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Nucleases are responsible for cleaving phosphodiester bonds 
between nucleotides in nucleic acids and are crucial for 
many genetic events, such as DNA replication, recombi-

nation and repair, as well as RNA processing, interference and 
turnover. Endonucleolytic DNases and RNases have been studied 
extensively, and, as a result, a plethora of information is available 
on how they select their substrates for site-specific or nonspecific 
cleavages within a polynucleotide chain. However, little is known 
regarding the substrate specificity and the cleavage preference of 
exonucleases, which digest DNA or RNA from the 5′ or 3′ end and 
remove one nucleotide at a time. Here, using RNase T as a model 
system, we dissect the structural basis of its substrate specificity and 
derive general principles for the final trimming process made by 
RNase T in stable RNA maturation.

RNase T belongs to the DEDD 3′-to-5′ exonuclease superfamily, 
also referred to as DnaQ-like or RNase D superfamily1. The DEDD 
family proteins, including DEDDh and DEDDy sub-families, all bear 
four conserved metal-binding acidic residues and one general base 
residue (histidine or tyrosine) in the active site and share a common 
two–metal ion mechanism of hydrolysis2,3. They are widely spread 
and have many essential functions in trimming and degrading DNA 
and RNA in prokaryotes and eukaryotes. Representative members 
of this family include Escherichia coli DNA polymerase III epsilon 
subunit, an enzyme involved in the proofreading step during DNA 
replication3; yeast Rrp6, which functions in rRNA maturation4; 
Caenorhabditis elegans CRN-4, which is involved in the degradation 
of chromosomal DNA during apoptosis5; human PARN, an enzyme 
that deadenylates poly-A tails in mRNA6; and human TREX1, an 
enzyme contributing to DNA degradation7,8.

RNase T was first discovered in E. coli as an exoRNase involved 
in transfer RNA (tRNA) turnover and maturation9. Subsequently, it 
was shown to participate in the final trimming of many stable RNAs, 
including 5S and 23S rRNA, and M1, 10Sa and 4.5S small RNA10–13. 
The mature form of all these stable RNAs has the 5′ end annealed 
with the 3′ end to generate a duplex structure with a 3′ overhang. 
Knockout of RNase T resulted in a slow-growth phenotype14 and a 
slow recovery from metabolic stress in E. coli15. It has been shown 
that RNase T is essential in the maturation of 5S and 23S rRNA, 
whose precursors are first processed by endoRNase RNase E16 and 
RNase III17, before they are finally trimmed by RNase T10,12. RNase 
T is also an important enzyme in the maturation of tRNA, whose 

precursors are usually first cleaved by RNase E to result in long  
3′ trailer sequences, which are further digested by RNase II, RNase D  
and/or PNPase to produce a tail with 2–4 extra nucleotides at the 3′ 
end18. A final 3′-terminal trimming of tRNA is subsequently carried 
out by RNase T and RNase PH13,19.

Biochemical and crystal structural studies showed that RNase T 
is a dimeric enzyme and that dimer formation is essential for its 
activity20–22. RNase T has both DNase and RNase activity, preferring 
DNA over RNA and single-stranded over double-stranded nucleic 
acids23,24. Intriguingly, RNase T has an unusual substrate specific-
ity in digesting single-stranded RNA (ssRNA): a single C residue 
at the 3′ end reduces its activity by more than 100-fold, whereas 
the 3′-terminal dinucleotide CC sequence essentially abolishes its 
enzymatic activity23,25. Moreover, double-stranded structures also 
inhibit the enzymatic activity of RNase T; therefore, a 3′ overhang of 
a duplex is digested by RNase T near the duplex region25.

However, a mechanistic understanding of RNase T’s substrate 
specificity and its inhibition by 3′-terminal cytosines and a duplex 
structure has been lacking. Here we report five crystal structures of 
RNase T and RNase T in complex with single-stranded and double-
stranded DNA (ssDNA and dsDNA). Combined with biochemical, 
mutational and in vivo data, we show that the dimerization of the two 
RNase T subunits results in a specific architecture that is required 
for substrate selection and cleavage and report the mechanism for 
how RNase T screens out 3′-terminal C residues and duplex struc-
tures for cleavage. Our studies provide first insights, to our knowl-
edge, into the substrate and cleavage preferences of an exonuclease 
and shed light on the general principles of the final trimming made 
by RNase T in stable RNA maturation.

