lys139, and Arg140). These side chains are likely to

adopt alternative conformations upon substrate binding.
E. coli tRNA genes encode the CCA ends, and 43% (37/

86) of them have an additional A residue immediately fol-

lowing the CCA sequence. Due to the high flexibility of

the a2 region on top of the DEDD cavity, it is difficult to

predict with high confidence the specific interaction be-

tween RNase T and the terminal residues of the substrate

based on docking. However, it is reasonable to speculate

that the two terminal bases would stack between phenyl-

alanine side chains, namely, between Phe77 and Phe29

and between Phe29 and Phe146, by analogy to the stack-

ing of the terminal substrate base between Leu361 and

Phe473 in the Klenow fragment (Beese and Steitz,

1991). Similar stacking has also been observed in struc-

tures of other DEDD exonucleases with substrates, such

as the stacking of the terminal base between Ile34 and

Phe115 in human PARN (Wu et al., 2005). In protein-

RNA interactions, phenylalanine is typically disfavored in

interactions with pyrimidine bases, especially cytidines

(Jones et al., 2001). The ‘‘sandwiching’’ of terminal bases

by phenylalanine side chains was speculated to account

for RNase T discrimination of pyrimidine residues (Zuo

and Deutscher, 2002c). However, a Phe29Tyr/Phe77Tyr

double mutant did not significantly alter RNase T specific-

ity (data not shown), suggesting a more complicated

mechanism for its unusual base specificity.

Comparison to Other DEDD Exonucleases

E. coli has three DEDD family exoribonucleases—RNase

T, oligoribonuclease (ORN), and RNase D (RND). RNase

D is a monomeric enzyme of the DEDDy subfamily. It

has two additional HRDC domains and forms a ring-like

arrangement (Zuo et al., 2005). RNase T and oligoribonu-

clease are homodimeric DEDDh enzymes. Both RNase T
Structure 15,
and oligoribonuclease display strong RNase and DNase

activity. ORN favors RNA oligonucleotides five nucleo-

tides or shorter, with highest activity on dinucleotide

substrates. In contrast, RNase T acts on longer substrates

with essentially no activity on RNA dinucleotides. Al-

though its specificity is not well defined, RNase D is highly

active on tRNA-like substrates, namely tRNA precursors

and denatured tRNAs. Corresponding to these differ-

ences in substrate specificity, we also observe differences

in the architecture of these enzymes (Figure 6). RNT and

ORN share very similar homodimeric arrangement, with

major contribution of substrate binding from the comple-

menting subunit. However, RNT has a large basic patch

suitable for binding of longer substrates, while there is

only a small basic patch on the ORN surface for favorable

binding of short oligonucleotides. In favor of shorter sub-

strates, ORN also has a unique elongated DEDD cavity

long enough for three to four nucleotides (T.J. Fiedler,

Y.Z., and A.M., unpublished data). Both RNT and ORN

have deep DEDD cavities shaped by dimerization,

whereas monomeric RND has a narrower DEDD cavity.

RND also has an extended basic patch, on the HRDC do-

mains, for potential substrate binding, though its ring

structure may also play an important role in binding sub-

strates (Zuo et al., 2005).

The use of basic patches for substrate binding appears

to be a common feature of the three E. coli DEDD exoribo-

nucleases. While the DEDD domain contributes the active

site, another domain or subunit contributes to the basic

patch. Unlike other DEDD exonucleases, RNT and ORN

form homodimers. Interestingly, both RNT and ORN use

equivalent regions for dimerization. For nonhomodimeric

DEDD family members, this same interface region is in-

volved in interdomain or intersubunit interactions.
417–428, April 2007 ª2007 Elsevier Ltd All rights reserved 425
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Figure 6. Comparison of the Structures of the Three DEDD Family Exoribonucleases from E. coli

Molecular surfaces colored by electrostatic potential are shown for these enzymes with one DEDD domain from each aligned in the same orientation.

