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ABSTRACT

Exonucleases are key enzymes in the maintenance
of genome stability, processing of immature
RNA precursors and degradation of unnecessary
nucleic acids. However, it remains unclear how exo-
nucleases digest nucleic acids to generate correct
end products for next-step processing. Here
we show how the exonuclease RNase T stops
its trimming precisely. The crystal structures of
RNase T in complex with a stem-loop DNA, a GG
dinucleotide and single-stranded DNA with different
30-end sequences demonstrate why a duplex with a
short 30-overhang, a dinucleotide and a ssDNA
with a 30-end C cannot be further digested by
RNase T. Several hydrophobic residues in RNase
T change their conformation upon substrate
binding and induce an active or inactive conform-
ation in the active site that construct a precise
machine to determine which substrate should be
digested based on its sequence, length and struc-
ture. These studies thus provide mechanistic
insights into how RNase T prevents over digestion
of its various substrates, and the results can be
extrapolated to the thousands of members of the
DEDDh family of exonucleases.

INTRODUCTION

Exonucleases are essential enzymes in almost every
cellular event associated with nucleic acids, such as
DNA replication, DNA repair, RNA maturation and
RNA turnover. However, it remains largely unclear how
exonucleases select their substrates, bind at the 50- or 30-
end of nucleic acid chains or cleave 1 nt at a time to the
correct site to generate the end product for next-step
processes. Exonucleases may have exo-deoxyribonuclease
and/or exo-ribonuclease activity targeting DNA and/or

RNA substrates (1). Exo-ribonucleases are generally clas-
sified into six families, RNR, DEDDh, RBN, PDX, RRP4
and 5PX, within which the DEDDh family is one of the
biggest groups, containing more than seven thousand
members involved in various aspects of RNA and DNA
processing in all kingdoms of life (2). The dysfunction or
mutation of several human DEDDh exonucleases is linked
to various diseases, such as WRN that is associated with
Werner syndrome (3) and TREX1 that is associated with
systemic lupus erythematosus, Aicardi-Goutières
syndrome, retinal vasculopathy, cerebral leukodystrophy
and familial chilblain lupus (4–6). Recently, DEDDh exo-
nucleases have also been found to link viral infection with
antiviral mechanism (7–9). It is therefore crucial to under-
stand the molecular mechanism of how DEDDh family
exonucleases select and digest their substrates.

Interestingly, most members of the DEDDh exonucle-
ases have distinctive substrate preferences for specific
structures or sequences of nucleic acids. Some members
of the DEDDh exonuclease family are more specific for
double-stranded RNA and/or DNA, such as NP exclu-
sively degrading double-stranded RNA in Lassa fever
virus (9) and CRN-4 degrading chromosomal DNA in
Caenorhabditis elegans (10). Some other members prefer
to bind and degrade double-stranded nucleic acids with a
30-overhang of 2–5 nt, including Snp from Drosophila (11),
and 30hExo (12,13) and ERI-1 (14) from C. elegans. On
the other hand, some members have preferences for
single-stranded RNA and/or DNA, including Escherichia
coli ExoI (15,16) and human ISG20 (17,18), TREX1 and
TREX2 (1). Some DEDDh nucleases are restricted by the
length of the nucleic acids, such as oligoribonuclease,
which only degrades small oligoribonucleotides of 2–5 nt
into mononucleotides (19). Besides structural specificity,
DEDDh exonucleases may have sequence preferences,
such as human poly(A)-specific ribonuclease (PARN)
(20) and yeast Pop2 (21), which specifically digest the
poly-A tails of mRNA during RNA turnover. Even
though numerous DEDDh exonucleases function in
diverse cellular events, the working mechanism of these
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exonucleases in selection and digestion of their target sub-
strates is mostly unknown.

Among the members of the DEDDh family of exonucle-
ases, RNase T has perhaps the most unique substrate spe-
cificity, limited by not only the structure but also by the
sequence of a nucleic acid (22). RNase T digests both
DNA and RNA, and its activity is inhibited by duplex
structure, referred to as the double-strand effect, as
well as a 30-terminal cytosine, referred to as the C effect.
A single 30-terminal C at the end of a single-stranded
nucleic acid reduces its activity by 100-fold, and a
double 30-terminal CC almost abolishes its enzymatic
activity (22,23). In E. coli, RNase T performs the final
trimming for a number of small stable RNAs during
30-end maturation, including tRNA, 5S rRNA and 23S
rRNA (24–26). The mature RNAs trimmed by RNase
T all have their 50-end annealed with their 30-end
forming a duplex with a short 30-overhang in a size
ranging from 1 to 4 nt. In the digestion of single-stranded
DNA and RNA, RNase T produces an end product of a
dinucleotide (22,27).

