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Conformational strictness required for maximum
activity and stability of bovine pancreatic ribonuclease
A as revealed by crystallographic study of three
Phe120 mutants at 1.4 A resolution

ERI CHATANI,! RIKIMARU HAYASHI,' HIDEAKI MORIYAMA,? anp TATZUO UEKI?

'Division of Applied Life Sciences, Graduate School of Agriculture, Kyoto University, Sakyo, Kyoto 606-8502,
Japan
2Japan Synchrotron Radiation Research Institute (JASRI), SPring-8, Mikazuki, Sayo, Hyogo 679-5198, Japan

(RECEIVED August 2, 2001; FINAL RevisioN October 3, 2001; AccepTep October 8, 2001)

Abstract

The replacement of Phe120 with other hydrophobic residues causes a decrease in the activity and thermal
stability in ribonuclease A (RNase A). To explain this, the crystal structures of wild-type RNase A and three
mutants—F120A, F120G, and F120W—were analyzed up to a 1.4 A resolution. Although the overall
backbone structures of all mutant samples were nearly the same as that of wild-type RNase A, except for
the C-terminal region of F120G with a high B-factor, two local conformational changes were observed at
His119 in the mutants. First, His119 of the wild-type and F120W RNase A adopted an A position, whereas
those of F120A and F120G adopted a B position, but the static crystallographic position did not reflect either
the efficiency of transphosphorylation or the hydrolysis reaction. Second, His119 imidazole rings of all
mutant enzymes were deviated from that of wild-type RNase A, and those of F120W and F120G appeared
to be “inside out” compared with that of wild-type RNase A. Only ~1 A change in the distance between N,
of His12 and Ny, of His119 causes a drastic decrease in k_,,, indicating that the active site requires the strict
positioning of the catalytic residues. A good correlation between the change in total accessible surface area
of the pockets on the surface of the mutant enzymes and enthalpy change in their thermal denaturation also
indicates that the effects caused by the replacements are not localized but extend to remote regions of the
protein molecule.

Keywords: Crystal structure; ribonuclease A; active site; His119; thermal stability; accessible surface area

Bovine pancreatic ribonuclease (RNase A; EC 3.1.27.5;
Cuchillo et al. 1997; Raines 1998) is an endonuclease that
cleaves at the 3’-end of pyrimidine nucleosides. His12,
His119, and Lys41 comprise the catalytic site, and several

Reprint requests to: Dr. Rikimaru Hayashi, Division of Applied Life
Sciences, Graduate School of Agriculture, Kyoto University, Sakyo, Kyoto
606-8502, Japan; e-mail: hayashi@kais.kyoto-u.ac.jp; fax: 81-75-753-
6128.

Abbreviations: ASA, accessible surface area; CpA, cytidilyl-3',5'-
adenosine; C>p, cytidine-2',3'-cyclic monophosphate; RMSD, root-mean-
square deviation; UpA, uridilyl-3',5'-adenosine; U>p, uridine-2’,3’-cyclic
monophosphate.

Article and publication are at http:/www.proteinscience.org/cgi/doi/
10.1101/ps.31102.

other amino acid residues serve as substrate binding subsites
(i.e., Thr45, Asp83, and Phel20 in B1 subsite; Glnl1 in P1
subsite; and Asn71 and Glulll in B2 subsite). Phel20,
which not only occupies a part of the B1 binding subsite
(delCardayre and Raines 1994) but also is located close to
the active site, plays an important role in the construction of
the active site for efficient catalysis (Hayashi et al. 1973;
Tanimizu et al. 1998; Chatani et al. 2001). We postulated
that Phe120 plays a role in retaining the unique properties of
His12 and His119 as well as some other functionally im-
portant amino acid residues, such as Asp121 (Cederholm et
al. 1991; Quirk et al. 1998; Schultz et al. 1998b), Lys7,
Argl0, and Lys66 (Boix et al. 1994; Fisher et al. 1998), and
the disulfide bridges Cys65-Cys72 and Cys40-Cys95
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(Klink et al. 2000). In our previous study, it was shown that
the mutagenic replacement of Phe120 had no effect on the
pK, of either His12 or His119 but caused a significant de-
crease in the rate of carboxymethylation by bromoacetate
and iodoacetate at pH 5.5 with a concomitant decrease in
activity, indicating that the mutagenic replacement of Phe120
affects the spatial positions of His12 and/or His119 (Chatani et
al. 2001). At the same time, Phel120 also appeared to be im-
portant in maintaining a stable protein structure.

