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ABSTRACT: Attempts to alter the guanine specificity of ribonuclease T1 (RNase T1) by rational or random
mutagenesis have failed so far. The RNase T1 variant RV (Lys41Glu, Tyr42Phe, Asn43Arg, Tyr45Trp,
and Glu46Asn) designed by combination of a random and a rational mutagenesis approach, however,
exhibits a stronger preference toward adenosine residues than wild-type RNase T1. Steady state kinetics
of the cleavage reaction of the two dinucleoside phosphate substrates adenylyl-3′,5′-cytidine and guanylyl-
3′,5′-cytidine revealed that the ApC/GpC ratio of the specificity coefficient (kcat/Km) was increased∼7250-
fold compared to that of the wild-type. The crystal structure of the nucleotide-free RV variant has been
refined in space groupP61 to a crystallographicR-factor of 19.9% at 1.7 Å resolution. The primary
recognition site of the RV variant adopts a similar conformation as already known from crystal structures
of RNase T1 not complexed to any nucleotide. Noteworthy is a high flexibility of Trp45 and Asn46
within the three individual molecules in the asymmetric unit. In addition to the kinetic studies, these data
indicate the participation of Asn46 in the specific recognition of the base and therefore a specific binding
of adenosine.

Ribonuclease T1 (RNase T1, EC 3.1.27.3) represents an
ideal model system for studying structure-function relation-
ships of protein enzymes. RNase T1 is a small globular, well-
characterized enzyme from the mold fungusAspergillus
oryzae. It is the key member of the so-called RNase T1
family, a group of microbial RNases of fungal and bacterial
origin (1, 2). The enzyme consists of 104 amino acid residues
with a relative molecular mass of 11 089 Da. It cleaves
single-stranded RNA with high specificity at guanylyl
residues, yielding new guanosine 3′-phosphates and 5′-OH
in a two-step mechanism with guanosine 2′,3′-cyclic phos-
phate as the intermediate (3, 4).

The crystal structures of the enzyme complexed with the
inhibitor 2′-GMP (5, 6), with the cleavage product 3′-GMP
(7, 8), with the dinucleoside phosphate inhibitor 2′,5′-GpG
(9), with 2′-AMP (10), and with an unoccupied recognition
site (11, 12) have each been determined at high resolution.
These data revealed that the specific recognition of the
guanine base by the enzyme is due to interactions between
the nucleobase and a protein loop consisting of residues 42-
46 together with residue 98. The guanine base is involved
in extensive hydrogen bonding with main chain atoms
(Asn43 NH‚‚‚Gua N7, Asn44 NH‚‚‚Gua O6, and Tyr45 NH‚
‚‚Gua O6), and the GuaN2H forms a hydrogen bond to the
peptidic oxygen of Asn98 which is located outside the
recognition loop. The only amino acid that interacts with its

side chain with the base is the glutamate in position 46,
forming Gua N1H‚‚‚Glu46 Oε1 and Gua N2H‚‚‚Glu46 Oε2
bidentate hydrogen bonds (Figure 1a). In addition, the side
chains of Tyr42 and Tyr45 form a hydrophobic pocket and
sandwich the guanine base, whereby it is thought that Tyr45
acts as a lid covering the base. Within the RNase T1 family,
Glu46 is highly conserved. Attempts to design RNase T1
variants with altered specificity were based on the mentioned
crystal structures or sequence alignments. Starting points for
rational mutagenesis studies were tyrosines 42 and 45 which
were involved in guanine recognition by sandwiching the
guanine with their side chains as well as Glu46 (13-18).
All of these mutations did not alter nucleotide specificity.
Substitutions of Tyr42 and Tyr45 led to variants with both
increased (14, 17) and decreased (14, 16) catalytic activity.
Substitutions of Glu46 also led to variants with extremely
decreased catalytic activity (13, 16), although it was sug-
gested that the Glu46Ala and Glu46Gln variants (due to
specific possible bidentate hydrogen bond formation with
the Gln46 amide and adenine) would have greater relative
affinities for adenine than the wild-type as shown in Figure
1b for the Glu46Gln variant (19). The crystal structures of
the Glu46Gln variant in complex with both 2′-GMP and 2′-
AMP showed that both nucleotides do not bind the enzyme
in the guanine recognition site but at the 3′-subsite at His92
(13). The side chain of Gln46 is tightly hydrogen bonded to
main chains atoms of Phe100 and locks the guanine binding
site, and therefore, this variation does not lead to a change
in the RNase T1 specificity but to a significant loss of
catalytic activity. Random mutagenesis studies of the com-
plete primary recognition site (20) did also not lead to
variants with altered specificity. The complete randomization
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of this recognition site yielded a combinatorial library of 1.6
million variants. One hundred eighty of these variants
exhibited RNA cleaving activity, however, without any
change in substrate specificity. Comparisons of the primary
structures revealed a conservation of the amino acid in
position 46 that was mainly occupied by glutamate or the
similar residue aspartate. Only in one active variant was the
glutamate substituted with glutamine, a substitution leading
to inactivation via a single-point mutation (13). The primary
recognition site of this so-called 9/5 variant is completely
different from that of the wild-type (wt)1 and exhibited the
41-GluPheArgAsnTrpGln-46 amino acid sequence instead
of the 41-LysTyrAsnAsnTyrGlu-46 amino acid sequence.
The crystal structure of this enzyme cocrystallized with 2′-
GMP (21) shows that the guanine is bound in a different
manner to the recognition site in comparison to the Glu46Gln
variant, although the glutamine in position 46 does not
participate in guanine recognition because it remains tightly
hydrogen bonded to Phe100 like in the Glu46Gln variant.
The binding of the guanine base is presumably based on the