Our previous crystal structures of RNase T complexed
with ssDNA (30-terminal G versus C) revealed the
working mechanism for its C effect (28). The binding of
a single-stranded DNA with a 30-terminal C to RNase
T induces an inactive conformational change at the
active site and thus inactivates the exonuclease activity.
The crystal structure of RNase T in complex with
a duplex DNA further showed that the dimeric RNase
T has an ideal architecture for binding and degrading a
duplex substrate with a short 30-overhang (28). Because a
duplex with a short 30-overhang of <2 nt binds to RNase
T weakly, and also a short 30-overhang cannot reach the
active site for digestion that results in the double strand
effect. Moreover, the last AT base pair in the duplex
region of the complex crystal structure was melted, sug-
gesting that the duplex with an AT base pair at the end of
the duplex can be cleaved more closely to the duplex
region, generating a 1-nt 30-overhang, contrasting with a
2-nt 30-overhang if the last base pair is a GC. Combining
the C effect and double-strand effect, RNase T digests
various stable RNAs to produce mature RNA with a
precise 30-overhang: 1 nt for 5S rRNA, 2 nt for 23S
rRNA, 4 nt for 4.5S RNA and 4 nt for tRNA.

However, it is still not clear how RNase T decides where
to stop trimming its substrates, and in particular why
RNase T generates a dinucleotide end product in the
digestion of a single-stranded nucleic acid, but conversely
generates a 1- to 4-nt 30-overhang in the digestion of
duplex substrates with different sequences. Here we
report seven new RNase T–DNA complex crystal struc-
tures to provide a complete list of RNase T in complex
with not only its single-stranded substrates/products with
different 30-terminal sequences (AA, TA, AT versus AC,
CC), but also with the dinucleotide end product (GG), and
a stem-loop DNA more closely mimicking natural duplex
products. These studies thus present a full spectrum
of RNase T in complex with different single- and
double-stranded substrates and products, and provide
mechanistic insights into how RNase T binds and prevents
over digestion of its various substrates. Additionally we

derive a general principle for how RNase T trims various
sequences of single- and double-stranded nucleic acids.
These results can be extrapolated to the molecular mech-
anisms of thousands of DEDDh family exonucleases.

MATERIALS AND METHODS

Protein expression and purification

The constructs of the full-length rnt gene and E92G
mutated rnt gene were generated as described (28). The
pET28-RNase T plasmid was transformed into E. coli
BL21-CodonPlus(DE3)-RIPL strain (Stratagene, USA)
cultured in LB medium supplemented with 35 mg/ml kana-
mycin. Cells were grown to an OD600 of 0.5 and induced
by 0.8mM IPTG at 18�C for 20 h. The harvested cells
were disrupted by a microfluidizer in 50mM Tris–HCl
(pH 7.5) containing 300mM NaCl. RNase T and
mutant proteins were purified by chromatographic
methods using the standard Ni2+-chelating protocol
(Qiagen Inc., USA), followed by a HiTrap Heparin
column (GE Healthcare, USA) and a gel-filtration
column (Superdex 75, GE Healthcare, USA). Purified
RNase T samples were concentrated to 25–30mg/ml in
300mM NaCl and 50mM Tris–HCl (pH 7.0).

DNase activity assays

Three stem-loop DNA oligonucleotides were used for
nuclease activity assays, labeled at the 50-end with
[g-32P]ATP by T4 polynucleotide kinase. The sequence
of stem loop DNA was 50-GGCCCTCTTTAGGGCCT
XX-30 where XX was AA, AC or CC. The isotope-labeled
substrates were purified on a Microspin G-25 column (GE
Healthcare, USA) to remove the non-incorporated nu-
cleotides. Purified substrates (20 nM) were incubated
with RNase T at various concentrations in a buffer
solution of 120mM NaCl, 2mM MgCl2 and 50mM
Tris–HCl (pH 7.0) at room temperature for 30min. The
reaction was quenched by the addition of the stop solution
(2x Tris–Borate–EDTA buffer) and heating at 95�C for
5min. Reaction samples were then resolved on 20%
denaturing polyacrylamide gels and visualized by auto-
radiography (Fujifilm, FLA-5000).