In this study, to investigate if the change in spatial posi-
tions of the two histidine residues is in fact caused by the
replacement of Phe120 and if a conformational change does
occur in the Phel20 mutant enzymes, the degree of the
conformational changes—detailed conformational changes
with respect to His12 and Hisl119—as the result of muta-
genic replacement of Phe120 were evaluated via an analysis
of the crystal structures of F120A, F120G, and F120W mu-
tant RNase A by X-ray crystallography at high resolution.
Because a subtle conformational change could have an ef-
fect on catalytic activity, as has been previously suggested,
wild-type RNase A was also crystallized under the same
condition as other mutant enzymes, and its structure was
used for a precise comparison with the mutant RNase A
samples.

Results

Crystallization, data collection,
and structural refinement

The crystals of wild-type, F120A, F120G, and F120W
RNase A appeared within a day and grew to a size of

Table 1. Statistics of data collection and structure refinement

~150 x 150 x 150 pm. We also attempted to crystallize
F120L mutant RNase A, the activity, thermal stability, and
carboxymethylation rate of which were also analyzed in our
previous study (Chatani et al. 2001), but only a cluster of
fine needle crystals was obtained in the similar condition as
that of the wild-type RNase A. A single crystal was once
obtained, but this was not reproducible and we could not
obtain enough data.

The crystals of the wild-type and all mutant RNase A
(F120A, F120G, and F120W RNase A) belonged to space
group P3,21, with similar values of unit cell dimensions
(Table 1). The highest resolution of data obtained in this
study was 1.35 A for the wild-type enzyme, 1.0 A for the
F120A and F120W enzymes, and 1.2 A for the F120G
enzyme. The statistics of the data collection were judged to
be fit for use as listed in Table 1.

The structures were refined by rigid-body, positional,
slow-cool, and b-refinement in X-PLOR. At a refinement of
up to the 2.0-A resolution, ~30 water molecules were picked
up and followed by continuous structural refinement. Ulti-
mately, 115 to 238 water molecules were picked up. The
fitness of electron density was evaluated with a model that
was constructed at each step during the refinement. Manual
corrections were performed by checking the 2Fo — Fc map
and Fo — Fc map. All structures were refined up to a maxi-
mum resolution of 1.4 A. The R-factor was 20% to 22% in
all enzymes (Table 1). Differences between Ry, and R,
were <5.5% in all cases. The electron density at position
120 in the F120A, F120G, and F120W mutant RNase A
indicated that the mutagenic alteration of Phe120 to alanine,
glycine, and tryptophan, respectively, had been accom-

Enzyme Wild type

F120A

F120G F120W

Data collection
Space group
Unit cell dimension (A)

P3,21

a=b=06405c=6336 a=b =16366,c=06349 a=b=6373,c=06349 a=>b = 63.90,c = 63.33

(deg) vy = 120 vy = 120 vy = 120 vy = 120
X-ray source SPring-8 BL40B2 SPring-8 BL44B2 SPring-8 BL40B2 SPring-8 BL44B2
Wavelength (A) 0.968641 0.7 0.7 0.7

Detector Rigaku RAXIS IV++ IP ADSC Quantum 4R CCD Rigaku RAXIS IV ++ I[P ADSC Quantium 4D CCD
Mount Cryo protectant (300 mg/ml trehalose)
Maximum resolution (A) 1.35 1.00 1.20 1.00
Data collection resolution (A) 55.5-1.35 16.8-1.00 41.7-1.20 16.8-1.00
Number of total reflections 241,908 1,446,353 404,905 886,320
Number of unique reflections 33,471 80,089 41,727 80,099
Completeness (%) 98.8 99.7 88.8 99.6
Average /o 14.3 36.9 12.6 34.9
merge 0.05 0.07 0.04 0.06
Structure refinement
Refinement resolution (A) 6.00-1.40 5.00-1.40 6.00-1.40 6.00-1.40
R-factor 0.204 0.201 0.210 0.218
R-free 0.242 0.254 0.265 0.272
RMS (bond distances) (A) 12 1.2 1.1 1.2
RMS (bond angle) (deg) 0.006 0.005 0.005 0.005
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plished. The completed coordinates of the wild-type,
F120A, F120G, and F120W RNase A have been deposited
to the Protein Data Bank (PDB) with the PDB codes 1FS3,
1EIC, 1EID, and 1EIE, respectively.