RESULTS
RNase T is blocked by a duplex structure and a 3ʹ-end C
To understand the molecular basis of RNase T in RNA processing, 
we expressed and purified RNase T for biochemical and structural 
analysis. The N-terminal His-tagged wild-type dimeric RNase T and 
a single-point mutant E92G were expressed in E. coli and purified 
to homogeneity by chromatographic methods (see Supplementary 
Results and Supplementary Fig. 1a). The E92G mutant was gener-
ated accidentally in cloning procedures. It turned out to be a stable 
mutant showing catalytic behavior (see below) similar to that of 
wild-type RNase T. RNase T formed a stable dimer with a molecular 
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RNA maturation relies on various exonucleases to remove nucleotides successively from the 5′ or 3′ end of nucleic acids. 
However, little is known regarding the molecular basis for substrate and cleavage preference of exonucleases. Our biochemical 
and structural analyses on RNase T–DNA complexes show that the RNase T dimer has an ideal architecture for binding a duplex 
with a short 3′ overhang to produce a digestion product of a duplex with a 2-nucleotide (nt) or 1-nt 3′ overhang, depending on 
the composition of the last base pair in the duplex. A ‘C-filter’ in RNase T screens out the nucleic acids with 3′-terminal cyto-
sines for hydrolysis by inducing a disruptive conformational change at the active site. Our results reveal the general principles 
and the working mechanism for the final trimming step made by RNase T in the maturation of stable RNA and pave the way for 
the understanding of other DEDD family exonucleases. 
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weight of ~50 kDa (Supplementary Fig. 1b,c). We also confirmed 
that the recombinant RNase T is a 3′-to-5′ exonuclease in digest-
ing ssDNA, that the exposed 3′-OH is required for the nuclease 
activity and that RNase T binds ssDNA with higher affinity and 
cleaves ssDNA more efficiently (by at least 20-fold) than dsDNA 
(Supplementary Figs. 1d,e and 2a).

To find out whether RNase T has a sequence specificity in digest-
ing ssDNA, we synthesized ssDNA and ssRNA with different 3′-end 
sequences for RNase T digestion assays. Substrate-binding and 
exonuclease activity of RNase T was blocked for both ssRNA and 
ssDNA by the 3′-terminal C and most strongly by the CC dinucle-
otide sequence, thus leading to a digestion efficiency in the order 
AA > AC > CC (Supplementary Fig. 2b,c). E92G was found to pos-
sess nuclease activity and sequence specificity similar to those of 
wild-type RNase T (Supplementary Fig. 2d), suggesting that both 
enzymes have similar folded structures and catalytic properties. 
Taken together, these results confirm that RNase T is a 3′-5′ exo-
nuclease and that its exonucleolytic activity is blocked by double-
stranded structures and 3′-terminal C residues in digesting RNA 
and DNA; the two types of blockage are hereafter referred to as 
‘double-strand effect’ and ‘C effect’.

RNase T bound with a preferred ssDNA with a 3ʹ-end G
To provide structural insights into RNase T, we determined five 
crystal structures: (i) apo RNase T (E92G mutant); (ii) a preferred 
complex RNase T–DNA4: RNase T bound to a 7-nt ssDNA with a 
preferred 3′-terminal G (only the last four nucleotides TAGG-3′ are 
visible) and two Mg2+ per active site; (iii) a nonpreferred complex 
RNase T–DNA2: RNase T (E92G mutant) bound to a GC dinucle-
otide with a nonpreferred 3′-terminal C and a single Mg2+ per active 
site; (iv) a nonpreferred complex RNase T–DNA3: RNase T bound 
to a 7-nt ssDNA with a nonpreferred 3′-terminal C (with only the 
last three nucleotides AAC-3′ visible); and (v) a duplex complex 
RNase T–DNA7: RNase T bound to DNA that forms a duplex struc-
ture with a 2-nt–long 3′ overhang. The five structures were solved 
at 2.1–2.3-Å resolutions by molecular replacement using the crystal 
structure of the wild-type Pseudomonas aeruginosa RNase T (PDB 
ID: 2F96)22 or the apo E. coli RNase T (PDB ID: 3NGY, this study) as 
the searching model (see Supplementary Table 1 for the diffraction 
and refinement statistics of the five structures; crystallization condi-
tions are listed in Supplementary Table 2).

The crystal structure of the preferred complex RNase T–DNA4 
showed that the two active sites faced opposite sides (see Fig. 1 and 
Supplementary Movie 1). In this complex, RNase T was bound with 
a preferred substrate consisting of a 7-nt ssDNA with a 3′-terminal 
G (5′-TTATAGG-3′; only the last four nucleotides were visible). 
Similar α/β globular fold and dimeric assembly have been observed 
in wild-type RNase D and oligoRNase26,27. Superposition of the apo 
RNase T with the substrate-bound RNase T (RNase T–DNA4 com-
plex) gave an r.m.s. deviation of 0.55 Å for 1,608 atoms, suggest-
ing that RNase T retained its conformation after substrate binding. 
Only the two phenylalanine side chains, Phe29 and Phe146, rotated 
slightly to make van der Waals interactions with the 3′-terminal gua-
nine bases. The five conserved catalytic residues in the apo RNase T 
and the preferred RNase T–DNA4 complex, Asp23, Glu25, Asp125, 
His181 and Asp186, superimpose well with those in TREX128, show-
ing that RNase T has a conserved active-site structure as compared 
to other DEDDh nucleases (Fig. 1, right panel).