increased level of aromatic stacking due to the Tyr45Trp
exchange. But as the glutamine does not take part in substrate
recognition in variant 9/5 no change in substrate specificity
took place. On the basis of these data, it was suggested that
the substitution of Gln46 with Asn in variant 9/5 would lead
to a variant that could also recognize adenine. Because of
the shortening of this amino acid side chain due to one
missing methylene group, the two hydrogen bonds to Phe100
would presumably be impossible to form, whereby the amide
group of asparagine would be able to recognize adenosine
as it is shown for glutamine in Figure 1b. In this work, we
report on the RNase T1 RV with the 41-GluPheArgAsnTr-
pAsn-46 primary recognition site. This variant was created
by genetic engineering, and its biochemical characterization
indeed resulted in a significantly altered substrate specificity.
Here we report also the crystallographic characterization that
led to insights into the adenine recognition of RNase T1 RV.

MATERIALS AND METHODS

Guanylyl-3′,5′-cytidine (GpC) and adenylyl-3′,5′-cytidine
(ApC) were from Pharma-Waldhof (Du¨sseldorf, Germany).
Mutagenesis and standard primers were from MWG-Biotech
(Ebersberg, Germany). All other chemicals were from Merck
(Darmstadt, Germany) and Sigma (Deisenhofen, Germany).

Site-Directed Mutagenesis and Enzyme Purification

RNase T1 RV was constructed by site-directed mutagen-
esis using two-step PCR (22). The mutagenesis primer was
5′-CAC AGA GAA ATC AAA ACC GTT CCA GTT GCG
GAA TTC GTG TGG GTA AGA ATT GG-3′ (base
substitutions underlined). Standard primers were A2VO (5′-
TAC GGA TTC ACT GGA ACT CTA GA-3′) and A2HI
(5′-CAT CTT AGC AGC CTG AAC-3′). RNase T1-wt and
variant RV were overproduced inEscherichia coliXL1 blue
harboring the pA2T1 plasmid (23). The enzymes were
isolated from the periplasm by osmotic shock and purified
by DEAE anion exchange and size exclusion chromatography
(24) to homogeneity. Purity and authenticity were judged
by SDS-PAGE and MALDI-MS.

Determination of Substrate Specificity

The substrate specificity was tested by cleavage of GpC
and ApC. The enzyme (5µM) was incubated with GpC or
ApC (1 mg/mL, corresponding to 1.65 and 1.75 mM,
respectively) in Tris-HCl buffer (10 mM, pH 7.5) containing
1 mM EDTA for 15 min at room temperature. Cleavage
products were analyzed by thin-layer chromatography (3).

