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To clarify the specific role of Phel20 in bovine pancreatic ribonuclease A (RNase A),
changes in the thermal stability and activity of F120L, F120A, F120G, and F120W were
analyzed with respect to some thermodynamic terms, Le., Gibbs free energy, enthalpy,
and entropy. The structural destabilization of F120L, F120A, and F120G was due to a
decrease in AHm with a parallel decrease in amino-acid volume at position 120, while the
destabilization of F120W can be ascribed to an increase in ASm accompanying an in-
crease in AHm, showing that the size of Phel20 produces an optimum balance of confor-
mational enthalpy and entropy for achieving the maximal structural stability. Moreover,
the replacement of Phel20 affects activity. The increase in K^ showed that the hydro-
phobicity and TI electron of Phel20 are important factors in substrate binding. The
decrease in k^ was predicted to be due to positional changes of the side chains of His 12
and/or Hisll9. The positional changes were successfully detected by the rate of car-
boxymethylation by iodoacetate or bromoacetate, which correlated very well with de-
creases in activity, supporting the view that Phel20 also plays an important role in de-
termining the position of Hisl2 and/or Hisll9 in order to achieve efficient catalysis.

Key words: carboxymethylation rate, hydrophobicity, phenylalanine, TT electron, RNase
A.

Bovine pancreatic ribonuclease A (RNase A) [EC 3.1.27.5]
is an endonuclease that cleaves at the 3'-end of pyrimidine
nucleosides. Two histidine residues, Hisl2 and Hisll9,
function in the catalysis as an acid and a base in an in-line
mechanism, and Lys41 stabilizes the transition state (1-3).
Six substrate binding subsites, P0, Pi, P2, Bl, B2, and B3,
have been identified thus far and participate in substrate
binding, i.e., Lys66 at P0, Glnll, Phel20, and Aspl21 at
PI, Lys7 and ArglO at P2, Thr45, Asp83, and Phel20 at
Bl, Asn71 and Glul l l at B2 (2, 3). Other amino acid resi-
dues also assist the catalytic residues: Asnl21 maintains
the proper tautomeric form of Hisll9 via hydrogen bonding
(4-6), and two disulfide bonds, Cys40-Cys95 and Cys65-
Cys72, are important for retaining catalytic activity (7).
Three residues located at the substrate binding site, Lys7,
ArglO, and Lys66, influence the pK, values of Hisl2 and
His 119 for optimum catalysis (8, 9).

Phel20 is located in the vicinity of Hisl2 and Hisll9,
and contributes to substrate binding at the PI and Bl sub-
sites (10-13). A previous study showed that not only K^ but
also kM were affected as the result of the mutagenic re-
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placement of Phel20 by other amino acid residues. This re-
sult indicates that Phel20 also contributes to catalysis (23).
It is predicted that Phel20 may be important for maintain-
ing the effective catalytic residues (23).

In this paper, in order to clarify the specific role of Phe-
120, F120G as well as F120L, F120A, and F120W mutant
RNase A (see Ref 13) were newly prepared by the muta-
genic replacement of Phel20, and their activities, thermal
stabilities, and changes in the pKB of Hisl2 and Hisll9
were compared with those of the wild-type enzyme by in-
troducing energetic terms. As a strategy for evaluating the
positional change of Hisl2 and Hisll9 caused by the muta-
genic replacement of Phel20, carboxymethylation of the
wild-type and mutant RNase A by bromoacetate or iodoace-
tate has also been examined: the carboxymethylation of
RNase A occurs only at either Hisl2 or Hisll9 at pH 5.5-
6.0, producing l-CM-His-119RNase A and 3-CM-His-
12RNase A (14, 15) in a unique yield ratio (16-21). The car-
boxymethylation requires the strict orientation of the alky-
lating reagent at the active site and it would be expected
that even small changes in the active site of RNase A
would be reflected in the rate of carboxymethylation (18,
19, 21-24).

MATERIALS AND METHODS

Materials—A DNA fragment coding the RNase A se-
quence was amplified from plasmid pSJII165, which was
kindly provided by Prof H A Scheraga of Cornell Univer-
sity, New York, USA Using this DNA fragment, a plasmid
for the expression of RNase A was constructed according to
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the method of delCardayre et al. with minor modifications
(25, 26). Escherichia coli strain BL21(DE3) [F~ ompT hsdSB

(rB-mB-) gal dcm (DE3)] was obtained from Novagen (Mil-
waukee, USA). Oligonucleotddes were synthesized by Japan
Bioservice (Saitama). The Quickchange Site-Directed
Mutagenesis Kit was obtained from Stratagene Cloning
Systems (California, USA). The ABI Prism Big Dye™ Ter-
minator Cycle Sequencing Ready Reaction DNA Sequenc-
ing Kit was purchased from Perkin Elmer (California,
USA). IPTG and DTT, which were used in the E. coli ex-
pression system, were obtained from Nacalai Tesque
(Kyoto). Commercial RNase A from Sigma (Type I-A, Mis-
souri, USA), used as a control, was further purified by an
FPLC apparatus equipped with a Mono S HR 5/5 column
from Pharmacia (New Jersey, USA). A BCA assay kit was
purchased from Pierce (Illinois, USA). Iodoacetate and bro-
moacetate were purchased from Nacalai Tesque and fur-
ther purified by distillation under reduced pressure. CpA
and C>p were purchased from Tokyo Kagaku Kogyo
(Tokyo) and Nacalai Tesque, respectively.