Crystallization and crystal structural determination

Wild-type RNase T (25–30mg/ml) or E92G mutant
(25–30mg/ml) in 300mM NaCl and 50mM Tris–HCl
(pH 7.0) was mixed with different single-stranded DNA
and stem-loop DNA substrates in the molar ratio of 1: 1.2.
Detailed crystallization conditions and DNA sequences
are listed in Supplementary Table S1. All crystals were
cryo-protected by Paraton-N (Hampton Research, USA)
for the data collection at 100K. X-ray diffraction data
were collected at BL13B1 and BL13C1 beamlines at
NSRRC, Taiwan, or at the BL44XU beamline at
SPring-8, Japan. All diffraction data were processed by
HKL2000 (29) and the diffraction statistics are listed in
Table 1. Structures were solved by the molecular replace-
ment method using the crystal structure of E. coli apo
RNase T (E92G mutant, PDB accession code: 3NGY)
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(Å

)
2
8
.9
-2
.7

2
8
.4
-2
.2

2
5
.7
-2
.1

2
8
.5
-1
.8

2
3
.3
-1
.9

2
6
.4
-1
.7

2
3
.2
-2
.3

N
o
.
re
fl
ec
ti
o
n
s

1
7
2
3
9
/1
3
5
8

2
4
2
2
4
/1
8
7
9

2
8
4
4
3
/2
2
0
6

4
3
6
4
8
/2
2
0
1

5
8
7
6
8
/4
5
6
7

8
0
8
1
7
/6
2
4
3

3
3
2
6
2
/2
5
7
1

R
w
o
rk
/R

fr
e
e

2
6
.3
/2
9
.0

2
0
.6
/2
4
.3

2
0
.7
/2
4
.6

2
1
.1
/2
4
.8

1
8
.5
/2
2
.3

1
9
.2
/2
2
.6

1
8
.5
/2
4
.5

R
.m

.s
.
d
ev
ia
ti
o
n
s

B
o
n
d
le
n
g
th
s
(Å
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as the search model by program MOLREP of CCP4 (30).
The models were built by Coot (31) and refined by Phenix
(32). Structural coordinates and diffraction structure
factors have been deposited in the RCSB Protein Data
Bank with the PDB ID codes of 3VA3, 3VA0, 3V9Z,
3V9S, 3V9X, 3V9W and 3V9U (Table 1).

RESULTS

Crystal structure of RNase T bound to a stem-loop DNA

Our previous crystal structure of RNase T in complex with
duplex DNA (PDB entry: 3NH2) showed that each
protomer of the dimeric RNase T binds one strand of
DNA (28). However, the duplex DNA with an AT base
pair at the end of the duplex in the previous structure was
not in a classical Watson–Crick base-paired conformation
and therefore cannot fully mimic a duplex substrate.
Furthermore, it would be intriguing to confirm that
RNase T is unable to melt the GC base pair at the end
of the duplex as we suggested previously. We thus further
cocrystallized RNase T with an 18-nt stem-loop DNA

with a 2-nt 30-overhang (50-GGCCCTCTTTAGGGCC
TT-30, paired bases are underlined) in which the last
base pair in the duplex region was a GC rather than
AT. The RNase T mutant E92G was used here for
cocrystallization with the stem-loop DNA because this
mutant could be expressed in a large quantity and
shared a similar enzyme activity to that of wild-type
RNase T. The complex crystal diffracted X-rays to a reso-
lution of 2.7 Å, and the structure was solved by molecular
replacement using the structure of apo-RNase T as the
searching model (PDB: 3NGY). There were two dimeric
RNase T molecules per asymmetric unit, each bound to
two stem-loop DNA (nucleotides 1–6 and 14–18 visible in
one of the DNAs, and nucleotides 15–18 visible in the
other DNA). For clarity, only one stem-loop DNA
bound at the one of the active sites of the RNase
T dimer is shown in Figure 1. All the diffraction and
refinement statistics are listed in Table 1 and the crystal-
lization conditions are listed in Supplementary Table S1.
The overall crystal structure of RNase T bound with the

stem-loop DNA showed that the ‘non-scissile’ strand
(orange, nucleotide 1–6) of DNA was bound to