Enzyme Kinetics

Dinucleoside Phosphate CleaVage. To determine the
kinetic parameters for dinucleoside phosphate cleavage, the
hyperchromic effect during transesterification was measured
spectrophotometrically. The reaction was carried out in a
Hewlett-Packard 8425A spectrophotometer in MES buffer
(100 mM, pH 6.0) containing 100 mM NaCl and 2 mM
EDTA at 25 °C. The initial velocities were measured in
triplicate at 280 nm for GpC transesterification using the
difference extinction coefficient∆ε280 [2200 M-1 cm-1 (25)]
and at 268 nm for ApC transesterification using the difference
extinction coefficient∆ε268 [2120 M-1 cm-1 (26)] at substrate
concentrations between 20 and 625µM for GpC hydrolysis

1 Abbreviations: wt, wild-type; An, amino acid in positionn of
molecule A in the asymmetric unit.

FIGURE 1: Schematic representation of the primary recognition site
of (a) RNase T1-wt with a bound guanine base and (b) hypothetical
binding of an adenine base to RNase T1 variant E46Q predicted
on the basis of theoretical molecular dynamics and free energy
perturbation calculations (19). The protein backbone of amino acids
43-45 and 98 and the side chains of Glu46 and Gln46 are shown.
Hydrogen bonds are represented with dashed lines.
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and between 30 and 370µM for ApC hydrolysis. The
enzyme concentrations were 66 nM for GpC hydrolysis and
500 nM for ApC hydrolysis, depending on the activity. The
enzyme concentration was determined spectrophotometrically
using a calculatedε280 extinction coefficient of 21 680 M-1

cm-1 (27). The mixtures without enzyme were preincubated
for ∼3 min to ensure the absence of autohydrolysis, and
reactions were started by adding the enzyme. Michaelis-
Menten constants were determined by nonlinear regression
using the program GraphPad Prism.

RNA Hydrolysis.Hydrolysis of high-molecular mass RNA
was assessed by determining the acid soluble oligonucle-
otides at 260 nm by a modified test from Anfinsenet al.
(28). A total volume of 1 mL containing 3 mg of yeast RNA
in 50 mM Tris-HCl buffer (pH 7.5) containing 2 mM EDTA
was incubated with the enzyme for 15 min at 37°C.
Nonhydrolyzed RNA was precipitated on ice for 20 min after
the addition of 250µL of ice-cold 2.5% lanthane nitrate in
30% perchloric acid. After centrifugation, the extinction of
the diluted supernatant (1:20) was determined at 260 nm.
The specific activity of the enzyme was calculated using the
following equation: specific activity (units per milligram)
) [E260 - E260(blank)] × 25/(milligram of protein). To
determine the blank, the enzyme was omitted from the
solution.

Crystallization and Data Collection

The crystals used for data collection were obtained by the
hanging drop vapor diffusion method (29). A droplet was
prepared by mixing an equal volume of the protein solution
containing 2 mM RNase T1 RV in 10 mM Tris-HCl buffer
(pH 8.5) and of the reservoir solution containing 100 mM
Tris-HCl buffer (pH 9.0), 200 mM MgCl2, and 20-22%
PEG4000. Hexagonal crystals grew at 6°C within 4 or 5
days to dimensions of∼1.5 mm× 0.15 mm× 0.15 mm.
For cryoprotection, the crystals were soaked for approxi-
mately 30 min in the reservoir solution containing 20%
glycerol and then flash-frozen in liquid nitrogen. During data
collection, the crystals were cooled in a nitrogen stream at
100 K. Data were processed using the DENZO/SCALEPACK
program (30). The crystals belonged to space groupP61 with
a andb values of 56.5 Å and ac of 158.7 Å and contained
three molecules per asymmetric unit.

Model Building and Refinement

The structure was determined by the molecular replace-
ment method (31) using the program AmoRe (32) of the
CCP4 package (33) and RNase T1 9/5 as the search model
[Protein Data Bank entry 1CHO (21)] excluding the nucle-
otide and water molecules. The initial model was refined
using CNS (version 1.1) (34) and manually rebuilt using the
interactive graphics model building program O (35). The
progress of the refinement was monitored by the decrease
in Rfree (36) at each stage of model building, energy
minimization, and individual isotropicB-factor refinement.

RESULTS AND DISCUSSION

Crystal Structure Analysis

The crystals of RNase T1 RV belong to hexagonal space
groupP61, and the structure was determined by molecular

replacement using T1 variant 9/5 [PDB entry 1CHO (21)].
The model was refined to anR-factor of 19.9% using X-ray
diffraction data to 1.7 Å. The final model consists of 3×
104 amino acid residues from three individual molecules
(named A, B, and C) in the asymmetric unit, 274 water
molecules, and two Tris molecules bound to molecules A
and C. The entire molecules are well-defined in the electron
density map, and only very few side chains at the protein
surface appear to be disordered. Theψ andæ torsion angles
of all residues are located in the allowed regions of the Rama-
chandran plot. Alternative conformations were introduced
for residues A17, B17, C17, and C28 and for the Arg43-
Asn44 peptide bond in molecule A. The data collection and
refinement statistics are summarized in Table 1.