In the preferred RNase T–DNA4 complex, two well-ordered Mg2+ 
ions are found. Magnesium ion A is coordinated to four ligands: 
the carboxyl side chain of Asp23, Glu25 and Asp186 and the scis-
sile phosphate; magnesium ion B is coordinated to six ligands in an 
octahedral geometry: Asp23, two scissile phosphate oxygen atoms 
and three water molecules. The nucleophilic water molecule that 
is supposed to be bound between Mg A and His181 is missing in 
the active site. Because the crystal of the RNase T–DNA4 complex 

was grown in an acidic solution (pH 6), His181 was protonated and 
could not bind a nucleophilic water. The RNase T–DNA4 complex 
was therefore trapped in an active state with only the nucleophilic 
water missing for hydrolysis.

The molecular surface of the apo RNase T reveals a deep narrow 
groove near the DEDD active site, and the RNase T–DNA4 complex 
structure shows that the last two nucleotides (-TAGG-3′) fit well into 
this substrate-binding groove (Fig. 1, left panel). Four aromatic resi-
dues make π-π stacking interactions with the two 3′-terminal bases: 
Phe29 and Phe77 are stacked with the ultimate G, and Phe124 and 
Phe146 (B chain) are stacked with the penultimate G (Supplementary 
Fig. 3). These four aromatic residues form a narrow groove suitable 
for the interaction with single-stranded nucleic acids, explaining the 
fact that RNase T is specific for ssDNA and ssRNA.

RNase T bound with a nonpreferred ssDNA with a 3ʹ-end C
Why is the exonuclease activity of RNase T blocked by a 3′-terminal 
C? To answer this question, we determined the crystal structures of 
RNase T in complex with ssDNA with a nonpreferred 3′-terminal C, 
DNA2 (GC-3′) and DNA3 (AAC-3′). The superposition of the struc-
tures of the preferred RNase T–DNA4 complex with those of nonpre-
ferred RNase T–DNA2 and RNase T–DNA3 complexes shows that 
the active-site structure of RNase T changed its conformation from 
an active state to an inactive state upon binding to an oligonucle-
otide with a 3′-terminal C (see Fig. 2 and Supplementary Movie 2).  
In the nonpreferred complexes, the side chain of Glu73 (OE1 and 
OE2) is rotated ~180° to make hydrogen bonds with the 3′-terminal C.  
The aromatic side chains of Phe29 and Phe27 are also shifted to 
new positions to stack with the 3′-terminal cytosine; together with 
Glu73, they pull the cytosine further away from the active site. The 
α-helix, holding the residues Glu73 and Phe77, functions as a swing 
that is shifted more than 1 Å upon 3′-terminal C binding (Fig. 2a). 
The loop holding the general base His181 is also shifted away from 
the active site, and the side chain of His181 is further rotated away 
from the active site in the nonpreferred RNase T–DNA2 and RNase 
T–DNA3 complexes than in the preferred complex.

A closer comparison between the preferred RNase T–DNA4 
and the nonpreferred RNase T–DNA complexes showed that the 
scissile phosphate in the nonpreferred complex moves up away 
from the active site more than in the preferred complex (Fig. 2a,b). 
The bound ssDNA with a 3′-terminal C in the nonpreferred RNase 
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Figure 1 | The crystal structure of the preferred RNase T–DNA complex. 
The crystal structure of RNase T (one subunit in pink, one in red) in 
complex with a 7-nt ssDNA (green) with a preferred 3′-terminal G 
(referred to RNase T–DNA4 complex as only the four last nucleotides are 
visible: –TAGG-3′). The right panel shows a superposition of the DEDDh 
active sites of apo RNase T (gray), preferred RNase T–DNA4 complex (red) 
and TREX1–DNA complex (yellow, PDB ID: 2OA8), along with the 2Fo-Fc 
electron density of the nucleotide bound in the RNase T–DNA4 complex, 
contoured at 1.0 σ. Two Mg2+ ions (Mg A and Mg B) are bound at the active 
site of the RNase T–DNA4 complex. The left panel shows that the 3′-
terminal sequence (-TAGG-3′) is bound in the narrow groove with Phe29 
and Phe77 stacking with the ultimate G and Phe124 and Phe146 stacking 
with the penultimate G residue. See also Supplementary Figure 3 and 
Supplementary Movie 1.
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T–DNA2 complex is rotated using the 3′-OH as the rotation center 
to move up the scissile phosphate by 1.43 Å (Fig. 2a, left panel). The 
preferred RNase T–DNA4 complex has an active site in an active 
conformation with two metal ions bound to four DEDD acidic resi-
dues and the His181-activated nucleophilic water molecule located 
near the scissile phosphate (see Fig. 2c). However, in the nonpre-
ferred RNase T–DNA2 complex, the binding of the 3′-terminal C 
induces a conformational change disrupting the active structure; as 
a result, only metal ion B is bound and His181 is rotated away from 
the active center (Fig. 2d). In the absence of metal ion A and the 
nucleophilic water, the ssDNA with a 3′-terminal C can be bound 
at the active site; however, it cannot be cleaved by RNase T. In sum-
mary, the nonpreferred complex structures show clearly that binding 
of a ssDNA with a 3′-terminal C to RNase T induces a conforma-
tional change and disrupts the structure of the active site, therefore 
resulting in the C effect.

