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Abstract. In this paper we predict the structure of RNase
Pchl as modelled from the previously predicted structure
of RNase Ms and the crystal structure of RNase T1 in the
complex with 2’GMP. The predicted structures and their
initial energy minimized structural RNase T1 template
are compared. The predicted structures of RNase Pchi
show, independent of their prediction form RNase Ms or
T1, a higher structural similarity to RNase T1 than to
RNase Ms, in agreement with higher sequence similarity
and specificity — RNases T1 and Pchi are specific for
guanine whereas RNase Ms is base-unspecific with pref-
erence for guanine.
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1. Introduction

Since the primary structure of Ribonuclease (RNase) T1
from Aspergillus oryzae was first determined (Takahashi
1985), various other fungal RNases have been isolated
and sequenced. Comparisons of their amino acid se-
quences established that they are similar to RNase T1. A
more distant relationship of these eukaryotic RNases
with a number of prokaryotic RNases was pointed out by
Hartley and Barker (1972), making the RNase T1 family
an interesting model for research into molecular evolu-
tion as well.

Among the RNases produced by fungi, the complete
amino acid sequences of the following guanine-specific
enzymes are known: RNase T1 (Takahashi, 1985), N1
(Takahashi 1988), C2 (Bezborodova etal. 1983), Pbl
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(Shlyapnikov et al. 1984), F1 (Hirabayashi and Yoshida
1983), Thl (Polyakov etal. 1987), Pchl (Shlyapnikov
etal. 1986), U1l (Takahashi and Hashimoto 1988) (see
Table 1). Fungal RNases with a different specificity are
RNase Ms (Watanabe et al. 1982) which is a guanine-pref-
erential, base non-specific RNase and purine-specific
RNase U2 (Kanaya and Uchida 1986). Bacterial RNases
found to have a relationship to the eukaryotic RNases of
the T1-family and of which the complete sequence is
known are RNase St (Yoshida et al. 1976) and Sa (Shlyap-
nikov et al. 1987), both G-specific, and RNase Ba (Hartley
and Barker 1972) and Bi (Aphanasyenko et al. 1979), both
purine specific. New results, however, indicate that Ba
could be G-specific as well (Bielefeld et al. 1988).

Although for various RNases of the T1-family there
are reports on successful crystallization attempts dating
back to the late sixties and some preliminary X-ray data
is available, the first structure determined to good resolu-
tion was RNase T1 in a complex with the specific inhibi-
tor 2GMP (Heinemann and Saenger 1982). It has been
further refined to high resolution of 1.9 A (Arni et al.
1988).

Recent reports on successful crystallization (Nakamu-
ra, K., personal communication) of RNase Ms encouraged
us to attempt the prediction of the structure of this en-
zyme based on the known structure of RNase T1 from the
T1*2" GMP crystal complex, using interactive computer
graphics and energy minimization techniques (Floegel
et al. 1988). RNase T1 provides an excellent template for
predicting the sturcture of RNase Ms through modelling
by homology, since the structure of T1 is very well defined
and the percentage sequence identity to Ms is ~60%.
Agreements with experimental results suggested that the
predicted structure of RNase Ms is basically correct. The
crystal structure of RNase Ms is currently being solved by
molecular replacement with the RNase T1 structure
(Nakamura, K., personal communication).

In this paper we present the predicted structure of
RNase Pchl — another enzyme of the T1 family from
which successful crystallization has been reported
(Bezborodova et al. 1988) — and a structural comparison



Table 1. Sequences of Ribonucleases belonging to the RNase T1 family. The line separates the fungal RNases from the RNases of the T1-family produced by bacteria. The alignment is based

on those of Hartley (1980)
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of the predicted structures of RNase Pchl and Ms, with
the structure of RNase T1.

Although the percentage sequence identity of RNase
Pch1 is higher to T1 (~70%) than to Ms (~60%) we
decided to model the structure of RNase Pchl on both,
the crystal structure of RNase T1 and the predicted struc-
ture of RNase Ms as templates, in the hope that future
comparison with crystal structures of these proteins will
give information about the limitations and accumulation
of errors in the procedure of modelling proteins by ho-
mology.