The overall structure of the three molecules of the
asymmetric unit is very similar. The rms deviations for the
superposition of the CR atoms of molecules B and C onto
molecule A are 0.352 and 0.557 Å, respectively, and 0.582
Å for the superposition of molecule B onto molecule C. The

Table 1: Parameters for Data Collection and Refinement

data collection
source BW7B (DESY)
wavelength (Å) 0.8459
no. of reflections (total/unique) 70573/31400
completeness (%) 90.6
Rsym (%) 3.7

Ramachandran parameters
residues in most favored regions 240 (93%)
residues in additional allowed regions 18 (7%)
residues in generously allowed regions 0 (0%)

refinement
resolution range (Å) 20-1.7
R-factor (%) 19.9
Rfree (%) 24.4
rms deviations from ideality
bond lengths (Å) 0.015
bond angles (deg) 1.74
dihedrals (deg) 24.96
improper dihedrals (deg) 1.11

PDB entry 1Q9E

FIGURE 2: Comparison of the three molecules of RNase T1 RV in
the asymmetric unit. The protein backbone is shown as a CR
representation (molecule A in red, molecule B in green, and
molecule C in blue). Also shown in black is the wt enzyme in
complex with 2′-GMP (in gold).
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superposition of these three molecules shown in Figure 2
reveals, above all, significant differences within the nucle-
otide recognition loop (residues 41-46), indicating different
sets of conformations, as the electron density for this region
is well-defined in all three molecules. The abnormal disorder
of the side chain of Val78 that was described for RNase T1-
wt with an unoccupied primary recognition site (10, 12) was
not observed for variant RV.

Geometry of the Primary Recognition and Catalytic Site

Primary Recognition Site.The primary nucleotide recogni-
tion site of RNase T1 RV adopts a conformation similar to
that found in other unoccupied recognition sites in RNase
T1 (10-13). The crucial amino acid Glu46 in RNase T1-wt
undergoes an induced fit during nucleotide binding. In the
enzyme with an unoccupied recognition site, Glu46 is pulled
out of this site to form hydrogen bonds with Asn99 and
Phe100 (Figures 3a and 4a). In the presence of 2′-GMP in
the primary recognition site, Glu46 is hydrogen-bonded to
the guanine base (Figures 1a, 3b, and 4b). In the nearly
inactive variant Glu46Gln (Figures 3c and 4c) and also in
active variant 9/5 (Figures 3d and 4d), the glutamine in
position 46 is held in the same conformation as in the
uncomplexed wt enzyme. This is probably the result of a
tight bidentate hydrogen bonding interaction between Gln46
and the backbone of Phe100, even though 2′-GMP is bound

to the active site of the enzyme in the case of variant 9/5. In
variant RV, Asn46 seems to be more flexible than Gln46 in
variants Glu46Gln and 9/5. The hydrogen bond network and
also the conformation of Asn46 differ slightly between the
three RNase T1 RV molecules in the asymmetric unit (see
Table 2).

Crystal structure analyses of RNase T1 with unoccupied
recognition sites revealed an altered orientation of the peptide
bond between asparagines 43 and 44 that flips due to the
induced fit if guanine enters the binding site. However, in
the structure of RNase T1 RV, both characteristic conforma-
tions are realized. In molecule C, this peptide bond adopts a
conformation comparable to that of the wild-type enzyme
with an unoccupied recognition site, whereas in molecule
B, this bond rotates by∼110°, resembling a conformation
that is found in the wild-type with bound 2′-GMP. In
molecule A, both possibilities are found as alternative
conformations (see the electron density map of this area in
molecule A in Figure 5). The primary recognition site of
RNase T1 RV is filled with three water molecules that fill
the nucleotide binding site and are found in similar positions
in RNase T1-wt with an unoccupied recognition site (11) as
well as in the wt 2′-AMP complex where the nucleotide is
bound to the 3′-subsite and stacks on His92 (10).