A ‘C-filter’ screens out 3ʹ-end C residues
Judging from the structural analysis of the nonpreferred RNase 
T–DNA complexes, the five residues Phe29, Glu73, Phe77, Phe124 

and Phe146 that interact with the two 3′-terminal bases likely domi-
nate the C effect (see Fig. 3a,b). The four phenylalanine residues 
are strictly conserved, and Glu73 is highly conserved in RNase 
T homologs. To determine the contribution of these residues to 
the C effect, we made single point mutant E73A, double mutant 
F124A/F146A and triple mutant E73A/F29A/F77A. In the double 
mutant F124A/F146A, the two replaced residues are involved in 
the binding of the second-to-last A (-AC-3′), whereas in the triple 
mutant E73A/F29A/F77A, the three replaced residues are involved 
in the binding of the 3′-terminal C (-AC-3′) in the inactive RNase 
T–DNA3 complex. DNA digestion assays showed that E73A had 
reduced exonuclease activity compared with wild-type RNase T 
(Fig. 3c,d). Wild-type RNase T and the E73A mutant were fur-
ther incubated with ssDNA with C nucleotides in the middle of 
the strand. The cleavage pattern generated from E73A showed less 
accumulation in the centrally cytosine-containing regions than with 
wild-type RNase T (Fig. 3c). Therefore, E73A had reduced exonu-
clease activity and reduced sequence specificity as compared to 
those of wild-type RNase T. The nitrocellulose filter binding assay, 
however, showed that E73A bound ssDNA with a similar affinity 
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Figure 2 | The crystal structure of the nonpreferred RNase T–DNA complexes. (a) The crystal structure of the nonpreferred RNase T–DNA3 complex 
shows that the binding of a DNA with a nonpreferred 3′-terminal C induces conformational changes in RNase T (shown in red). The right panel shows a 
close-up view of the three superimposed structures: preferred RNase T–DNA4 complex (red), nonpreferred RNase T–DNA2 (green) and nonpreferred 
RNase T–DNA3 (blue), along with the 2Fo-Fc electron density of the 3′-C bound in the RNase T–DNA3 complex, contoured at 1.0 σ. The left panel 
shows a close-up view of the superimposed DNA in the preferred RNase T–DNA4 complex (red) and nonpreferred RNase T–DNA2 (green) complex. 
The scissile phosphate in the nonpreferred RNase T–DNA2 complex moves up, farther away from the active site. (b) Superposition of the active sites of 
the nonpreferred RNase T–DNA2 complex (green) and the preferred RNase T–DNA4 complex (red). Two metal ions are bound in the preferred complex 
(pink), and the scissile phosphate is bridged between the two metal ions, whereas only a single metal ion (Mg B, blue) is bound in the nonpreferred 
complex. (c) The schematic diagram of the active conformation in the active site of the preferred RNase T–DNA4 complex. (d) The schematic diagram of 
the inactive conformation in the active site of the nonpreferred RNase T–DNA2 complex. The His181-activated water was adopted from the structure of 
the TREX1–DNA complex (PDB ID: 2OA8). See also Supplementary Movie 2.
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as wild-type RNase T, indicating that the reduced exonuclease acti
vity and reduced sequence specificity was not caused by reduced 
substrate binding (Supplementary Fig. 4a–c). These results sug-
gest that Glu73 is involved in directing the C effect but is not 
the only such residue. In contrast to E73A, the double and triple 
mutants almost completely lost their exonuclease activity (Fig. 3d, 
lanes 4, 5, 9 and 10). The filter-binding assays further showed that 
the double mutant and triple mutant had much reduced DNA-
binding affinity (Supplementary Fig. 4c). Moreover, the double 
mutant F124A/F146A had higher binding affinity for -AA-3′ 
than -AC-3′, suggesting that the 3′-terminal C was less favored, as 
screened by Phe29, Glu73 and Phe77. Similarly, the triple mutant 
E73A/F29A/F77A bound -AC-3′ more tightly than -CC-3′, suggest-
ing that a C located at the penultimate position was less favored, as 
screened by Phe124 and Phe146.

To test whether these residues are also required for the normal 
function of RNase T in vivo, transformation rescue experiment were 
carried out in the rnt-deletion strain (K12 strain Δrnt) by introduc-
ing a construct expressing the mutant of RNase T (see Fig. 3e and 
Supplementary Fig. 4d). The rnt-deletion strains had a severe slow-
growth phenotype, which was almost fully rescued by the wild-type 
rnt and the single mutant E73A. However, the double (F124A/F146A) 
and the triple mutants (F29A/E73A/F77A), as well as the two active 
site mutants (D23A/H181A/D186A and E25A/H181A/D186A), 
either did not rescue or only slightly rescued the slow-growth defect. 
These results, which are consistent with the biochemical assays, show 

that the four aromatic residues (Phe29, Phe77, Phe124 and Phe146) 
in RNase T play critical roles for the normal trimming activity in 
bacterial cells. Combining the structural, biochemical and in vivo 
data, we show here that the C effect of RNase T results not only from 
a conformational change but also from poor interactions between 
phenylalanine residues and cytosine bases at the two 3′-terminal 
positions. Statistical analyses of RNA-binding proteins showed that 
the aromatic side chain of phenylalanine stacks frequently with A, 
U and G but seldom with C, suggesting that phenylalanine does not 
favorably interact with a cytosine29–31. We therefore conclude that 
the five residues Glu73, Phe29, Phe77, Phe124 and Phe146 form a 
C-filter to deselect C, thus leading to a C effect in RNase T.