Overall backbone structures

The overall backbone structures of F120A and F120W
RNase A were very similar to that of wild-type RNase A,
except for the loop regions (Fig. 1), where the B-factors
were higher than that of other regions of the wild-type and
mutant RNase A (Fig. 2), indicating flexibility in the loop
regions. The backbone structures of the C-terminal regions
(residues 120 to 124) of F120A and F120W were well su-
perimposed, but the backbone structure of the F120G RNase
A deviated from that of the wild-type RNase A, despite
good superimposition of the residual structure. The B-fac-
tors of the C-terminal region in F120G RNase A increased
by ~20 A? relative to that in wild-type RNase A, whereas
those in F120A RNase A were only slightly larger than that
in wild-type RNase A (Fig. 2).

Substrate binding sites

Amino acid residues comprising the B1, B2, and P1 sub-
strate binding subsites revealed no significant conforma-
tional changes by the replacement of Phel20 with alanine,
glycine, and tryptophan, as shown in Figure 3. Asp83 and
Glulll were not well superimposed, but these positional
changes were not caused by the replacement of Phel20
because their positions are sensitively affected by crystalli-

N-terminus

Loopl

Fig. 1. Superimposition of the backbone structures of wild-type and mu-
tant RNase A. This figure was drawn with the MOLSCRIPT program
(Kraulis 1991). Yellow, red, green, and cyan are wild-type, F120A, F120G,
and F120W enzymes, respectively. Loops 1, 2, 3, and 4 represent the loop
regions of 15-25, 34-41, 65-72, and 87-97, respectively.

74 Protein Science, vol. 11

zation conditions as seen by the coordinates of RNase A
deposited to the PDB. The spatial position of amino acid
residues at the position of 120 showed only slight differ-
ences among the wild-type and mutant enzymes as judged
by root-mean-square deviation (RMSD) values: The RMSD
values of the C, carbon at the position of 120 between
wild-type RNase A and F120A, F120G, or F120W RNase A
were 0.21 1&, 0.43 1&, and 0.30 A, respectively. The RMSD
values of the Cg carbons between wild—tcype RNase A and
F120A or F120W enzymes were 0.28 A and 0.57 A, re-
spectively. The benzene ring of Phel20 in the wild-type
RNase A and the indole ring of Trp120 in F120W RNase A
also orientated very similarly (x, and x, of His119 in the
wild-type RNase A were 173° and —85°, respectively, and
those in F120W RNase A were —168° and —90°, respec-
tively). The B-factors of Trp120 in F120W RNase A and
Phe120 in the wild-type RNase A remained the same. How-
ever, the B-factors increased as Phe120 was substituted with
smaller hydrophobic residues, in the order of phenylalanine,
alanine, and glycine (Fig. 2).

Catalytic residues, Hisl2, Lys41, and Hisl19

Positional changes in the catalytic residues of His12 and
Lys41 were less than those observations among wild-type
and mutant RNase A (Fig. 3), and their B-factors were also
similar (Fig. 2).

The main-chains of His119 in the wild-type and Phe120
mutant RNase A coincided well, whereas side-chains of
His119 in mutant RNase A deviated from the original po-
sitions, as shown in Figure 3. In addition, although His119
in the wild-type and F120W RNase A were in the A position
and directed toward position 120, His119 in F120A and
F120G RNase A were in the B position and directed toward
position 118 (Fig. 4; see Discussion for A and B positions
of His119).

The position of His119 in F120W RNase A, which as-
sumes the A position, was compared with that in wild-type
RNase A, which also assumes the A position: The ¢ and {s
angles of His119 in the wild-type (141° and —158°, respec-
tively) and F120W RNase A (140° and —156°, respectively)
were very similar, but the x; and x, angles of His119 in
wild-type (156° and 87°, respectively) and F120W RNase A
(—=177° and —118°, respectively) were clearly different. It is
interesting to note that the face of the imidazole ring in
F120W RNase A appeared to turn inside out in the present
model (Fig. 4), although this conclusion is tentative because
it is impossible to distinguish N from C atoms of the imid-
azole ring by the present electron density map. When the
imidazole ring of His119 in F120W RNase A was rotated by
180° from the original face in a manual operation using
computer graphics, followed by energy minimization, the
ring failed revert to the orientation that existed before the
manual operation. On the other hand, an original hydrogen
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Fig. 2. B-factor of wild-type and mutant RNase A. Loops 1, 2, 3, and 4 correspond to those in Fig. 1. Atoms of the side-chain at 120
are omitted from the plots. (/nset) An enlargement of the C-terminal regions. Wild-type, F120A, F120G, and F120W RNase A are

drawn with black, red, green, and blue, respectively.

bond between N, of His119 and Oy, of Aspl21, which is
important in orientating the proper tautomeric form of
His119 (Cederholm et al. 1991; Quirk et al. 1998; Schultz et
al. 1998b), was lost in F120W even if the imidazole ring of
F120W was rotated by 180° (Fig. 4), supporting the validity
of our present proposed structure.