In the wt 2′-GMP complex, the side chains of Tyr42 and
Tyr45 are positioned such that they could form hydrophobic

FIGURE 3: Comparison of the primary recognition sites of RNase T1 RV variants (orange) with previously determined structures (blue):
(a) unoccupied RNase T1-wt, (b) RNase T1-wt complexed with 2′-GMP (note the change in the Tyr45 side chain relative to the unoccupied
enzyme in panel a), (c) variant E46Q complexed with 2′-GMP (nucleotide not shown), and (d) variant 9/5 in complex with 2′-GMP. Amino
acid side chains are drawn as sticks and bound 2′-GMP molecules as balls and sticks. The oxygen and nitrogen atoms of amino acid 46 are
in red and light blue, respectively.

Purine-Specific RNase T1 Biochemistry, Vol. 43, No. 10, 20042857



stacking interactions with the guanine. It is supposed that
the side chain of Tyr45 acts as a lid that covers the
nucleobase (11, 17). Because of the conformation of Glu46
in unoccupied RNase T1-wt, Tyr45 is pulled toward this
recognition site (Figure 3a,b). In the nearly inactive variant
Glu46Gln, this conformation is locked because of the
bidentate hydrogen bond of Gln46, and consequently, the
binding of the guanine and also adenine is not possible. In
variant RV, the tryptophan at position 45 shows a high
flexibility as shown by the different conformations within
molecules A-C and by the slight disorder indicated by the
electron density of Trp45 in molecules B and C. However,
Phe42 as part of the protein core exhibits a rigid conforma-
tion. The similar positions of Phe42 in the three molecules

in the T1 RV crystals and of the corresponding Tyr42 in the
wt enzyme indicate the importance of the phenyl ring system
and its conformational rigidity for RNase T1 activity. The
Tyr42Trp substitution led to a variant with a strongly
decreased turnover number for GpC cleavage (14).

Catalytic Site.The catalytic site of RNase T1 is formed
by Tyr38, His40, Glu58, Arg77, and His92, which bind the
phosphate moiety of the nucleotide. In RNase T1 RV at this
position, a Tris molecule is bound in molecules A and C
(see Figure 6). There is a good superposition of the Tris
molecule in variant RV onto the phosphate moiety of 2′-
GMP and 3′-GMP in the wt enzyme. All oxygens and the
nitrogen of the Tris molecule are engaged in hydrogen
bonding (see Table 3). The amino acid side chains of the

FIGURE 4: Comparison of the interactions of amino acid side chain 46 of RNase T1 RV (orange) with previously determined structures
(blue): (a) unoccupied RNase T1-wt, (b) RNase T1-wt complexed with 2′-GMP, (c) variant E46Q complexed with 2′-GMP (nucleotide not
shown), and (d) variant 9/5 in complex with 2′-GMP. Amino acid side chains are drawn as sticks and bound 2′-GMP molecules as balls
and sticks. The oxygen and nitrogen atoms of amino acid 46 are in red and light blue, respectively.
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catalytic site are not only involved in binding Tris but also
engaged in intramolecular hydrogen bonds with His40,
His92, and Arg77 stabilized by side chain-main chain
interactions and a salt bridge between Arg77 and Glu58 (see
Table 3). Similar interactions are also found in uncomplexed
RNase T1-wt (12) as well as in the vanadate (11) and 2′-
AMP complexes (10), whereas binding of the Tris molecules
is similar to the binding of the vanadate ion and the phosphate
moiety of 2′-AMP. In the catalytic site of molecule B that
has no bound Tris, these interactions are formed with water
molecules occupying the corresponding binding sites (see
Table 3). The conformations of His40 and His92 involved
in catalysis are nearly the same in all variants. However,
their imidazole rings are flipped with respect to the RNase
T1-wt-2′-GMP complex (6), whereas conformations com-
parable to those in variant RV are found in the unoccupied
RNase T1-wt (12).

Cation Binding and Water Molecules.In RNase T1 RV,
we found 274 water molecules that are hydrogen bonded to
the three protein backbones, the side chains, and Tris
molecules. The unoccupied primary recognition sites and the
unoccupied catalytic site in molecule B are filled with water
molecules that were also described for corresponding crystal
structures. A comparison of RNase T1 structures in complex
with 2′-GMP, 2′,5′-GpG, and vanadate indicated that there
are structurally conserved water molecules (37). The reported
hydrogen-bonded chain of 10 water molecules is also found
partly in RNase T1 RV. In the wt enzyme, this chain can be
divided into two parts, of which the first five water sites are
also found in variant RV. This part of the water chain is
thought to act as a space filler between theR-helix and the
hairpin-like structure of the segment of residues 60-68. In
RNase T1-wt, the water molecules of the second part are
arranged around a Ca2+ ion coordinated to the Asp15
carboxylate. In RNase T1 RV, no cation is bound to the
enzyme. Calcium ions were not added to the crystallization
buffer as several crystallization experiments in the presence
of calcium ions failed, in agreement with the finding that