RNase T is ideal for binding a duplex with a 3ʹ overhang
Most of the natural RNA substrates of RNase T, such as tRNA and 
rRNA precursors, have a double-stranded duplex structure with a  
3′ overhang; however, it was unclear how RNase T binds and digests 
a 3′-overhang duplex structure. To provide structural insights into 
the role of RNase T in RNA maturation, we also crystallized RNase T 
with a DNA duplex containing a 2-nt 3′ overhang (RNase T–DNA7 
complex in Supplementary Table 1). In this complex, the 7mer DNA 
(5′-TTACAAC-3′) annealed into a double-stranded structure with 
a 2-nt 3′ overhang because the duplex DNA structure was favored 
under the more neutral (pH 5.5) crystallization condition as com-
pared to the acidic crystallization condition (pH 3.5) of the RNase 
T–DNA3 complex. The RNase T–DNA7 complex was crystallized 
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RNase T. E73A had reduced nuclease activity, whereas the triple (E73A/F29A/F77A) and double (F124A/F146A) mutants had no activity. (e) Colony size 
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Supplementary Figure 4.
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in the low symmetry P1 space group with four RNase T mono-
mers and four strands of 7-nt DNA per asymmetric unit (Fig. 4).  
A noncrystallographic twofold symmetry axis is located in the cen-
ter of the DNA duplex; as a result, the interactions of the 3′-end 
duplex with the A-B dimer are almost identical to the ones of the 
other end of the duplex with the C-D dimer (Fig. 4a,b). The dsDNA 
duplex in the complex adopts a B-form conformation as analyzed by 
CURVES+32. For clarity, we describe only the structure of the A and 
B subunits of the RNase T dimer, which are found to bind to two 
DNA strands, as C and D subunits share a similar structure to that 
of A and B subunits (see Supplementary Fig. 5).

The structure of the RNase T–DNA7 complex reveals how RNase 
T binds to a double-stranded duplex structure with a 3′ overhang. 
Each subunit of the RNase T dimer binds mainly to one strand of 
DNA. The calculation of the electrostatic surface potential showed 
that the surface of monomer A is basic and thus suitable for nucleic 
acid binding (Fig. 4c). Most of the interactions between the pro-
tein and the DNA duplex region were between protein side chains 
and the DNA phosphate backbones, suggesting that RNase T has 
low sequence specificity in connection with the double-stranded 
region. In summary, the architecture of the dimeric RNase T is 
ideal for binding a duplex with a short 3′ overhang, with one pro-
tomer interacting with the nonscissile strand of the duplex region 

primarily through electrostatic interactions and the other protomer 
interacting more strongly with the scissile strand at the 3′-terminal 
end through π−π stacking and hydrogen bonding.

Trimming of the 3ʹ overhang of a duplex by RNase T
The 2-nt 3′ overhang is deeply buried in the narrow active site of 
RNase T (see Fig. 4e). This result strongly suggests that an over-
hang length of at least 2 nt is required for binding and hydrolysis in 
the narrow active site and that a duplex with only a 1-nt overhang 
or a blunt end should be a poor substrate for RNase T. We found 
that RNase T binds with the highest affinity to structures with an 
overhang ranging from 3 to 7 nt, as measured by the nitrocellulose 
filter-binding assay (see Fig. 5a and Supplementary Fig. 6c). On 
the contrary, a duplex with a 2-nt 3′ overhang bound RNase T less 
well (about six-fold reduction) and a duplex with a 1-nt overhang 
or with a blunt end bound RNase T most weakly (about a 1,000-
fold reduction). This result suggests that RNase T prefers to bind a 
duplex with a 3′ overhang with a length of more than 3 nt.

In agreement with the binding results, DNA digestion assays 
further showed that DNA duplex containing a blunt end and a 1-nt 
3′ overhang cannot be cleaved by RNase T (Fig. 5b). DNA with a 
2-nt 3′ overhang was also not efficiently trimmed by RNase T (the 
duplex with a 1-nt overhang was produced only at a high enzyme 
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concentration of 200 nM). The duplex DNA substrates with longer 3′ 
overhangs (3–6 nt) were digested to the corresponding products with 
2-nt overhangs (or 1-nt overhangs at a high enzyme concentration).