Figure 1. The crystal structure of RNase T bound to a stem-loop DNA product with a 2-nt 30-overhang. (A) The ribbon model of RNase T bound
with a stem-loop DNA displayed in a side view. The schematic heart-shaped diagram at the bottom left represents that RNase T is a dimeric protein
with two protomers A and B. Nucleotides 1–6 near the 50-end are shown in orange and nucleotides 14–18 near the 30-end are shown in blue.
(B) Molecular surface of RNase T bound to the stem-loop DNA displayed in a top view. Disordered region of the stem-loop DNA is shown by a
blue dotted line. (C) Phe29 stacking with the 50-end nucleotide G1 and the ‘wall’ made of Gly28, Gln71 and Glu73 stop further digestion at the
30-end of the duplex by RNase T. (D) Schematic diagram of the interactions between the stem-loop DNA and RNase T. The interactions between
RNase T and DNA are displayed by green arrows (protomer A) and purple arrows (protomer B). The schematic diagram in the bottom shows the
rationale for the preference of RNase T in digesting a duplex substrate with a 30-overhang of 2 to 5 nt.
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protomer B and the ‘scissile’ strand (blue, nucleotide
14–18) was bound to protomer A (Figure 1). The 2-nt
30-overhang was inserted deeply into the narrow active
site of protomer A. The major interactions between
RNase T and the duplex substrates were located at the
30-terminal end of the scissile strand in which all the
four 30-terminal residues (C15, C16, T17, T18) interacted
with protomer A extensively. The overall binding mode
and the DNA conformation were different from those in
the previously reported RNase T–DNA duplex structure
(PDB entry: 3NH2) (see Supplementary Figure S1 for
comparison). The DNA in the current structure had all
the visible base pairs of a classical Watson–Crick con-
formation mimicking more closely a natural duplex
substrate.
The last base pair in the duplex region, G1–C16 base

pair, was indeed not melted by RNase T. The 50-end of the
‘non-scissile’ strand was blocked by a wall made of Gly28,
Gln71 and Glu73 (Figure 1C). Moreover, the guanine
(G1) at the 50-end of the duplex was stacked with the
aromatic side chain of Phe29 (Figure 1C and D). The
stacking caused Phe29 to shift its position, and the move-
ment induced a disrupted conformational change at the
active site. As a result, the stem-loop DNA with a 2-nt
30-overhang was an end product that cannot be further
cleaved by RNase T. In summary, the barriers made by
the ‘wall’ and Phe29 block the 50-end of the ‘non-scissile’
strand and prevent excessive cleavage of a duplex sub-
strate by RNase T.
Besides the steric hindrance at the 50-end of the

‘non-scissile’ strand, only one interaction was observed
between the enzyme (Asn141 of protomer B) and the
non-scissile strand (the phosphate of the fourth nucleotide
C4), suggesting that RNase T recognizes a duplex sub-
strate with a short 30-overhang of 2–5 nt (Figure 1D).

A duplex with a long 30-overhang of >5 nt should be
recognized as a single-stranded substrate, and a duplex
with a short 30-overhang cannot bind well to RNase
T due to the loss of the interactions at the 30-end. This
result fully echoes the fact that the natural substrates of
RNase T are duplex RNA with a 30-overhang of 2–5 nt.

Crystal structure of RNase T bound to a
dinucleotide end product

Previous activity assays showed that RNase T has length
specificity, but does not show any preference for digestion
of dinucleotide substrates (22). Single-stranded RNA and
DNA were digested by RNase T to generate end products
of dinucleotides of any sequences, such as CC, UU or AA
(22,23). To understand how a dinucleotide stops the exo-
nuclease activity of RNase T, we further cocrystallized
RNase T with a GG dinucleotide and determined the
crystal structure at a resolution of 2.2 Å (Table 1).