Table 2: Possible Hydrogen Bonding Interactions of Asn46 of the
Three Molecules

atom of Asn46 hydrogen bonding partner distance (Å)

Molecule A
N (main chain) water91 2.86
Oδ1 F100 N 2.86

water91 2.85
Nδ2 N99 Oδ1 2.92

N98 Oδ1 3.14
O (main chain) N99 Nδ2 2.98

Molecule B
N (main chain) water93 2.98
Oδ1 F100 N 3.01

water93 2.66
Nδ2 N99 Oδ1 3.28
O (main chain) N99 Nδ2 2.98

Molecule C
N (main chain) water57 2.73
Nδ2 water43 3.54

N66 Oδ1 3.24

FIGURE 5: Electron density map (2Fo - Fc) around the Arg43-
Asn44 peptide bond showing the alternative conformations of this
peptide bond in molecule A. Nitrogen atoms are in cyan, oxygen
atoms in red, and carbon atoms in yellow.

FIGURE 6: Electron density map (2Fo - Fc) of the catalytic site of
molecule A with the bound Tris molecule. Nitrogen atoms are in
cyan, oxygen atoms in red, and carbon atoms in yellow.

Table 3: Possible Hydrogen Bonding Interactions (distances in
angstroms) between Catalytic Site Residues within the Three
Molecules

molecule A molecule B molecule C

Y38 Oη
water19 2.61 water122 3.33 Tris O2 3.15
Tris N 2.83 water209 2.65 Tris N 2.90
R77 Nη2 3.17 R77 Nη2 3.25 R77 Nη2 3.16

H40 Nδ N36 O 3.03 N36 O 2.91 E41 O 3.06
S37 O 3.14 S37 O 2.86

H40 Nε Tris N 3.05

E58 Oε1 Tris N 2.66 water122 3.75 Tris O3 3.04
R77 Nε 3.03 R77 Nε 3.12 water64 2.87

E58 Oε2 Tris O3 2.70 water95 2.64 Tris O2 2.78
water185 3.75 water108 3.19 R77 Nε 2.71

R77 Nη1 D76 O 2.79 D76 O 2.71 D76 O 2.83
G74 O 2.89 G74 O 3.11 G74 O 2.88

R77 Nη2
Tris O2 2.73 N83 Oδ1 2.92 Tris O2 2.81
G74 O 3.07 G74 O 3.16 G74 O 3.14
Y38 Oη 3.17 Y38 Oη 3.25 Y38 Oη 3.16

H92 Nδ N99 O 2.88 N99 O 2.96 N99 O 2.98
H92 Nε Tris O2 2.57 water122 3.18 Tris O2 3.02
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the occupancy of these binding sites strongly depends on
the crystal lattice (38). Indeed, Ca2+ is bound to Asp15 only
in crystals of crystal form I, space groupP212121. In variant
9/5 that forms crystals that are not isomorphous to other
variants, a Ca2+ is not bound to Asp15 but to the phosphate
binding site of the enzyme.

Enzyme Kinetics

To determine the substrate specificity of variant RV, the
hydrolysis of ApC and GpC was assessed and cleavage
products were analyzed by thin-layer chromatography. The
incubation of the enzyme with both dinucleoside phosphates
for 15 min at room temperature yielded a significant
hydrolysis of ApC as well as of GpC detected by the release
of cytosine, whereas RNase T1-wt showed no detectable
hydrolysis of ApC under the same conditions. To determine
the steady state kinetic parameters, the dinucleoside phos-
phates were incubated with the enzyme for 10 min at 25
°C.

The kinetic constants determined for the dinucleoside
phosphate cleavage from the spectrophotometric measure-
ments as well as the RNA hydrolysis activities are sum-
marized in Table 4, together with the corresponding kinetic
parameters for RNase T1-wt and variants Glu46Gln, 9/5, and
Glu46Ser/(insert)Gly (13, 21, 39).