However, the mature 5S and 23S rRNA have either a 1-nt and a 
2-nt 3′ overhang, respectively. Why does the final trimming step car-
ried out by RNase T generate overhangs of different lengths in ribo-
somal RNA? A closer look at the RNase T–DNA7 complex revealed 
that the last A-T base pair at the end of the double-stranded region 
had melted; separation and stacking of these bases with Phe29 
released more ssDNA for hydrolysis (see Fig. 4d). The stem-loop 
DNA substrates used in the binding and digestion assays possessed 
a terminal G-C base pair (see Fig. 5b), which was less easily melted 
as compared to an A-U (or A-T) base pair. We therefore hypoth-
esized that a 3′-overhang duplex with an A-U base pair at the end 
of the duplex region can be cleaved closer to the duplex region. To 
test whether the cleavage product varies with the composition of the 
base pair at the end of the duplex regions, we replaced the G-C pair 
at this position with a dA-dU base pair. Indeed, incubation of these 
DNA substrates with RNase T led to cleavage nearer the duplex 
region: at an enzyme concentration of 100 nM, the product with 
a 1-nt 3′ overhang was primarily generated, whereas at increased 
RNase T concentration (200 nM) predominantly blunt-ended DNA 
was obtained (see Fig. 5c). We thus conclude that the last base pair 
in the duplex region affects the final trimming by RNase T. A duplex 
carrying a 3′ overhang is trimmed by RNase T primarily to a duplex 
with a 2-nt overhang if G-C is the last base pair or to a duplex with a 
1-nt overhang if A-T is the last base pair in the duplex region.

The 3ʹ-end CC induces the C effect for a duplex substrate
We noticed that the side chain of Glu73 in the duplex RNase 
T–DNA7 complex rotated to make hydrogen bonds with the  

3′-terminal C (see Fig. 4e); however, the scissile phosphate did not 
move away from the active site (see Supplementary Fig. 5a,b). 
This result suggests that a single 3′-terminal C at the 3′ overhang 
near the duplex is not sufficient to induce the disruptive conforma-
tional change in RNase T. To further reveal the sequence preference 
of RNase T to double-stranded substrates, we incubated RNase T 
with duplex DNA carrying various 3′ overhangs. We found that a  
3′-terminal CC dinucleotide sequence in a short 3-nt or 4-nt over-
hang reduced significantly the binding affinity between RNase T 
and DNA (see Fig. 4f and Supplementary Fig. 6d). By contrast, 
with a ssDNA substrate, both a 3′ C and a 3′ CC reduced the binding 
affinity to a similar extent. Taken together with the structural data, 
these results suggest that a 3′-terminal C in a ssDNA is sufficient to 
induce the C effect, whereas a 3′-terminal CC dinucleotide sequence 
in a duplex with a short 3′ overhang is required to inhibit the activity 
of RNase T.

DISCUSSION
Previous studies suggest that the natural substrates for RNase T con-
sist exclusively of RNA duplexes containing short 3′ overhangs10,12,13,19. 
The crystal structure of the duplex RNase T–DNA7 complex mim-
ics the structure of RNase T bound with a natural duplex substrate 
with a 3′ overhang. We found that in this complex Glu73 rotated 
its side chain to interact with the 3′-terminal C but that the scis-
sile phosphate did not shift away from the active site (Fig. 4e and 
Supplementary Fig. 6a), suggesting that a single 3′-terminal C near 
the duplex structure cannot fully induce the C effect to block the 
activity of RNase T. In fact, a 3′-terminal dinucleotide CC sequence 
in the overhang is required to induce the C effect in RNase T, as 
supported by three lines of evidence. First, a duplex with a 3′ CC 
overhang had a significantly reduced binding affinity to RNase T 
as compared to a duplex with a 3′ C overhang (Fig. 4f). Second, the 
DNA digestion experiment showed that a duplex DNA with a single 
C in the 3′ overhang near the duplex region (SL-UUAC) did not 
inhibit the enzymatic activity of RNase T (Fig. 5b). Third, mutation 
of the residues involved in the interaction with the penultimate C 
(F124A/F146A) led to more severe defects in cell growth than muta-
tion of the residues involved in the interaction with the 3′-terminal C  
(E73A/F29A/F77A) (Fig. 3e). All these results support the conclu-
sion that the penultimate C is important in causing the C effect in 
double-stranded substrates with a short 3′ overhang.
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We also found that shortening the 3′ overhang of a duplex to less than 
3 nt greatly weakens its association with the enzyme, and thus RNase T 
products are typically duplexes with 3′ overhangs of 1 to 3 nt. How can 
we implicate these results in the RNA trimming process undertaken 
by RNase T in stable RNA maturation? RNase T is essential for the 
maturation of 5S and 23S rRNA whose 3′ and 5′ ends are annealed to 
produce a duplex with short 1–2-nt 3′ overhangs (see Fig. 6). The 5S 
rRNA precursors, which were processed by RNase E to intermediates 
with a 4-nt 3′ overhang, are further trimmed by RNase T to produce 
the mature 5S rRNA with a 1-nt 3′ overhang16,33,34. Similarly, the 23S 
rRNA precursors represent intermediates with a 4–5-nt 3′ overhang, as 
a result of RNase III processing17; these intermediates are trimmed by 
RNase T to produce the mature 23S rRNA with a 2-nt 3′ overhang10,12. 
Our studies suggest that the final trimming step of 5S rRNA and 23S 
rRNA made by RNase T is controlled by the double-strand effect and 
C effect: the mature 5S rRNA has a 1-nt 3′ overhang owing to the pres-
ence of an A-U base pair at the end of the duplex region, whereas the 
mature 23S rRNA has a 2-nt 3′ overhang because it contains a G-C 
base pair at this position (see Fig. 6). The single C in the overhang 
region of 5S and 23S RNA intermediates is not sufficient to block the 
activity of RNase T and is therefore removed by RNase T.