In the GG dinucleotide complex, one Mg2+ ion was
bound in the active site, and it was coordinated to five
water molecules and Asp23 in an octahedral geometry
(Figure 2A). Comparison with the previously solved 7-nt
substrate complex with two Mg2+ ions bound in the active
site (PDB entry: 3NH1) revealed that the 2-nt product
complex had an active site in a disrupted conformation.
The scissile phosphate was moved up and the general base
residue, His181, was shifted away from the active site
(Supplementary Figure S2A). The structure of the active
site of the GG complex closely resembled the previously
solved structure of RNase T in complex with a GC
dinucleotide (PDB entry: 3NGZ) (28). The only difference
between the two structures was the rotation of the side
chain of Glu73, which formed hydrogen bonds with the
30-terminal C in the GC complex, but not in the GG

Figure 2. The active site of RNase T-dinucleotide complexes in an inactive conformation. (A) Inactive conformation of the active site of
RNase T bound to the dinucleotide GG and GC. The two active sites share a similar conformation with the only difference in Glu73, which
rotates its side chain to hydrogen bonds (red dotted lines) with the 30-C in the GC complex. Water molecules are displayed as light blue balls.
(B) The superposition of the dinucleotide GG onto a longer ssDNA substrate (7 nt) bound at RNase T shows that the dinucleotide shifts its position.
The GG dinucleotide (PDB entry: 3VA0) is colored in blue, and the long single-stranded DNA (PDB entry: 3NH1) is colored in red with phosphates
colored in orange. The interactions between DNA and RNase T are marked by green (protomer A) and purple (protomer B) arrows. (C) The
schematic diagram of the interactions between RNase T and a single-stranded DNA, 7 nt versus 2 nt. The dinucleotide interacts with RNase T less
extensively, and therefore it shifts its position and cannot be further cleaved into mononucleotides. See Supplementary Figure S2 for a detailed
comparison and interactions.
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complex (Figure 2A). Previously we suggested that the
inactive conformation of the active site in the GC
complex resulted from the presence of a 30-terminal
C. Here the structure of the GG complex also revealed a
similarly inactive conformation, suggesting that the con-
formational change resulted not from the C effect, but
from the binding of a dinucleotide end product. We there-
fore conclude that dinucleotides with any sequence can
induce an inactive conformational change at the active
site upon binding to RNase T and thereby block the exo-
nuclease activity of RNase T.

We next asked how a dinucleotide can induce such an
inactive conformational change at the active site of RNase
T upon binding. To answer this question, we further
superimposed the dinucleotide complex with the substrate
complex of RNase T bound with a 7-nt ssDNA (PDB
entry: 3NH1). In the substrate complex, RNase T inter-
acted extensively with the long single-stranded DNA,
binding not only the 30-end nucleotide, but also the
second, third, fourth and fifth nucleotides from the 30-
end (Figure 2B, C and Supplementary Figure S2B). In
contrast, in the dinucleotide product complex, only four
Phe residues stacked with the penultimate and the 30-end
nucleotides. Because the interactions at the third, fourth

and fifth nucleotides were missing, the dinucleotide was
shifted and not bound at a position appropriate for diges-
tion. The binding of a dinucleotide to RNase T thus
induces a disrupted conformational change at the active
site and inhibits enzyme activity.

Crystal structures of RNase T bound to single-stranded
substrates and products

We have reported the crystal structure of RNase T in
complex with a single-stranded DNA with a sequence of
TTATAGG (PDB entry: 3NH1). In this substrate
complex, two Mg2+ ions were bound in the DEDDh
active site (28). Since RNase T prefers to digest
single-stranded nucleic acids with a 30-end G, A and T,
but is inhibited by 30-terminal C and CC, we further
determined five complex crystal structures of RNase T
bound with single-stranded DNA (5–7 nt) with a 30-end
AA, TA or AT (substrate complexes), and AC or CC
(product complexes). The crystal structures were
determined at a high resolution of 1.7–2.2 Å, revealing
defined electron density for the bound metal ions and
nucleotides (Table 1).
The three substrate complexes with a 30-end sequence of