Mutagenesis—Mutant plasmids for the expression of
Phel20 mutant RNase A, F120A, F120G, and F120W were
constructed with a Quickchange Site-Directed Mutagenesis
Kit (Stratagene Cloning Systems). The sequences of the
primers designated to replace the Phel20 codon with other
amino acid codons were 5'-C GTT CCT GTC CAC TTG (for
Leu)/GCT (for AlayGGT (for GlyVTGG (for Trp) GAC GCC
AGT GTT T-3' and 5'-A AAC ACT GGC GTC CAA (for Leu)/
AGC (for AlaYACC (for GlyYCCA (for Trp) GTG GAC AGG
AAC G-3'. The mutations introduced into the plasmid were
confirmed by DNA sequencing using an ABI Prism Applied
Biosystems 310 Genetic Analyzer (Perkin Elmer) by the
dideoxy terminator sequencing method, and each mutated
plasmid was introduced into BL21(DE3) strain cells. Trans-
formed cells were selected by ampicillin resistance.

Production and Purification of Wild-Type and Mutant
RNase A—Proteins were expressed by the method of Dodge
and Scheraga (26) with the following minor modifications:
the transformed strain was incubated in 1 liter of LB medi-
um (1% tryptone, 0.5% yeast extract, and 1% NaCl, adjust-
ed pH to 7.0) containing 50 jig/ml ampicillin at 37*C. Pro-
tein expression was induced by the addition of DPTG (final
concentration 1 pM) after the cells were grown to an absor-
bance at 570 nm of 0.8, and then incubated for 3 h. The
cells were harvested by centrifugation and suspended in 20
ml of 100 mM NaCl for sonication. The disrupted cells were
centrifuged, resuspended in 12 ml of solubilization solution
(20 mM Tris-HCl, pH 8.0, containing 7 M guanidine hydro-
chloride and 10 mM EDTA), and then stirred for 2-3 h.
DTT was added to the solution to a final concentration of
0.1 M, and the solution was stirred for 30 min to solubilize
proteins, including RNase A. After the addition of 108 ml of
20 mM acetic acid, the insoluble particles were removed by
centrifugation, and the supernatant was dialyzed against
20 mM acetic acid. The solution was then mixed with 500
ml of refolding buffer (100 mM Tris-HOAc, pH 7.8, contain-
ing 0.1 M NaCl, 3.0 mM GSH, and 0.6 mM GSSG), stirred
for 48 h at 4*C, and the pH of the solution was then low-
ered by adding 5 ml acetic acid in order to terminate the
refolding reaction. The solution containing regenerated
RNase A was concentrated using a Pellicon™-2 ultrafiltra-
tion system from Millipore (Massachusetts, USA) in con-
junction with a 3,000 Mt cutoff membrane for purification.

The recombinant RNase A was purified by an FPLC ap-
paratus (Pharmacia) equipped with a Mono S HR 5/5 col-
umn (7 x 54 mm, Pharmacia) equilibrated with 25 mM
potassium phosphate buffer, pH 6.5. Elution was carried
out with a linear gradient of 0.1 M NaCl/1.0 ml in the same
buffer, at a flow rate of 1.0 ml/min. The purified enzyme
was diluted 1,000-fold with water and concentrated using a
Centricbn (Millipore).

Protein Concentration—Protein concentration was deter-
mined by BCA assay (27) after each purification step. The
standard curve for the assay was prepared using commer-
cial RNase A.

CD Spectroscopy—CD spectra from 190 to 260 nm were
measured on a Jasco J720 spectropolarimeter by the meth-
od described previously (13). The protein concentration was
10 ixM in 10 mM MES buffer, pH 6.0.

Thermal Denaturation—Thermal denaturation was mon-
itored by changes in the [9] value at 222 nm by method
similar to that described previously (13). The protein con-
centration was 5.0 (JM in 10 mM MES buffer containing
0.1 M KC1, pH 6.0.

Fractions of native (fN) and denatured enzymes (fD), and
the equilibrium constant for enzyme denaturation (K), were
calculated according to Eqs. 1 to 3:

fN = ([9]D-[9M[9]D-[9]N) (1)
fD = l-fN (2)
#=fA (3)

where [9] represents the 9 value at 222 nm of the sample,
and [0]N and [9]D the [6] of native and thermally-denatured
enzymes at 222 nm, respectively.