With regard to the maturation of tRNA and other small stable 
RNA, the final 3′-end trimming made by RNase T is regulated 
mainly by the C effect on a duplex with a 3′ overhang (that is, the 
dinucleotide CC effect) as these duplex RNAs carry 3′ overhangs 
with di- and trinucleotide sequences of cytosines. Our structural 
analysis strongly supports the model that RNase T trims tRNA up to 
CC-3′ and the overtrimmed tRNA is subsequently modified by addi-
tion of a 3′-terminal A, a reaction catalyzed by tRNA nucleotidyl
transferase (CCA-adding enzyme)35,36. Similarly, for the trimming 
of small stable RNA, including 4.5S, M1 and 10Sa, RNase T is likely 
also controlled by the C effect. The mature 4.5S RNA has a trinucle-
otide CCC sequence in the 3′-terminal region that should inhibit 
the activity of RNase T once it encounters this repeat. The mature 
M1 RNA and 10Sa RNA end with −CCX-3′ (X = A or U), which 
suggests that they might first be cleaved by an endonuclease, such as 
RNase E for M1 RNA37–39, before trimming by RNase T, resulting in 
a terminal CC sequence. The terminal A or U residue could result 
from further addition by nucleotidyltransferase, in a way similar to 
the 3′-end maturation of tRNA. In summary, our structural stud-
ies reveal the general principles of RNase T in applying the double-
strand effect and the C effect on miscellaneous stable RNA for the 
generation of mature RNA with correct 3′ overhang sequences.

RNase T not only binds DNA with higher affinity than RNA but 
also has higher nuclease activity (>10-fold) in digesting DNA as com-
pared to RNA, as shown in a previous and this study. It should be 
noted that all the substrates in our RNase T complex structures are 
ss- or dsDNA, and therefore the interactions we derived from the 
structural studies were extrapolated from DNA to RNA substrates. 
As an RNA duplex has an A-form–like structure, it likely binds RNase 
T slightly differently from a DNA duplex with a B-form structure. 
Nevertheless, upon consideration of the tight binding between RNase 
T and DNA, it is intriguing to speculate whether cellular DNAs carry-
ing a 3′ overhang could also be natural substrates for RNase T. Several 
lines of evidence support this possibility. First, many DEDD nucle-
ases cleave primarily DNA rather than RNA, such as E. coli DNA 
polymerase III epsilon subunit and human TREX13,40, indicating 
that RNase T might also target DNA. Second, it has been shown that 
RNase T affects growth and recovery from metabolic stress and that 
cells harboring a high copy number of the RNase T gene (rnt) have a 
~40-fold increased UV survival frequency, suggesting that RNase T 
may be involved in end-trimming reactions during DNA recombina-
tion and/or DNA repair15,41. We hypothesize that the identification of 
DNA substrates for RNase T in E. coli would not only reveal the func-
tion of RNase T in bacteria but also have implication for the diverse 
functions of DEDD family nucleases in eukaryotes.

In conclusion, our structural studies of RNase T reveal the under-
lying working mechanism of this enzyme in substrate selection 
and digestion. As many DEDD nucleases share a fold and a con-
served active site similar to that of RNase T, the structural insight 
into RNase T not only shows the link between the DEDD domain 
arrangement and substrate specificity but will aid in understanding 
the exonuclease activity and identifying possible substrates of other 
DEDD family proteins, some of which have been linked directly to 
human diseases, such as WRN in Werner syndrome42 and TREX1 in 
Aicardi-Goutieres syndrome and familial chilblain lupus43,44.

METHODS
Protein expression and purification. The full-length rnt gene was amplified by 
PCR using E. coli genomic DNA from JM109 strain and cloned into NdeI/XhoI 
sites of expression vectors pET-28a (Novagen) to generate the N-terminal His-
tagged fused RNase T. The plasmid of pET28–RNase T was transformed into  
E. coli BL21-CodonPlus(DE3)-RIPL strain (Stratagene) cultured in LB medium 
supplemented with 35 μg ml−1 kanamycin. Cells were grown to an optical density 
of 0.5–0.6 measured at a wavelength of 600 nm and induced by 1 mM IPTG at 18 °C  
for 20 h. The harvested cells were disrupted by a microfluidizer in 50 mM Tris-HCl 
(pH 7.5) containing 300 mM NaCl, and the cell extracts were passed through a 
Ni-NTA resin affinity column (Qiagen Inc.) using a standard protocol. The protein 
sample was then applied to a HiTrap Heparin column (GE Healthcare) and, subse-
quently, to a gel filtration chromatography column (Superdex 75, GE Healthcare). 
Purified RNase T samples were concentrated to 25–35 mg ml−1 in 300 mM NaCl 
and 50 mM Tris-HCl (pH 7.0). RNase T point mutants were generated by using the 
QuikChange site-directed mutagenesis kit (Stratagene) and purified by the same 
procedures as those of wild-type RNase T.