The position of His119 in F120A and F120G RNase A,
which are in the B position, were compared with that of
wild-type RNase A in B position determined by Zegers et al.
(1994; PDB identification code 1RPH). The ¢ and {s angles
of His119 (in the B position) in the wild-type (134° and
—152°, respectively), F120A (146° and —155°, respec-
tively), and F120G RNase A (151° and —151°, respectively)
were all similar. However, the x; and x, angles of His119
for the wild-type (-54° and -51°, respectively), F120A
(=72° and —45°, respectively), and the F120G RNase A
(—66° and 126°, respectively) were different from each
other. The His119 imidazole ring of F120G RNase A also
turned inside out as did that of F120W (Fig. 4). Opposed to
the case of F120W RNase A, however, this inside-out ori-
entation was preferred to the original orientation of the
wild-type RNase A, probably because of a hydrogen bond
between Ny, of His119 and a water molecule (Fig. 4). The
B-factor of His119 in F120G RNase A was higher than that
of wild-type and F120A RNase A.

Cavities or pockets

Cavity and pocket sizes of wild-type and three mutant en-
zymes, and RNase A in which His119 occupies B position
(1IRPH), were analyzed by CASTp program (Liang et al.
1998) with a solvent probe of 1.4 A. As a result, although no
cavity was detected, 8 to 12 pockets were found in all crys-
tal structures, as shown in Table 2. The pockets were dis-
persed all over the protein surface. Phel20 of wild-type
(1FS3), Phel20 of wild-type (1RPH; Zegers et al. 1994),
Alal120 of F120A, Gly120 of F120G, and Trp120 of F120W
belonged to the pockets 7, 10, 8, 9, and 11, respectively
(Table 2).

Discussion

Even subtle conformational changes in the three Phel20
mutant RNase A were detected by the crystallographic
structural analysis up to 1.4-A resolution with reasonable
statistical values. The mutagenic replacement of Phel20
caused a positional change in His119, whereas the B1, B2,
and P1 substrate binding subsites remained the same. This
finding is consistent with our previous results based on ki-
netic studies on cytidilyl-3',5’-adenosine (CpA) and cyti-
dine-2’,3"-cyclic monophosphate (C>p) and inhibition by

www.proteinscience.org 75
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Mutated posifgj;gg (i"“ QL.
N\ 7 = i

T h

Fig. 3. Stereo view of the superimposed structures of the active site in the wild-type and mutant RNase A. This figure was drawn with
the MOLSCRIPT program (Kraulis 1991). Backbone structure of wild-type RNase A is drawn in the form of a white tube. Ball-and-
stick models show the coordinates of GInll1, His12, Lys41, Thr45, Asn71, Asp83, Glul1l1, His119, and amino acid residue at the

position 120. Yellow, red, green, and cyan are wild-type, F120A, F120G, and F120W RNase A, respectively.

phosphate anion. Unexpectedly, the mutagenic alternation
of Phel20 results in no change in the spatial position of
His12, even though the benzene ring of Phel20 and the
imidazole ring of His12 face each other within a distance of
4.5 A, which is sufficiently short to make a cation-aromatic
interaction possible (Rico et al. 1986; Shoemaker et al.
1990; Loewenthal et al. 1992). This fact is consistent with
the previous report that the mutagenic replacement of
Phe120 does not lead to a change in the pK, of His12. It had
been suggested that Phe120 stabilizes the transition state of
the RNase A reaction by mr-electron stacking between
Phe120 and substrates (Zegers et al. 1994; Tanimizu et al.
1998). However in the present case, the k., value of F120W
mutant RNase A—in which the indole ring of Trp120 is
orientated similarly with the benzene ring of Phel20 in
wild-type RNase A, and therefore m-electron stacking be-
tween the indole ring of Trp120 and the substrate is possibly
made—decreases, without supporting this suggestion. Un-
der these considerations, it can be concluded that the posi-
tional change of His119 induced by the mutagenic substi-
tution of Phe120 is a major cause in decreasing the activity.