I1. Materials and methods

The RNase Pchl structure was modelled using an
Evans & Sutherland vector graphics system. Energy min-
imization was performed with the Biosym program pack-
age on a Cray X-MP/24. For secondary structure analysis
of the models obtained the DSSP program of Kabsch and
Sander (1983) was used. The solvent accessible surface
was calculated by the method of Lavery et al. (1981).
Graphic representations of the predicted structures were
prepared with the plotting program SCHAKALSS.

The RNase Pch1 model structure was predicted based
on the conformation of RNase T1 in the complex with
T1*2'GMP, and the predicted structure of RNase Ms.
Modelling criteria were the same as reported previously
for RNase Ms (Floegel et al. 1988).

Although the loop motif 92—100 of RNase Pchl has
an identical sequence to that in RNase T1, it had to be
modelled de novo upon predicting RNase Pchi from the
model structure of RNase Ms. A more straightforward
approach would have been to take the loop motif from
the RNase T1 crystal structure and tansfer it onto the
RNase Ms model structure. The topology of the RNase
Ms template did not allow this approach, however, since
a simple transfer would have caused steric clashes be-
tween the loop 92—100 and the RNase Ms template. For
modelling the loop motif 30—38, in the prediction of
RNase Pchl from RNase T1, we used the main chain
conformation of this motif from the initial model of
RNase Ms before energy minimization. Since in RNase
Pch1 two amino acids are deleted within this loop motif
as in RNase Ms and the starting template RNase T1 was
the same this approach was sufficient. Replacing the
sidechains to match the sequence of RNase Pch1 did not
cause steric problems in the RNase T1 template on which
RNase Pchl was modelled.

For the motif 45—-60 — when modelling RNase Pchi
from T1 — the same strategy was employed as described
previously (Floegel et al 1988).

After bonding the loops onto the RNase Ms template
and the RNase T1 crystal structure template, amino acid
substitutions were performed by replacing sidechains
whilst keeping the same y, sidechain torsion angles
wherever possible (Summers et al. 1987). For residues
where this was not possible (eg. Ala to Asp), torsion an-
gles had to be introduced which fitted the sidechains in
the model structure of Pchi. The two predicted models of
RNase Pchl were then examined residue by residue in
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order to make sure that no steric clashes occurred.
Changes were only found to be necessary for the
sidechains of Asp 25, Asn 30, Arg 43, Arg 63, Asn 71 in
the model structure of RNase Pchl which was modelled
from Ms. No changes were necessary for RNase Pchi
from T1 reflecting the higher percentage sequence identi-
ty between the latter two enzymes. The modelling was
completed in the case of the RNase Ms template by delet-
ing the one additional N-terminal and the two additional
C-terminal residues which are not present in RNase Pchi.

The modelled structures were then energy minimized
with the aid of the Consistent Valene Force Field (Hagler
et al. 1979). The parameters used in energy minimization
were as described previously (Floegel et al. 1988).

I1L. Results

The predicted, energy minimized structures of RNase
Pch1 and RNase Ms and the energy minimized structure
of RNase T1 in the crystalline complex with 2’GMP are
shown in Fig. 1a—d. The total solvent accessible surface
of the structure was calculated by the method of Lavery
et al. (1981) to be 5214 A% in T1, 5706 A% in Ms, 5277 A?
in RNase Pchl predicted from the RNase Ms model
structure and 5616 A2 in RNase Pchi modelled from
RNase T1. Table 2 contains the secondary structure ele-
ments of RNase T1, Ms and Pch1 as defined by the DSSP
program.

The distribution of f-strands is very similar in all four
structures with only subtle differences. Moving along the
main chain from the N-terminus, f-strands 1 and 2 form
the first antiparallel f-sheet in RNases T1, Pchl and Ms.
p-sheet 2 is built up from the remaining f-strands.

Since DSSP was designed for analysing crystallo-
graphically determined structures, its input are structures
without hydrogen atoms. For calculating hydrogen
bonds, hydrogen atoms are added in ideal geometry and
with a given bond length, which does not necessarily re-
produce the positions they have in the energy minimized
structures. Consequently some residues might not meet
the constraints of the DSSP program for defining them as
part of a specific secondary structure element and thus
suggest structural differences. Therefore a detailed geo-
metrical analysis of the hydrogen bond pattern of the two
f-sheets was performed, Tables 3 and 4.