DNase and RNase activity assays. DNA and RNA oligonucleotides used for nucle-
ase activity assays were labeled at the 5′ end with [γ-32P]ATP by T4 polynucleotide 
kinase and at the 3′ end with [α-32P]dCTP by terminal deoxynucleotidyl transferase. 
The isotope-labeled substrates were purified on a Microspin G-25 column (GE 
Healthcare) to remove the unincorporated nucleotides. Purified substrates (20 nM; 
see Supplementary Table 2 for sequences) were incubated with RNase T or mutants 
at various concentrations in a buffer solution of 120 mM NaCl, 2 mM MgCl2 and 
50 mM Tris-HCl (pH 7.0) at room temperature for 20–60 min. The reaction was 
quenched by the addition of the stop solution (2× Tris-Borate-EDTA buffer) and 
heating at 95 °C for 5 min. Reaction samples were then resolved on 20% denaturing 
polyacrylamide gels and visualized by autoradiography (Fujifilm, FLA-5000).

DNA binding assays. The DNA binding affinity of RNase T was measured with 
nitrocellulose filter binding assays45. A 5′-end 32P-labeled ssDNA substrate (66 pM) 
was incubated with RNase T or mutants in a solution of 100 mM NaCl, 10 mM 
EDTA and 50 mM Tris-HCl (pH 7.0) for 25 min at room temperature. The concen-
trations of the RNase T used in the assays varied from 4.0 to 0.0 μM; 16 different 
concentrations were used (see Fig. 3 and Supplementary Fig. 4). For low affinity 
mutants, F124A/F146A and F29A/E73A/F77A, higher protein concentrations  
(8 and 16 μM) were used. The protein–DNA complex solutions were passed 
through a filter-binding assay apparatus (Bio-Dot SF microfiltration apparatus,  
Bio-Rad). The isotope signal from protein–DNA complex bound on the nitr
ocellulose membrane and the free DNA passed through the filter-binding assay 
apparatus were exposed to a phosphorimaging plate and visualized by autoradio
graphy (Fujifilm, FLA-5000). The intensities were quantified using the program  
AlphaImager IS-2200 (Alpha Innotech), and binding percentages from three mea
surements were calculated to derive the apparent Kd between RNase T and DNA  
by a one-site binding-curve fitting with GraphPad Prism 4 using the equation of y =  
x/(Kd + x), where x is the protein concentration and y is the percentage of bound 
DNA out of total DNA.

Transformation rescue experiments. Wild-type E. coli K-12 and RNase T knockout 
(Δrnt) strains used in the transformation rescue experiments were from the Keio col-
lection46. Wild-type and mutant rnt genes were cloned into NdeI/XhoI sites of expres-
sion vectors pET-22b (Novagen) to generate the plasmids encoding RNase T and 
mutants under the control of the T7 promoter, which can be induced weakly by E. coli 
RNA polymerase. The constructed plasmids were transformed into E. coli K12 wild-
type or RNase T knockout strain (Δrnt) and cultured in LB medium supplemented 
with 100 μg ml−1 ampicillin and/or 35 μg ml−1 kanamycin. Overnight cultures were 
diluted 100-fold into 20 ml LB medium and further grown on a rotary shaker (200 
r.p.m.) at 37 °C for the measurement of absorption at 600 nm in 30 min intervals.

Crystallization and crystal structural determination. Wild-type RNase T (25–35 mg  
ml–1) and E92G (20–25 mg ml–1) in 300 mM NaCl and 50 mM Tris-HCl (pH 7.0)  
were mixed with different ssDNA substrates in the molar ratio of 1:1.2. Detailed 
information regarding DNA sequences and crystallization conditions of the five 
structures are given in Supplementary Table 2. All crystals were cryo-protected by 
Paraton-N (Hampton Research) for the data collection at 100 K. X-ray diffraction 
data of apo RNase T, RNase T–DNA3, RNase T–DNA4 and RNase T–DNA7 
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complexes were collected at the BL-13B1 at the National Synchrotron Radiation 
Research Center, Taiwan, whereas the diffraction data of RNase T–DNA2 complex 
were collected at the BL44XU beamline at SPring-8, Japan. All diffraction data were 
processed by HKL2000, and the diffraction statistics are listed in Supplementary 
Table 1. Structures were solved by the molecular replacement method using the 
crystal structure of Pseudomonas aeruginosa RNase T (PDB ID: 2F96, chain A) or  
E. coli RNase T (PDB ID: 3NGY, this study) as the search model by program 
MOLREP of CCP4. The models were built by Coot and refined by Phenix.

Accession codes. Structural coordinates and diffraction structure factors have been 
deposited in the Protein Data Bank with the PDB ID codes of 3NGY for apo  
RNase T, 3NH1 for the active RNase T–DNA4 complex, 3NGZ for the inactive 
RNase T–DNA2 complex, 3NH0 for the inactive RNase T–DNA3 complex and 
3NH2 for the duplex RNase T–DNA7 complex. 
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