The positional change of Hisl19 by mutagenic
replacement of Phel20

It has been suggested that His119 position of RNase A
fluctuates between the A and B positions in the aqueous

76 Protein Science, vol. 11

Waler molecule
(F120G)

1 wild type (A position) i

L1 wild type (B position, I RPH} ;
B 5204 ’
N F120G
N F120W

Aspl21

Fig. 4. Superimposition of His119 side-chains of wild-type and mutant
RNase A. Yellow, red, green, cyan, and white are wild-type (A position),
F120A (B position), F120G (B position), F120W (A position), and wild-
type (B position; PDB code 1RPH) enzymes, respectively. Nitrogen and
oxygen atoms in His119 and Asp121 are colored by blue and red, respec-
tively. A water molecule observed near the His119 of F120G RNase A is
also shown in green. Dashed lines show hydrogen bonds connected with
the His119 side-chains.
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Table 2. Accessible surface area of pockets detected by CASTp program®

Pocket Wild type Wild type
no. (His119 takes A position) (His119 takes B position)® F120A F120G F120W
1 6.835 0.064 0.184 0.006 0.181
2 10.823 0.013 0.017 0.011 0.022
3 10.195 0.030 4.442 1.581 1.178
4 4.546 0.028 14.260 13.120 0.102
5 26.683 0.934 19.791 25.332 1.082
6 21.007 2.466 45918 23.093 10.120
7 71.228¢ 16.940 28.422 50.264 9.290
8 113.146 23.072 173.518° 94.850 8.063
9 — 17.275 — 164.66° 18.312
10 — 55.399¢ — — 21.601
11 — — — — 39.737¢
12 — — — — 96.462
Total accessible surface
area (ASA 1) 264.463 116.221 286.552 372917 206.15
AASA, ¢ 0 0 170.331  256.696 -58.313

total

2 Unit in A2,

® Calculated from the crystal structure of PDB code 1RPH (Zegers et al. 1994) from which His119 at A position was

deleted.

¢ Accessible surface area of the pocket to which side chain at the position 120 belongs.

4 AASA,

total

= ASA g ™ — ASA, o V19 P, The value 264.463 was used as ASA,,,, wild type in the case of F120W

in which His119 takes A position, and 116.221 in the case of F120A and F120G in which His119 takes B position.

solution. In the crystal state, the location of His119 is visible
in A and/or B positions, depending on the crystallization
conditions (Borkakoti et al. 1982; Wlodawer et al. 1982;
Martin et al. 1987). Although the wild-type and mutant
RNase A were crystallized under similar conditions, in
which it would be expected that His119 of all enzymes
assumed the A position, the His119 imidazole rings of wild-
type and F120W RNase A assumed the A position; those of
F120A and F120G RNase A, the B position. A hydrogen
bond between His119 and Aspl121 in the wild-type enzyme
(de Mel et al. 1992) is not essential in favoring the A po-
sition because His119 in the F120W mutant does not con-
tain this hydrogen bond but still assumes the A position. An
increase in salt concentration or a decrease in pH favors the
B position of His119 in the wild-type RNase A (de Mel et
al. 1994b; Fedorov et al. 1996), indicating that a possible
ionic interaction between the r-electron of Phel20 and the
imidazole ring of His119 makes the A position of His119
preferable. Such ionic interaction could be present between
the m electrons of the indole ring of Trp120 in F120W but
not in the F120A and F120G enzymes, which favor the B
position over the A position in the crystal. However, this is
not the case for an aqueous solution, in which His119 of all
the Phel120 enzymes would fluctuate between the A and B
positions because the transition energy is very low (de Mel
et al. 1994b). Thus, in the substrate-free state, the location
of His119 at the A or B position is a crystallographic artifact
and can be ignored in the case of an aqueous solution.
When wild-type RNase A is complexed with d(CpA) and
3’-CMP, the His119 assumes the A and B positions, respec-
tively (Zegers et al. 1994), indicating that the His119 posi-

tion changes during the reaction process, that is, the A po-
sition during transphosphorylation and the B position for the
case of the hydrolysis reaction (Borkakoti 1983). However,
this is inconsistent with the present result because k,, of the
F120W and F120A mutant RNase A was affected more in
the hydrolysis reaction than in the transphosphorylation,
whereas the k., for the F120G enzyme was more affected in
the transphosphorylation reaction than in the hydrolysis re-
action (Chatani et al. 2001). These results show that the
preference of the His119 positions is not reflected in the
total enzyme activity. It is reasonable to conclude that
His119 exists in one position during the two continuous
reactions, consistent with a recent proposal made by Schultz
et al. (1998b).