Table 3 indicates a less well defined hydrogen bond
pattern in the two RNase Pchl structures if compared to
RNase Ms and T1. The f-sheet hydrogen bonding is al-
most ideal in RNase Ms, whereas hydrogen bonds be-
tween Cys 6 and Asn 9 are widened in RNase T1. For
both of the RNase Pchl structures there is at least one
donor-acceptor distance which is too long for formation
of a hydrogen bond.

f-sheet 2 constitutes the central core of the protein in
all four structures. A close analysis reveals that in certain
features both of the RNase Pch1 structures are more sim-
ilar to RNase T1, than RNase Ms is to T1 or to either of
the two RNase Pchi1 conformations, although the mere
comparison of hydrogen bond patterns of S-sheet 2 might
suggest a somewhat mixed character among the four con-
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Fig. 1a—d. Stereo plots of RNase T1 (a), RNase Ms (b) and RNases
Pchi (¢, d). Bonds connecting main chain N, Ca and O atoms are
indicated by thicker lines. Sidechains are drawn in thinner lines.
Hydrogens atoms are omitted. The a-helix lies in the background
ranging with its N-terminus from the upper right corner to the lower
left with its C-terminus. In order to obtain similar orientations in all
plots the a-helical N, Co and C main chain atoms of RNases T1 and
Pch1 were superimposed onto the corresponding atoms of RNase
MS

formations. The relative geometries of hydrogen bond
donating and accepting HN and O atoms of residues
which were defined by DSSP as part of a f-strand in at
least one of the structures are compared in Table 4.

The first ladder of the antiparallel S-sheet 2 is formed
between strands 3 and 4. In RNase Ms the His 40
N-H..O Glu 58 geometry does not allow formation of
hydrogen bonds. Instead the HN hydrogen of His 40 of
RNase Ms is oriented to Asp 37 O, with a H..O distance
of 2.83 A and an N—H..O angle of 140°. This kind of
hydrogen bonding pattern is not possible in either RNase
T1 or the two RNasc Pchl conformations. The corre-
sponding values for the # 40 and # 37 donor acceptor
distance and angles are 4.24 A and 52° in RNase T1, 4.90
A and 68° in RNase Pchi predicted from Ms, and 3.49 A
in RNase Pch1 predicted from T1 with an N-H..O angle
of 79° indicating that a pattern like in Ms is not possible.
Among residues # 42 and # 56 the hydrogen bond ge-
ometries between RNase T1 and the two predicted RNase
Pch1 models are also more similar compared to RNase
Ms.

The next antiparallel ladder of f-sheet 2 being com-
posed of residues # 57, # 59 and # 61 on the one strand
and # 76, # 78 and # 80 on the corresponding f-strand
shows a somewhat mixed behaviour among the four com-
pared conformations i.e. there is no clear tendency for a
closer conformational relationship among both Pchl
structures and T1 compared to Ms.

The distances and angles in Table 4 show that the short
B-strand 5 which is connected to strand 4 via residue # 66
to # 62 in RNase Pch1 predicted from Ms is also realised
in RNase T1 and, at least with the # 62 HN — # 66 O
hydrogen bond also in RNase Pch1 predicted from T1,
though it escaped the constraints of the DSSP program
for reporting it. The same structural element cannot be
realised in RNase Ms with donor acceptor distances be-
tween the corresponding residues of 3.30 A and 4.89 A.

The following ladder of f-sheet 2 is built up from
residues # 77, # 79 and # 81 on the one strand and # 85,
#87, # 88 and # 90 on the other. An element common
to all four structures is that the ladder is kinked between
residues # 79 and # 88. It allows formation of bifurcated
hydrogen bonds from the C=0 peptide bond oxygen of
#79 not only to the HN of # 88 — which is regular
bonding within the f-sheet geometry — but also to the HN
of # 87. Then the ladder continues with a hydrogen bond
between # 81 HN and # 85 O in RNase T1 and Pchl
from Ms, but not in RNase Ms and RNase Pchi predict-
ed from T1.