AA, TA and AT all had structures similar to the

Figure 3. Crystal structures of RNase T bound to single-stranded substrates (30-end AA, TA or AT) and products (30-end AC and CC). (A) Active
site of RNase T bound with a single-stranded DNA with a 30-end TA reveals an active conformation with two Mg2+ ions and a nearby general base
His181. The ssDNA with a 30-end AT and GG bind to RNase T in a similar way as shown in Supplementary Figure S3. The red scissor marks the
cutting site. (B) Active site of RNase T bound with a single-stranded DNA product with a 30-end CC reveals an inactive conformation with only one
Mg2+ ion and a shift-away His181. Hydrogen bonds between Gln73 and the 30-end C are indicated by blue dotted lines. (C) Superposition of the
active site of RNase T bound with a single-stranded substrate (30-end TA) and product (30-end CC) shows the shifts in the product complex as
marked by the orange arrows. (D) Schematic diagrams of the three types of active sites in RNase T: substrate-bound active form and product-bound
inactive forms (30-end C and dinucleotide). The nucleophilic water molecule (colored in red) between metal B and the general base His181 was not
present in the structures. Green arrows show the shifts induced upon product binding.
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previously reported structure of RNase T bound to a
single-stranded DNA with a 30-end GG (PDB entry:
3NH1). The five DEDDh catalytic residues, Asp23,
Glu25, Asp125, His181 and Asp186, were in a classical
DEDDh exonuclease geometry with two metal ions
bound in the active site (Figure 3A and Supplementary
Figure S3A). These two metal ions were assigned as
Mg2+ based on their geometries which were different
from those of monovalent ions (33). The nucleophilic
water molecule between His181 and metal ion A was
missing in these structures, likely due to the protonation
of the general base residue His181 by the acidic conditions
used for the cocrystallization experiments, and thus the
three DNA substrates were not cleaved in the crystals. A
similar result was reported for the general base His162,
which was protonated (without a bound water) at
pH 5.8, but deprotonated (with a bound water) at
pH 8.5, in the DEDDh active site of E. coli e subunit of
DNA Polymerase III (34).
In contrast, the crystal structures of the two product

complexes (with a 30-end AC and CC) revealed only one
Mg2+ ion bound at the active site (Figure 3B and
Supplementary Figure S3B). Comparison with the sub-
strate complexes revealed that the major difference was
that Glu73 rotated to hydrogen bond with the 30-end C,
and that the helix containing the Phe29 and Phe77
residues moved up so that these two residues could stack
with the 30-end C (differences marked by arrows in
Figure 3C). The scissile phosphate also moved up accord-
ingly, but the shifted distance of �0.8 Å was less than that
found in the RNase T-dinucleotide product complex of
�1.6 Å (see the schematic diagram for the active site con-
formation in Figure 3D). Due to the short distance, the
Mg2+ ion in the complex was coordinated to fewer water
molecules, slightly different from the one in the dinucleo-
tide complex (three versus five water molecules). Because
of the movement of the scissile phosphate, the second
Mg2+ was not bound to the active site, and as a result
the general base residue His181 was also shifted away
from the active site. Superposition of the two AC and
CC product complexes showed that the induced conform-
ational change in the active sites was almost identical

(Supplementary Figure S3B). This result thus provides a
structural basis showing that a single 30-end C in a
single-stranded DNA is sufficient to induce the C effect
of RNase T.

Different binding modes of RNase T in digestion of
single- and double-stranded substrates

We showed here that a single C in the 30-end of a
single-stranded DNA can fully induce the C effect.
However, our previous studies suggested that a 30-end C in
the 30-overhang of a duplex substrate is not sufficient, but
rather a dinucleotide CC is required, to induce the C effect
(28). We wondered why single-stranded and double-
stranded substrates should exhibit such a difference. Our
previous results also showed that a single-stranded
DNA with either a 30-end C or a 30-end CC bound to
RNase T with similar affinity; however, a double-stranded
DNA with a 30-end CC overhang bound to RNase T with
significantly reduced affinity than one with a 30-end C. To
further dissect themolecular basis for the differences in sub-
strate binding, we compared the bindingmodes of RNase T
in binding to a single-stranded and a duplex DNAwith a 30-
overhang. Interestingly, we found that a single-stranded
DNA is bound by both protomers A and B with its 30-end
inserting into the active site of protomer A. On the other
hand, a duplex substrate is bound separately by protomers
A andBwith one protomer interactingwith only one strand
of the duplex (Figure 4A). The difference in the C effect for
single- and double-stranded substrates likely results from
the two different binding modes.

We further performed RNase T digestion assays using
different duplex substrates with 30-end AA, AC or CC.
We found that indeed the duplex substrate with a 30-end
CC overhang was more resistant to digestion by RNase
T than the substrate with a 30-end AA or AC overhang
(Figure 4B). This result confirmed that a dinucleotide
CC in the 30-end overhang region is required to induce
the C effect when RNase T digests a duplex substrate
with a short 30-overhang. These findings also explain how
RNase T can remove a single C in the overhang region near
the duplex structure in 5S and 23S rRNA precursors
(24,25,35).