The possibility has been suggested that the face of His119
in F120W RNase A is rotated by 180° from that of wild-
type enzyme, which is probably caused by the loss of a
hydrogen bond between Asp121 and His119. The hydrogen
bond is thus important in preventing the rotation of the
imidazole ring but is not significant in maintaining the
proper pK, of His119 because the pK, of His119 in F120W
RNase A was at the same level (Tanimizu et al. 1998). But
the flipping of His119 should be confirmed with an addi-
tional experiment at higher resolution or by nuclear mag-
netic resonance study for concluding the role of the hydro-
gen bond between Aspl21 and His119.

The face of His119 (B position) in the F120G RNase A
crystal is also rotated by 180°. When the crystal structure of
the F120G enzyme in which His119 assumes the A position
is determined, this will clarify the issue of whether the
rotation is also caused by the loss of the hydrogen bond.

www.proteinscience.org 77



Chatani et al.

However, when the side-chain of His119 is rotated around
X; and x, to dihedral angles of ~159° and —137°, respec-
tively, which are the rotation angles from the B position to
the A position in the case of wild-type RNase A, and the
imidazole ring then turns inside out (180° rotation), no hy-
drogen bond was formed between Aspl21 and His119.
Therefore, the rotation of His119 in F120G is possibly
caused by the loss of the hydrogen bond. Even if N_, of
His119 in the A position and the Oy, of Aspl121 of F120G
RNase A is sufficiently close for forming a hydrogen bond,
the high flexibility of His119 in F120G RNase A (see B-
factor in Fig. 2) prevents the formation of a hydrogen bond
between His119 and Aspl21.

Relationship between the distance from N,
of Hisl2 to Ny, of His119 and activity

It has been known that the two nitrogen atoms N, of His12
and Ny, of His119 participate in catalysis as an acid and
base (Cuchillo et al. 1997; Raines 1998). We previously
estimated that positional changes in His12 and/or His119
lower activity in Phe120 mutant enzymes from our results
of carboxymethylation experiments, and in this study, we
found a correlation between the deviation in distance from
N,, of Hisl12 and Nj, of His119 in the free form and en-
zyme activity (Table 3): As the absolute deviation increases,
the activity decreases. Here, it should be noted that the
highest deviation was only 1.3 A (F120G), which results in
a decrease in 93.3% of k_,, for CpA. Although the scale of
the deviation was much smaller than expected, the similar
correlation is also observed in the other sets of mutant en-

zymes, that is, D121N and D121A and in semisynthetically
prepared F120Y and F120L RNase A (it should be noted
that the pK, of His12 and 119 of these mutant enzymes are
the same as that of the wild-type enzyme; de Mel et al.
1994a; Schultz et al. 1998b), all of the deviations of which
were <1.0 A (Table 3). The obvious correlations shown in
Table 3 indicate the possibility that a 1-A deviation might
drastically reduce activity. This conclusion is very surpris-
ing, because the flexibility of the active site of enzymes, the
so-called induced fit, has been known to the active site of
RNase A from the nuclear magnetic resonance and X-ray
crystallographic studies, in which the active site conforma-
tion changed by substrate binding (Arus et al. 1982), and the
temperature factors were lowered by the low temperature,
accompanied by the loss of activity (Rasmussen et al. 1992).
Even if a 1-A deviation could be diminished by the induced
fit, the obvious correlation between the deviation in distance
from N, of His12 and Njy; of His119 in the free form of
enzymes and enzymatic activity indicates that the dimin-
ished deviation might still drastically reduce activity,
namely, such conformational flexibility does not cover the
1-A deviation to result in a dramatic decrease in activity.
The active site of RNase A seems to involve two contrary
features at the same time: flexibility and strictness. Attempts
to determine the crystal structures of complexes with sub-
strate analogs are underway to analyze the degree of the
deviation after the induced fit to accept the substrate.

A decrease in RNase A activity had been ascribed to the
conformational change of the 65-72 loop region, according
to the experimental results used by semisynthetic F120L,
D121N, and D121A RNase A (de Mel et al. 1992, 1994a).