The last ladder of -sheet 2 is formed between residues
#91 and # 101. When comparing hydrogen bond dis-
tances and angles this ladder is almost equally favourable
in either of the four conformations.

The secondary structure element most conserved in
RNases T1, Ms and Pchl is the a-helix. It comprises the
same number of residues in the molecules and is located
in the same place, from residues # 13 to # 29. The main
chain torsion angles @, ¥ are in the normal range, —60°/
—60°, characteristic for a-helices, except for the one pep-
tide group in both RNase Pchl conformations between
Ala 22 and Gly 33.
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Fig. 2a—d. Stereo plots of the
a-helix of RNases Pchi, Ms and
T1i. The view is from the exterior
of the protein onto the helix.
Bonds connecting residues # 22
and #23 are drawn solid to
indicate the conformational
differences in the four structures
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Table 3. Distances/angles for possible hydrogen bonds in §-sheet 1.
Distances in Angstrom, the angle is measured between N-H..O

RNase T1 RNase Ms RNase Pchi
#4HN-#£110 1.93/171.5  1.95/160.0  2.75/148.9
#40 —-#11HN 2.31/144.4 2.34/141.5 2.01/151.3
#6HN-# 90 2.35/132.8 2.00/166.7 2.93/112.9
#60 —# 9HN 2.47/132.2 1.98/169.5 3.24/146.2

Table 4. Distances/angles for possible hydrogen bonds in S-sheet 2.
Distances in Angstrom, the angle is measured between N-H..O

RNase T1 RNase Ms RNase Pchi
#40HN-#58 O 3.00/162.3 4.27/117.0 2.70/157.0
#400 -#58HN  2.57/139.6 3.64/140.1 2.19/159.7
#42HN-#560 1.86/171.9 2.41/122.4 2.35/143.1
#420 —-#56HN  3.86/106.5 2.81/103.7 3.84/136.4
#5THN-#800 1.90/145.7 1.81/176.3 3.86/143.8
#570 —#80HN 2.08/172.9 211/173.3 3.96/144.1
#59HN-#78 O 2.08/171.7 2.10/152.0 2.88/148.3
#5090 —-#78HN  1.99/163.7 1.86/172.3 1.94/165.7
#61 HN-#76 O 1.87/173.2 2.42/150.8 2.01/168.5
#6110 —-#T6 HN 387/ 975 4.54/107.4 3.56/129.4
#62 HN-# 66 O 2.07/156.5 3.30/127.6 1.95/159.6
#620 —#66HN  3.11/112.5 4.89/126.0 2.27/148.5
#T7THN-#900 2.25/142.2 2.17/145.2 2.16/155.2
#770 —-#90HN  2.04/163.2 1.95/163.7 2.00/163.6
#TIHN-#880 1.84/170.8 2.01/162.7 2.15/148.6
#T790 —-#88HN 2.13/164.8 2.09/163.2 2.25/166.3
#790 —-#87THN 2.09/136.1 2.54/119.1 2.09/143.7
#81 HN-#850 2.01/163.8 3.29/140.6 1.97/167.0
#8100 —#85SHN 3.58/177.0 - - 5.31/152.2
#91HN-#101 0  235/1478 1.85/166.5 2.41/144.0
#910 -#101 HN 1.90/167.2 2.07/164.5 2.04/163.9

This peptide group is rotated by ~180°, disrupting
the regular i to i + 4 hydrogen bonding scheme, and its
orientation is defined in the case of RNase Pch1l predicted
from Ms by Ala22¢ = —83°, ¥=119°/Gly 23 ® = 129°,
¥ = —64°. The values for RNase Pch1 predicted from T1
are Ala 22 &=-98°, ¥=106°/Gly 23 &=153°,
¥ = —48°. Compare Fig. 2a—d.

Gly 23 forms a hydrogen bond with one of the oxy-
gens of the negatively charged carboxy group of Asp 25,
which is also in contact with Leu 26 HN. The values for
RNase Pchi predicted from Ms are (Asp 25 OD1-Gly 23
HN 1.79 A, angle N-H..O 172 °/Asp 25 OD1-Leu 26
HN 2.03 A, 157°). The corresponding numbers for RNase
Pchi predicted from T1 are (Asp 25 OD1-Gly 23 HN
1.82 A, 164°/Asp 25 OD1-Leu 26 HN 2.54 A, 148°).