The active centers of these enzymes are highlighted (stars).
EXPERIMENTAL PROCEDURES

Cloning, Expression, Purification, and Crystallization

P. aeruginosa RNase T

The P. aeruginosa RNase T open reading frame was amplified by PCR

from genomic DNA (American Type Culture Collection) as previously

described (Zhang et al., 2001). The gene was cloned into the NdeI

and BamHI sites of a modified pET15b expression vector, p11-

toronto1 (Novagen). Modifications include a 63His tag in a 22 amino

acid N-terminal fusion peptide, with a TEV protease cleavage site, fol-

lowed by a double stop codon downstream from the BamHI site. The

resulting construct is an N-terminal 63His tag separated from the gene

by a TEV protease recognition site sequence (ENLYFQG). The modi-

fied pET15b vector containing the cloned P. aeruginosa RNT was

then transformed into E. coli BL21(DE3) gold magic. Fresh transform-

ants were inoculated into a 25 ml culture grown in a 250 ml flask with

ampicillin, and then inoculated into 2 liters of Luria Broth (LB) (Invitro-

gen) in a custom-baffled 4 liter flask. The sample was induced at an

optical density A600 of 0.6–0.8 with 0.4 mM isopropyl-1-thio-D-galac-

topyranoside (IPTG) after growth at 37�C and grown overnight

at 15�C. The cells were harvested by centrifugation (10 min at

8,000 rpm; Beckman Coulter Avanti J-20 centrifuge). The cell pellet

was resuspended in 40 ml binding buffer, supplemented with 1 mM

each protease inhibitors phenylmethylsulfonyl fluoride (PMSF) and

benzamidine, flash-frozen in liquid nitrogen, and stored at �70�C.

The purification procedure used buffers containing 50 mM HEPES

(pH 7.5), 500 mM NaCl, 5% glycerol, and 5, 30, and 250 mM imidazole

for the binding, wash, and elution buffers, respectively. The harvested

cells were lysed by adding 0.5% Nonidet P-40 to the thawed sample

before sonication. Fresh protease inhibitors were added before the

sample was clarified by centrifugation (30 min at 17,000 rpm; Beckman

Coulter Avanti J-25 centrifuge). The clarified lysate was passed by

gravity through a DE52 column in series with an Ni2+ column. Contam-

inating proteins were removed by washing the Ni2+ column with 50

column volumes of wash buffer. The bound protein was removed

with elution buffer as qualitatively determined by the Bradford assay

(Bio-Rad protein assay) (Bradford, 1976). The sample was then sup-

plemented with 0.5 mM EDTA and 0.5 mM dithiothreitol (DTT) (final

concentration). The His tag was removed by cleavage with recombi-

nant His-tagged TEV protease (60 mg TEV/mg recombinant protein).

The cleavage step was done concurrently with dialysis in binding

buffer without imidazole at 4�C overnight. The cut His tag and His-

tagged TEV protease were removed from the purified recombinant

protein by passage through a second Ni2+ column. The sample

was prepared for crystallization screening by a second dialysis in

10 mM HEPES (pH 7.5), 500 mM NaCl, followed by concentration to
426 Structure 15, 417–428, April 2007 ª2007 Elsevier Ltd All right
10 mg/ml using a BioMax concentrator (Millipore). Finally, any particu-

late matter was removed from the sample by passage through a 0.2 mm

Ultrafree-MC centrifugal filtration device (Millipore) (Zhang et al., 2001).

The protein was crystallized at 20�C using the vapor diffusion method

in sitting drops. A Cryschem plate (Hampton Research) was used in the

crystallization setup. An initial hit was obtained with a Hampton

Research Index screen, condition 82 (200 mM magnesium chloride

hexahydrate, 25% w/v PEG3350, 100 mM Bis-Tris [pH 5.5]). After opti-

mization, single, well-formed, diffraction-quality crystals were grown

from a condition containing 25% w/v PEG3350, 200 mM magnesium

chloride, 0.4% w/v NDSB256, and 300 mM Bis-Tris (pH 5.5).

E. coli RNase T

RNase T was initially overexpressed and purified using a pUT18-based

overexpression system with the wild-type rnt gene cloned into the

pUC18 vector (Zuo and Deutscher, 2002a). To achieve higher overex-

pression, the E. coli RNase T gene was cloned into the NcoI and BamHI

sites of the pET15b expression vector (Novagen). The resulting pETT

plasmid for wild-type RNase T production was confirmed by DNA

sequencing. Plasmid pETT was then transformed into the E. coli

BL21(DE3) strain for RNase T overexpression. RNase T was over-

expressed by adding 1 mM IPTG (final concentration) to 2 liters of cells

grown in LB with ampicillin to an A600 of �1.0 at 37�C; the induction

proceeded for about 2 hr. Cells were pelleted by centrifugation and

then flash-frozen using liquid nitrogen and stored at �80�C.