Table 3. Distance between N, of His12 and Ny, of His119, and k., in wild-type and mutant RNase A

Position Distance?
Enzyme of His119 (A) Substrate Kea (%) Reference
Wild type* A 6.4 CpA, C>p, UpA, U>p 100
F120W* A 7.5 (+1.1) CpA 26°
C>p 8.5¢
Wild type (1IRPH)® B 7.4 CpA,C>p 100 Zegers et al. 1994
F120A° B 6.6 (—0.8) CpA 72¢
C>p 23¢
F120G® B 8.7 (+1.3) CpA 6.7
C>p 14.4¢
DI121IN (3RSD)* A 6.3 (-0.1) UpA 21 Schultz et al. 1998b
U>p 42
DI121A (4RSD)? A 5.8 (-0.6) UpA 34 Schultz et al. 1998b
U>p 5.1
Wild type (1-118:111-124)(1SRN)© B 7.3 C>p 100 Martin et al. 1987
F120Y (1-118:111-124)(1SSB)* B 6.9 (-0.4) C>p 85 de Mel et al. 1994a
FI20L (1-118:111-124)(1SSA)° B 6.8 (-0.5) C>p 13 de Mel et al. 1994a

“ The structures of F120W, D121N, and D121A enzymes were compared with that of wild-type RNase A determined in this study.

® The structures of F120A, and F120G enzymes were compared with that of 1RPH wild-type RNase A.

¢ The structures of F120Y, and F120L semisynthetic RNase A were compared with that of 1SRN wild-type semisynthetic RNase A.

4 Distance between N,, of His12 and Nj, of His119. Value in parenthesis shows the difference in the distance from that of wild-type RNase A.
¢ k., data were taken from our previous papers (Tanimizu et al., 1998; Chatani et al. 2001).
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This also appears to be supported by the present results, in
that the loop region of the three Phel120 mutant RNase A
appears to move away from the active site. However, the
degrees of this movement in F120A, F120G, and F120W
(i.e., 0.40, 0.55, and 0.34 A, respectively) show no correla-
tions with a decrease in activity. Moreover, all of the mutant
enzymes maintain a hydrogen bond of similar length be-
tween the main-chain N of Lys66 and Og, of Aspl121. Be-
cause loop regions are usually flexible, as evidenced by
their high B-factor (Fig. 2), the observed conformational
differences in the loop regions of the present mutant en-
zymes are within experimental error. Thus, it can be con-
cluded that the decrease in activity in mutant RNase A at
Phel120 can be ascribed not to conformational changes in
the loop region but rather to the shift of His119. At pH 2.2,
the loop region of RNase A moves away from its C termi-
nus, accompanied by a significant disorder in the C-terminal
region (Ratnaparkhi and Varadarajan 1999). This shows
that the conformation of the loop and the C-terminal regions
cooperatively changes as the result of the mutation at
Phel120, located in the C terminus.

Relationship of B-factor at C-terminal region
with activity and stability

A larger decrease in the activity of F120G RNase A than
would have been expected may be owing to not only the
positional change in His119 but also an increase in the
B-factor of His119 (Fig. 2). An increase in flexibility lowers
the probability of juxtaposing His119, leading to a decrease
in activity.

The flexibility of the C-terminal residues also affects con-
formational stability, because the B-factor around the C-
terminal region increases as Phe120 is replaced by smaller
hydrophobic residues in the order of F120G > F120A > wild
type > F120W. This is the same order with entropy values
of thermal denaturation. It is therefore entirely possible that
the entropy change is the result of a change in flexibility in
the C-terminal region, which is, in turn, the result of the
replacement of Phel20.

Correlation of accessible surface area
with thermal stability

A linear correlation between the accessible surface area
(ASA) of a cavity and thermal stability has been reported
for some proteins (Eriksson et al. 1992; Takano et al. 1997;
Coll et al. 1999). The Phe120 mutant RNase A used herein
showed a linear correlation between the change in ASA of
the pocket to which the amino acid residue at 120 belongs
(AASA,, ) and AAH for thermal denaturation (Chatani et
al. 2001), with a correlation coefficient of 0.92 (Fig. 5a). A
better correlation was obtained between the change in to-
tal ASA of all pockets (AASA,,,,;) and AAH, with a corre-
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Fig. 5. Correlation of AAH in thermal denaturation with AASA ;. (the
change in the accessible surface area of the pocket to which amino acid
residue at the position 120 belongs; a) and with AASA,,,; (b). The lines
were obtained by the least-squares method with correlation coefficients of
0.922 and 0.975, respectively.