Figure 4. The different binding and cleavage modes of RNase T for single- and double-stranded substrates. (A) In binding a single-stranded
substrate, both protomers A and B of RNase T interact with the same strand of the substrate, whereas in binding a double-stranded substrate,
protomer A and B interact with different strands of the substrate. (B) Stem-loop DNA with a 4-nt 30-overhang of different sequences were digested
by RNase T. The stem-loop DNA with a 30-end CC was most resistant to digestion as compared to the ones with a 30-end AA or AC. The length of
the 30-overhang of the stem-loop DNA is indicated by arrows to the left of the figure.
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DISCUSSION

General rules of RNase T in substrate binding
and cleavage

The four RNase T–product complex structures and three
RNase T-substrate complex structures described here, in
combination with the previously reported five complex
structures, fully demonstrate the general rules for RNase
T in substrate binding and cleavage. For a single-stranded
substrate without a C, RNase T can remove 1 nt at a time
from the 30- to 50-end to produce a dinucleotide end
product, whereas for a single-stranded substrate with a C
in the chain, RNase T is stopped by C and generates an end
product with a 30-end C (Figure 5). This specific inhibition
mechanismmay prevent RNase T from randomly digesting
single-stranded RNA or DNA, which usually contain C in
the middle of the chain. It should be noted here that RNase
T digests both DNA and RNA with similar sequence and
structure specificity so the rule listed in Figure 5 can be
applied to both RNA and DNA substrates. This highly
regulated exonuclease activity of RNase T for
single-stranded nucleic acids may also be linked to
possible roles in DNA repair and replication (36–38).

For a duplex substrate with a 30-overhang of 2-5 nt
without a CC sequence, RNase T can process the sub-
strates and generate a 1-nt or 2-nt 30-overhang, depending
on the last base pair composition in the duplex region,
such as 1 nt in 5S rRNA (last base pair: AT) and 2 nt in
23S rRNA (last base pair: GC) (28). However, for a
duplex with a 30-overhang containing a CC sequence,
RNase T is stopped by CC and generates an end
product with a longer 30-overhang ending with CC, such
as 4.5S RNA with a 4-nt 30-overhang of ACCC (Figure 5).
This unique specificity of RNase T for duplex substrates
can be linked to its cellular functions. Previous studies
showed that RNase T and RNase PH are both required

for tRNA 30-end maturation in E. coli (26,39,40). RNase T
trims most of the tRNA precursors up to CC-30, and the
over-trimmed tRNAs are modified by re-addition of a 30-
terminal A by nucleotidyltransferase to generate the 30-end
CCA sequence (41,42). This re-addition step is believed to
be a quality control process for tRNA maturation (43,44).
However, some 30-downstream sequences of tRNA pre-
cursors contain tandem cytosines, such as tRNAAsp and
tRNAVal with sequences of CCA-CCCTA-30 and CCA-C
CGGG-30, respectively (45). RNase T cannot trim these
tRNA precursors, and they should be processed by RNase
PH. Northern blot analysis of exonuclease knockout
strains showed that RNase PH is indeed a more effective
exonuclease than RNase T in tRNAVal maturation (26). A
similar phenomenon was observed in the 30-end mutation
process of 23S rRNA in E. coli showing that RNase PH
initiates the 30-end mutation, and RNase T performs the
final trimming for 23S rRNA (24,46). Why is RNase T
only involved in the final trimming of 23S rRNA 30-end
maturation? This is likely because the 23S rRNA precur-
sor containing a CC dinucleotide sequence in the 30-over-
hang region is a substrate only for RNase PH, but not for
RNase T. Therefore after the initial processing by RNase
PH and RNase III, RNase T further removes the extra
nucleotides in the 30-overhang and generate the final
mature 23S rRNA (24,46,47).