The values ofkcat indicate that variant RV exhibits 3.2%
GpC transesterification activity with respect to RNase T1-
wt, whereas the value ofkcat/Km decreases to 1% due to the
increased value ofKm. If the RNA hydrolysis is compared,
variant RV shows 1.5% of the wt activity. When compared
to those of variant 9/5, the RNA hydrolysis and the value of
kcat differ only slightly. The substitution at position 46
therefore seems to have no effect on the velocity of the
cleavage reaction, but the value ofKm for variant RV (Asn46)
with GpC as the substrate is only approximately half of that
for variant 9/5 (Gln46). This significant decrease inKm

indicates that Asn46 in variant RV participates in substrate
recognition in contrast to Gln46 in variant 9/5 which was
shown to be tightly hydrogen bonded to the backbone of
Phe100 in the crystal structure of the variant 9/5-2′-GMP
complex (21).

With variant RV, it was possible for the first time to
determine single steady state kinetic parameters for a RNase
T1 variant with ApC as the substrate. Kinetic analysis of
ApC hydrolysis by variant RV results in an∼2-fold increased
value ofKm compared to that of the hydrolysis of GpC. The
kcat of ApC cleavage is 16 min-1, resulting in akcat/Km value
of ∼2 × 104 min-1 M-1 with ApC.

Another approach to changing the specificity of RNase
T1 has been the enlargement of the binding site by the
insertion of an additional random amino acid between
positions 46 and 47 while position 46 was randomized as
well. This led to variants with GpC/ApC specificity ratios
of this library ranging from 2.84× 105 for the wild-type to
97 for variant Glu46Ser/(insert)47Gly (39). Due to the very
low enzymatic activity of this variant, individual kinetic
parameters could not be determined. The decrease in the
specificity constant (kcat/Km) for GpC cleavage to 222× 103

M-1 min-1 (0.29% of the wt value) and the 8-fold increase
in this constant for ApC cleavage result in this increased
specificity ratio. The authors suggested that the reduction
of the specificity ratio is more due to a decrease in the level
of guanine recognition rather than to an increase in the level
of adenine recognition. In variant RV, however, the increase
in the activity for ApC is similar to the decrease in the
activity for GpC. Compared to that of RNase T1-wt, thekcat/
Km value for ApC cleavage was increased∼75-fold and the
kcat/Km value for the GpC cleavage was reduced∼96-fold,
resulting in a specificity ratio that was reduced 7250-fold.

CONCLUSIONS

Mutagenesis studies with RNase T1 performed so far show
that there is no reliable way to predict amino acid substitu-
tions leading to a desired altered specificity. Changing the
substrate specificity of RNase T1 by a rational approach is
difficult because the substrate recognition is mainly based
on interactions with the peptide backbone. Both rational
engineering and random mutagenesis did lead to a change
in only the activity but not the specificity of the enzyme. In
the work presented here, these two approaches were com-
bined, and the RNase T1 RV was generated with a remark-
able shift from guanine to purine specificity as shown by
dinucleoside phosphate cleavage experiments. The values of
Km for the cleavage of dinucleoside phosphates ApC and
GpC differ only by a factor of 2, whereas it is not possible
to determine the value ofKm for the ApC cleavage of the wt
enzyme or any RNase T1 variant known so far.

The starting point for this work was the well-characterized
guanosine-specific RNase T1 variant 9/5 that arose from a
random mutagenesis study (20, 21) that differs from the wild-
type in five amino acid positions within the guanine
recognition loop. In this work, the specificity of this variant
was changed by a further single-point mutation (Gln46Asn)
within this recognition loop. Unfortunately, cocrystallization
experiments with 2′-AMP and 2′-GMP have not been
successful so far, but the crystal structure of the new variant
without a bound nucleotide was determined and is in good

Table 4: Kinetic Constants for Dinucleoside Phosphate Transesterification and RNA Hydrolysis of the RNase Wild-Type Enzyme and Variants
RV, E46Q, and 9/5

GpCa ApCa

enzyme

RNA hydrolysisa

specific activity
(units/mg)

Km

(µM)
kcat

(min-1)
kcat/Km

(min-1 M-1)
Km

(µM)
kcat

(min-1)
kcat/Km

(min-1 M-1)

specificity
ratio

[kcat/Km(GpC)]/
[kcat/Km(ApC)]

wild-typeb 384000d (100) 135 (100) 10200 (100) 750× 105 (100) -f -f 264 (100) 284000
E46Qc nde 116 (85.9) 20 (0.2) 170.7× 103 (0.23) nde nde nde