lation coefficient of 0.97 (Fig. 5b). In addition, a good
linear correlation exists between AASA,,,, and the ASA of
amino acid residue itself occupying the position 120
(AASA , hino acid at 1205 Miller et al. 1987), with a correlation
coefficient of 0.99 (Fig. 6). These facts indicate that the
change in volume at the position 120 as the result of the
mutation affects not only the neighborhood of the substi-
tuted position but also the entire protein molecule, and these
widespread conformational deviations cause the changes in
enthalpy and entropy, thus destabilizing the protein struc-
ture. Phel20 appears to interact with a number of other
amino acid residues as a part of the network of noncovalent
bonds to build up the strict conformation of RNase A, which
produces not only the maximum activity but also the opti-
mum conformational stability of RNase A.

In conclusion, the decrease in activity is caused by only
a slight displacement and increase in the flexibility of
His119. The entropy factor in the conformational stability is
caused by an increase in flexibility in the C-terminal region.
Thus, Phel120 is important in fixing the proper spatial po-
sition of His119 near the C-terminal region for efficient
activity. The side-chain of Phel20 is in the backside of
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(1987) The line is obtained by the least-squares method with a correlation
coefficient of 0.99.

His119 and directs it toward a hydrophobic core. Thus, it is
natural that Phel120 interacts not directly with His119 but
with the hydrophobic core. The replacement of Phe120 with
other amino acid residues would affect the hydrophobic
core, thereby changing the position of His119. Such an in-
direct effect would also accompany the positional change of
Aspl21, and a hydrogen bond between His119 and Asp121
would be lost. Moreover, subtle conformational changes
range over the entire protein molecule, thus causing a de-
crease in stability by the replacement of Phel20 and indi-
cating the delicate nature of the protein conformation.

Materials and methods

Materials

F120A, F120G, and F120W mutant RNase A were produced and
purified as previously described (Chatani et al. 2001). Commercial
RNase A (type III-A, Sigma) was used as wild-type enzyme.

Crystallization

The purified enzyme solution was diluted with water 1000-fold
and concentrated to 24 mg protein/mL. Wild-type and mutant
RNase A were crystallized by the hanging-drop vapor-diffusion
method according to Schultz et al. (1998a) with minor modifica-
tions: A 6-pL drop containing the protein solution and the reser-
voir solution in a ratio of 1:1 were equilibrated against 1.0 mL of
the reservoir solution, which contained 100 mM sodium acetate
buffer (pH 6.0), 30% to 35% (v/v) of saturated ammonium sulfate
(35% for F120W RNase A, 34% for F120A RNase A, and 30% for
wild-type and F120G RNase A), and 50% (v/v) of saturated NaCl
by incubating at 25°C.
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Data collection

X-ray diffraction data of F120W and F120A mutant RNase A were
collected with an ADSC Quantum 4R CCD detector system at
SPring-8 BL44B2 (Hyogo, Japan). X-ray diffraction data for the
wild-type and F120G mutant RNase A were collected with a
RIGAKU RAXIS IV++ imaging plate detector system at SPring-8
BL40B2 (Hyogo, Japan). During the data collection, the crystals
were cooled to 100 K with a stream of nitrogen gas. Data from
CCD detector system and the imaging plate detector system were
processed and scaled using the MOSFLM program in Collabora-
tive Computational Project No. 4 (1994) and the DENZO program
(Otwinowski and Minor 1997), respectively. Details of the data
collection are listed in Table 1.

Refinement of the crystal structure

The molecular structure was determined by the molecular replace-
ment method using the X-PLOR program (Ver. 3.81; Briinger
1992). The coordinate of the PDB code 1RNM, which was
stripped of all solvent molecules, was used as a starting model. The
geometry of the main-chain and side-chains was analyzed using
the PROCHECK program (Laskowski et al. 1993). The model was
adjusted manually in the O program (Jones et al. 1991). After
several cycles of least-square refinements and manual adjustments,
water molecules were added to the model. In analyzing conforma-
tional change as the result of the mutagenic replacement of
Phe120, the structures of wild-type and mutant RNase A were
superimposed by use of backbone atoms using the Swiss-Pdb-
Viewer program (Guex and Peitsch 1997).
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