Mechanistic insights into the substrate
specificity of RNase T

It is intriguing to discover howRNase T achieves its unique
cleavage specificity for its diverse single- and double-
stranded substrates with different sequences. Based on
our structural studies of RNase T, we found that one of
the most important determinants in substrate selection is
unexpectedly centered on the hydrophobic residues near
the active site. Previous studies showed that hydrophobic

Figure 5. General rules for RNase T in trimming of nucleic acids. RNase T digests single-stranded nucleic acids to generate either a dinucleotide
(without C in the middle of the chain) or an end product with a 30-end C (with a C in the middle of the chain). Double-stranded nucleic acids with a
30-overhang of 2–5 nt are processed by RNase T to generate an end product with a 30-overhang of 1–4 nt, depending on the sequence of the substrate
in double-stranded and overhang regions. Without a CC sequence in the 30-overhang region, a 1-nt overhang is generated if the last base pair is AT,
or a 2-nt overhang is generated if the last base pair is GC, whereas with a CC sequence in the 30-overhang region, the trimming stops at CC.
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residues are involved in sequence-specific binding in
protein–RNA and protein–DNA interactions (48,49).
Our studies show that several key aromatic residues in
RNase T, including Phe29 and Phe77, play important
roles in differentiating a digestible or non-digestible sub-
strate. When a preferred substrate is bound to RNase T,
such as a single-stranded DNA with a 30-end A, G or T,
these two phenylalanine residues move to a position to
stack with the 30-end base and the movement is associated
with an ‘active’ conformation at the active site where two
metal ions are bound with a nearby general base His181. In
contrast, when a product is bound to RNase T, including a
dinucleotide, a ssDNA with a 30-end C or a duplex DNA
with a short 30-overhang, the two phenylalanine residues
shifted more to stack either with the 30-end base or with the
50-end base (for duplex DNA), and as a result, the
movement induces an ‘inactive’ conformational change at
the active site where only one metal ion is bound and the
general base His181 is shifted away (Figure 6C and D).
These hydrophobic residues are therefore tightly associated
with the regulation of the exonuclease activity of RNase T
and they construct a precise machine to determine which
substrate should be digested based on its sequence, length
and structure.
This substrate selection mechanism induced by hydro-

phobic residues probably is conserved in the DEDDh
family of exonucleases. We superimposed the structure of
RNase T with a number of DEDDh exonucleases and

identified the residues corresponding to the same position
as those involved in substrate interactions in RNase T,
including Phe29, Glu73, Phe77, Phe124 and Phe146
(Figure 6B). We found that the residues identified are
mostly hydrophobic residues, such as leucine, isoleucine,
tryptophan and tyrosine, suggesting that they may also
involve hydrophobic interactions with nucleic acid sub-
strates and direct substrate specificity. Moreover, the
general base histidine residue of these DEDDh exonucle-
ases are all located in a flexible loop region with high tem-
perature factors, which is different from other enzymes that
usually have rigid active-site residues with low temperature
factors (Supplementary Figure S4). This result indicates
that the general base histidine residue in these DEDDh
exonucleases may be shifted to an active or an inactive
position according to the bound substrate in a manner
similar to that found in RNase T. Thus, even though the
general base histidine does not interact with the substrate
directly, its conformation is indirectly regulated by sub-
strate binding. Our profound structural study of RNase
T thus provides a good testing model for understanding
how the DEDDh exonucleases select and cleave their sub-
strates in a variety of processes.

ACCESSION NUMBERS

Protein Data Bank with the PDB ID codes of 3VA3,
3VAO, 3V9Z, 3V9S, 3V9X, 3V9W and 3V9U.

Figure 6. Hydrophobic residues play key roles in regulating the substrate specificity and enzyme activity of the DEDDh family of exonucleases.
(A) A number of hydrophobic residues of RNase T interact with nucleic acid substrates and regulate the activity of RNase T in digestion of nucleic
acids of different lengths, sequences and structures. (B) A table lists the putative substrate-binding residues in the DEDDh exonucleases that correlate
with Phe29, Glu73, Phe77, Phe124 and Phe146 in RNase T by structural alignment. (C) Crystal structures of RNase T–DNA complexes show that the
hydrophobic residues, including Phe29 and Phe77, located in a flexible helix, shift their positions upon binding different types of substrates/products. Red
and green molecules are the apo- and substrate-bound form of RNase T, respectively (ssDNA with a 30-end C). (D) The general base H181 is located in a
flexible loop region with two conformations: active conformation in apo-form (orange) and all the substrate complexes (red: 30-end TA), and inactive
conformation in all the product complexes (light green: 30-end CC; light blue: dinucleotide; gray: duplex DNA with 2 nt 30-overhang).
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