9/5d 7091 (1.8) 979 (725.2) 444 (4.35) 453.5× 103 (0.59) nde nde nde

Glu46Ser/(insert)Glyb nde -f -f 222× 103 (0.29) -f -f 2280 (863) 97
RV 5644 (1.5) 418( 28 (310) 327( 22 (3.2) 782.5× 103 (1.04) 803( 63 16( 4 19925 (7547) 39

a Percent of wild-type values in parentheses.b From ref39. c From ref13. d From ref21. e Not determined.f Only kcat/Km could be determined.
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agreement with the kinetic and binding data (not shown).
The primary recognition site resembles those that were found
in all other structures of RNase T1 with an unoccupied
primary recognition site. The tight hydrogen bonding of the
amide group of glutamine in variants E46Q and 9/5 with
the protein backbone of Phe100, however, was not observed
with Asn46 variant RV (Figure 3c,d). Instead, the three
molecules in the crystal asymmetric unit indicate a confor-
mational flexibility of this region. The superposition of
RNase T1 RV with variant 9/5 as well as with variant E46Q
shows that the predicted loss of the ability to form the
discussed H-bond due to the shortened amino acid side chain
of Asn46 has not occurred and is compensated by a shift of
the protein backbone. The conformations of Asn46 in variant
RV and Gln46 in variants 9/5 and E46Q are nearly identical
with respect to the amide group and the formation of the
hydrogen bond between the backbone nitrogen of Phe100
and Gln Oε1 and Asn Oδ1, respectively. The second formed
hydrogen bond, however, is different as Gln Nε2 is bound
to the backbone oxygen of Phe100 in variants 9/5 and E46Q.
By contrast in variant RV, Asn46 Nδ2 forms a hydrogen
bond to Oδ1 of Asn99, comparable to the wt enzyme with
an unoccupied recognition site except that the headgroup of
Asn99 is rotated in the wild-type and therefore its Nδ2 is
able to form a hydrogen bond to Glu46 Oε2. A superposition
shows good agreement of Asn46 in variant RV and Glu46
in the wt with an unoccupied recognition site (Figure 4a).
Comparison of the structures of the RNase T1-2′-GMP
complex (6) and the uncomplexed enzyme (11, 12) shows
that in RNase T1-wt Glu46 changes its conformation when
a nucleotide binds, and due to a similar conformation of
Asn46, the same should hold for variant RV so that an
interaction of Asn46 with guanine and with adenine should
be possible, the latter causing the observed altered specificity.
However, the mode of interaction of Asn46 with adenine
and also with guanine needs to be determined.

Furthermore, the kinetic data also show the participation
of Asn46 in the specific recognition of the nucleobase
because of the halved value ofKm for GpC cleavage and a
similar one for ApC cleavage compared to theKm of variant
9/5 for GpC cleavage. Although the enzyme distinguishes
in its binding only slightly between adenosine and guanosine,
the cleavage rates of ApC and GpC differ considerably.
Differences in the conformations of nucleotides adenosine
and guanosine and therefore different positions of cleavable
phosphodiester bonds are probably the reasons for this
behavior because it is well-known that AMP prefers the anti
whereas GMP prefers the syn conformation of the base
relative to sugar (40). Moreover, the adenine is probably not
saturated with hydrogen bonds, and due to the steric
proximity of the peptidic N-H bond of both Arg43 and
Asn44 and the N6 amino group of adenosine (see Figure 1b),
the base is presumably shifted somewhat or fully out of the
binding pocket. A similar shift was also observed in variant
9/5 due to the narrowing of the guanine recognition site (21).
An additional reason for such a shift of adenine is the
possibility of the formation of a new hydrogen bond between
adenine and the protein backbone. From RNase T1-wt, it is
known that it undergoes an induced fit during binding of its
substrate indicated by conformational changes of Tyr45 and
Glu46 (see above) as well as a flip of the peptide group
between Asn43 and Asn44 (11). This flip is energetically

unfavorable as a left-handed helical conformation is intro-
duced. If the flip would not occur when adenine binds, the
formation of an additional hydrogen bond between N6 of
adenine and N43-O is possible, resulting in a stabilization
of adenine binding (Figure 7).

Variant RV exhibits the greatest reduction of the G/A
specificity ratio observed for any variant to date and also is
a purine-specific RNase T1 variant with the highest enzy-
matic activity. According to this, variant RV is the first
variant of RNase T1 for which it was possible to determine
single kinetic constants for the cleavage of not only GpC
but also ApC; however, the mode of adenine recognition
needs to be determined.
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