Residues thought to be involved in catalytic action of
RNases of the T1 family and which are conserved in pro-
and eukaryotic enzymes are Glu 58, Arg 77 and His 92
(Heinemann and Saenger 1983). Arg 77 is also of structur-
al interest, beyond its role in catalytic action which prob-
ably is to stabilize the transition state. It is an internal
residue with a solvent accessibility of 3 A% in RNase T,
4 A% in RNase Ms and 8 A% in RNase Pchl predicted
from Ms and 2 A2 for the RNase Pchl conformation
predicted from T1. The corresponding values for Glu 58
are 13 A%in T1, 8 A2 in Ms, 14 A? in Pchi form Ms and
12 A2 in Pch1 from TI.

Arg 77 and Glu 58, are located in the interior of the
catalytic center of the protein, the charges being stabilized
by the formation of a salt bridge. The distance between
the carboxyl oxygen of Glu 58 and the HE of Arg 77 is
1.83 A in T1, 222 A in Ms, 2.35 A in Pch1 from Ms and
1.94 A in RNase Pchl from T1. The hydrogen bonds
involving the guanidinium group of Arg 77 are almost
ideal in RNase Ms, T1 and Pchl (compare values in
Table 5).

The only difference is with the Arg 77 HH12. In
RNase T1 and both Pch1 models it bonds to Pro 73 O, in
RNase Ms its hydrogen bond partner is Gly 74 O. In
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Table 5. Hydrogen bond pattern of Arg 77 in RNase T1, Ms and
Pch1 Distances in Angstrom, angles between N—H..O in degrees

RNase T1 RNase Ms RNase Pchl
Arg 77 HE Glu58 OE2 Glu58 OE2  Glu 58 OE2
1.83/152 2.22/134 2.35/132
Arg 77 HH11 Asp 76 O Asp76 O Asp 76 O
1.84/176 2.15/165 2.12/170
Arg 77 HH12 Pro73 0 Gly 74 O Pro730
1.93/122 2.01/156 1.89/156
Arg 77 HH21 Gly74 O Gly74 0 Gly 74 O
2.27/137 2.05/150 2.04/142
Arg 77 HH22 Tyr 38 OH Tyr 38 OH Tyr 38 OH
2.15/149 2.26/145 1.93/162

RNase Ms a bifurcated hydrogen bond between Gly 74 O
and Arg 77 HH12 and HH21 occurs, which is not ob-
served in either RNase T1 or in the two predicted Pchl
conformations.

The internal location of Arg 77 in the catalytic site
raises the question whether additional interactions are
conserved. In all fungal RNases and in two prokaryotic
RNases of the T1 family the residue next to Arg 77 is Asp
76, which also is barely accessible to solvent. For RNase
T1 the static solvent accessibility of Asp 76 is 0.4 A2 for
Ms it is 6.8 A2, for Pch1 from Ms it is 1.0 A2 and for Pch1
from T1 the solvent accessible surface was calculated to
be zero. Coulombic interaction adds to the mutual stabi-
lization of Asp 76 and Arg 77.

The situation is slightly different for both RNase Pchi
conformations where Arg 63, which lies on the surface of
the protein, can form a salt bridge between its guanidini-
um group and the carboxy group of Asp 76.

A residue which also interacts with Arg 77 is Tyr 38.
It is conserved in all RNases of the Tt family and has a
low solvent accessibility in the structures of RNase T1,
Ms and Pch1 (T1 7 A2/Ms 22 A?/Pch1 from Ms 26 A2/
Pch1 from T1 38 A2). Tyr 38 is possibly conserved in the
fungal RNases because the hydrogen bond between Tyr
38 OH and Arg 77 HH22 is important. No other favour-
able hydrogen bonds can be formed by these atoms in all
predicted conformations.

IV. Conclusions

The amino acid sequence similarity of RNase Pchl to
RNase T1 is ~70%, compared to ~60% of RNase Ms to
both RNase T1 and RNase Pchi. For reasons described
in the outset, RNase Pch1 was also predicted based on the
template structure of RNase Ms — which itself had been
predicted from RNase T1.