RNase T was purified chromatographically using established proce-

dures (Deutscher and Marlor, 1985; Li et al., 1996b) with some modifi-

cations. Briefly, the cell extract was applied on an Affi-Gel Blue column

(Bio-Rad) followed by a hydroxyapatite column. RNase T was further

purified and concentrated using a MonoQ anion exchange column

(GE Healthcare). The RNase T-containing peak fractions were then ap-

plied on a Superdex S200 (GE Healthcare) gel filtration column equili-

brated and eluted with a Tris buffer (20 mM Tris-Cl [pH 7.5], 250 mM

NaCl, 1 mM DTT, and 10% glycerol). RNase T was then concentrated

to 50 mg/ml. The concentrated protein was kept at �80�C after flash-

freezing in liquid nitrogen. All centrifugation and chromatographic

steps were carried out at 4�C. SeMet-RNT was produced from the

same expression vector under conditions of methionine pathway inhi-

bition as described previously (Fiedler et al., 2004). SeMet-RNT was

purified in the same manner as the wild-type RNT.

E. coli RNase T protein crystallizes at room temperature in the pres-

ence of 2.3–2.9 M ammonium sulfate and various buffer conditions.

The hanging-drop technique was used. RNase T crystals appear over-

night and grow to more than 0.5 mm in size. These crystals are typically

round shaped and diffract very poorly. The best diffracting crystals

were grown from a condition containing 2.4 M ammonium sulfate

and 100 mM 2-morpholinoethanesulfonic acid (MES) (pH 6.0).
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Data Collection, Processing, and Structure Determination

P. aeruginosa RNase T

Prior to data collection, P. aeruginosa RNT crystals were transferred to

a cryosolution prepared by addition of 9% glycerol, 9% ethylene gly-

col, 9% sucrose, and 0.2 M NaCl to the well solution, and frozen by

plunging into liquid nitrogen. Data collection for P. aeruginosa RNT

was performed on the 19ID beamline of the Structural Biology Center

(Rosenbaum et al., 2006) at the Advanced Photon Source at 100K.

Data collection, structure determination, and refinement statistics

are summarized in Table 1. Data from Se-Met-labeled samples were

processed with HKL-2000 (Otwinowski and Minor, 1997). Structures

were solved using SAD data, and initial models were built with HKL-

3000 (Minor et al., 2006) coupled with SHELXD (Schneider and

Sheldrick, 2002), SHELXE (Sheldrick, 2002), CCP4 (Collaborative

Computational Project, Number 4, 1994), MLPHARE (Otwinowski,

1991), DM (Cowtan, 1994), O (Jones et al., 1991), SOLVE (Terwilliger

and Berendzen, 1999), and RESOLVE (Terwilliger, 2000). Initial models

were refined with multiple runs of REFMAC5 (Murshudov et al., 1997)

and manual model adjustments in Coot (Emsley and Cowtan, 2004). In

the crystal structure of P. aeruginosa RNT, the first 18 residues

(MSEDNFDDEFDGSLPSGP) and the last 4 residues (DDDD) could

not be observed in the final electron-density map.

E. coli RNase T

Prior to data collection, E. coli RNT crystals were transferred to the res-

ervoir solution and then transferred in steps to increase glycerol to

about 20% for cryoprotection. Data collection was performed at

100K on the X12-C beamline, National Synchrotron Light Source,

Brookhaven National Laboratory. Data were reduced using HKL-

2000 (Otwinowski and Minor, 1997); phases were determined from

a two-wavelength MAD experiment on SeMet-RNT. Twenty-four sele-

nium sites (six per molecule) were found and refined in BnP (Xu et al.,

2005). Albeit at 3.1 Å resolution, the initial map after solvent flattening

(�70% solvent content) clearly displays ORN-like heart-shaped den-

sity for the RNase T dimer. The model was first roughly fitted with

the homology model (Zuo and Deutscher, 2002b) and then manually

built using O (Jones et al., 1991) and refined in CNS (Brunger et al.,

1998). After several rounds of iterative model building and refinement,

the final structure was refined at 3.1 Å with a simulated annealing pro-

cedure using CNS followed by REFMAC5 (Murshudov et al., 1997). In

the crystal structure of E. coli RNT, two loop regions in molecule B (res-

idues 27–36 and 65–84), as well as the first six residues and the last six

residues in each monomer (last four residues of molecule B), were not

built due to poor electron density.

Structure Validation

MOLPROBITY (Lovell et al., 2003) and PROCHECK (Laskowski et al.,

1993) were used for structure validation. All model quality indicators

were either within the normal range or better. Data collection, structure

determination, and refinement statistics are summarized in Table 1.

Molecular interface interactions were analyzed by using the Protein-

Protein Interaction Server, available at http://www.biochem.ucl.ac.

uk/bsm/PP/server (Jones and Thornton, 1996). All molecular figures

were generated using PyMOL (DeLano, 2002), with surface potentials

calculated using GRASP (Nicholls et al., 1991).
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