Comparisons to future X-ray crystal structures of the
two predicted enzymes will elucidate how far one can
extend prediction techniques.

It is interesting to not that the discussed structural
features of the predicted conformations indicate a closer
relationship between the G-specific RNase T1 and Pchl,

compared to the G-preferential, base non-specific RNase
Ms.

Important in this context may be the change of the
hydrogen bond pattern of the His 40 peptide bond in
RNase Ms, which does not participate in a double f-
bridge to the peptide bond Glu 58. A reason for it could
be the interaction of the positively charged His 40 imidaz-
ole group with Asp 36 and Asp 37 in RNase Ms, which are
not present in RNases T1 and Pchl. Although no direct
interaction of the imidazole group and the carboxy
groups can be visualised, long-range electrostatic interac-
tions attract the sidechain of His 40 and thus also dislo-
cate the main chain of His 40. The His 40 peptide bond
HN in RNase Ms then interacts with Asp 37 O and not
with Glu 58 O.

In RNase Pch1 modelled from Ms, where no negative-
ly charged residues are in position # 36 and # 37, the
Force Field method reconstituted the f-bridge between
His 40 and Glu 58.

It is remarkable that the flip of the peptide group
between Ala 22 and Gly 23 in the a-helix occurred in both
RNase Pchl conformations, independent of the starting
template used for predictions. It is possibly due to the
vicinity of the negatively charged residue Asp 25. As far as
the specific conformation of Asp 25 in the predicted struc-
tures are concerned, it has to be noted that it is unlikely
that conformations of solvent accessible and charged
sidechains in the model sets represent the situation which
is actually found in solution, where they can extend to the
exterior and interact with solvent. Water had to be ex-
cluded from the minimization process in order to reduce
the required calculation time to a justifiable level. It
would be interesting to see whether such as disruption of
a regular helical pattern can be detected in the actual
crystal structure of RNase Pch1 which is still undeter-
mined. This would require high resolution crystallo-
graphic data to better than 3 A resolution in order to be
‘visible’.

The lack of water in the minimization process may
also account for the difference in total solvent accessibili-
ty of RNase Pch1 predicted from Ms and predicted from
T1. When proteins are minimized in the absence of water
a shrinking effect in total volume is observed. Since
RNase Pchl predicted from Ms represents a template
which had already gone through a minimization process
the subsequent minimization could have further reduced
the solvent accessible surface of RNase Pchl predicted
from Ms as compared to RNase Pchl predicted from the
RNase T1 crystal structure.

Since the structure of RNase Ms has been determined
by molecular replacement based on the RNase T1 crystal
structure, the main chain RMS differences between crystal
Ms and crystal T1 are available; they are 0.83 A (K. Naka-
mura, personal communication). The RMS difference be-
tween the predicted structure of RNase Ms and its crystal
structure for main chain atoms is 1.89 A which is in the
usual range if prediction techniques combined with force
field methods are compared with X-ray data. For the
energy minimized structure of RNase T1 the RMS differ-
ence for main chain atoms is 1.79 A when compared to the
crystal structure. Furthermore the RMS differences be-



tween either of the four energy minimized structures are
around ~2 A for main chain atoms, which is mainly due
to high discrepancies in loop regions for which there are
not yet any conclusive rules for modelling. Therefore pre-
dicting structures based on homologous structures
should be interpreted as a means of elucidating common
structural features instead of pinpointing at atomic posi-
tions.

The present study discloses that the predominant fea-
tures of the predicted structures of RNase Pchl are simi-
lar, independent of the templates, the model structure of
RNase Ms and the crystal structure of RNase T1. A num-
ber of structural features indicate a closer relationship
between either of the RNase Pchl conformations to
RNase T1. This is in agreement with the observed higher
sequence homology of RNases Pchl and T1, and the
identical specificities of the two enzymes. These results
show that the procedure of modelling proteins by homol-
ogy, when combined with energy minimization tech-
niques, can probably be reliably used for step by step
predictions of related structures. However, only by com-
parison with future crystallographic structures we will be
able to assess the bias introduced on the predicted struc-
tures by the selection of templates.
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