The enthalpy at Tm (AHm) was calculated according to the
van't Hoff equation (4):

(4)

5:

d(lnKyd(l/T) = -AHJR

n is denned as the temperature when K= 1.
The entropy at Tm (ASm) was calculated according to Eq.

AHm-TmASm = 0 (5)

Steady-State Kinetics—Transphosphorylation and hydro-
lysis activity were measured according to the method de-
scribed previously (13). Transphosphorylation activity was
assayed using 3-15 mM CpA as the substrate in 0.2 M
sodium acetate buffer, pH 5.5, sodium phosphate buffer, pH
3.0. The hydrolytic activity was assayed using 1-10 mM
C>p (28) in 0.2 M sodium acetate buffer, pH 5.5, at 25°C.

The values of kmi and £„ were calculated from a Hanes-
Woolf plot (29), based upon the model E + S^ES — ES* —
E + P, in which VK^ represents an approximation of the
equilibrium constant in E + S J ^ E S , since the process ES
-» ES* is rate-limiting (8). Free energy changes in the pro-
cesses E + S J * E S (AAG) and ES — ES* (AA&) were calcu-
lated according to Eqs. 6 and 7:

AAG = -RTIn (Xn,
wt/Km

m

AA& = - l (k
") (6)

J") (7)
pH Dependence of Hydrolytic Activity—The hydrolysis

reaction was measured at a substrate concentration of 1/5
the K^ values, and 200 mM NaCl in 20 mM buffer as de-
scribed previously (13). The extinction coefficients of C>p
and 3'-CMP at various pH values were determined experi-
mentally and used in calculating the reaction rate The k^J
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values were estimated according to Eq. 8, and the In
was plotted against pH.

[E] [S] (8)

Inhibition by Phosphate Anions—The inhibition of hydro-
lytic activity by phosphate anion was measured in 200 mM
sodium acetate buffer, pH 5.5, containing 0.073-8.5 \iM
enzyme and sodium phosphate concentrations in the range
of 0-9 mM, adjusted to pH 5.5.

Carboxymethylation—Solutions containing 219 JJLM en-
zymes were reacted with 16 mM haloacetate in 10 mM
sodium acetate buffer, pH 5.5, at 25.0*C in the dark as pre-
viously described (17). A portion of the reaction mixture
was removed at various times for the determination of the
hydrolytic activity. Reaction kinetics were analyzed as the
second-order reactions using Eqs. 9 and 10:

dx/dt = - -x) ([IJ-x) (9)
Jj J J o J ) ] } = -kchst (10)

where k^ is the second order rate constant for the carbo-
xymethylation reaction, x the concentration of enzyme that
reacted with haloacetate, and [EJ and [IJ the initial con-
centrations of enzyme and haloacetate, respectively.

Two carboxymethylated derivatives, l-CMHisll9-RNase
A and 3-CMHisl2-RNase A, were separated on a Mono S
HR 5/5 column (Pharmacia) equilibrated with 25 mM
potassium phosphate buffer, pH 7.5. Protein was eluted
with a linear gradient with a 10% increase in 0.5 M potas-
sium phosphate buffer, pH 7.5, per 15 min at a flow rate of
1.0 ml/min. The ratio of the yield of the derivatives was
determined by integrating the areas corresponding to the
individual elution peaks. The carboxymethyla-tion rate con-
stants of Hisl2 (̂ CM-Hi»i2̂  an(^ Hisll9 (&CM-HJ.1U)) w e r e calcu-
lated by multiplying the overall rate constant, &£„, and
their ratio of their yields.

Gibbs energies of the carboxymethylations at His 12 and
and {AAG+AA&lFCM-Hisll9> re-Hisll9

spectively] were calculated according to Eqs. 11 and 12:

(AAG+AAG*)^.^ -RThi ( ^ W ^ ^ C M - H - H * ) (11)
(AAG+AAG*).CM-Hi»119

c

= -RT\n (kCM-Hi»119
al/k %) (12)

RESULTS

Expression and Purification of Mutant RNase A—Ap-
proximately 4.5 g (wet weight) of E. coli pellet was obtained
from 1 liter of culture medium of wild type and mutant
RNase A (F120L, F120A, F120G, and F120W). All of the
purified enzymes gave single bands on SDS-PAGE after the
final purification step in final yields of approximately 20
mg. The molecular masses of the wild type and mutant en-
zymes measured by MALDI-TOF mass spectrometry (Voy-
ager RP, PerSeptive Biosystems, California, USA) were in
good agreement with the theoretical molecular masses, in-
dicating success in obtaining the expected mutants.

Structural Changes by Mutation of Phel20—The CD
spectra of F120G, F120L, F120A, and F120W and wild-type
RNase A were nearly identical, as shown in the previous
report (73), suggesting that mutations at Phel20 cause no
substantive change in the secondary structure.

The thermal denaturation of the wild-type and all mu-
tant enzymes was completely reversible and consistent
with the theoretical two-state transition curve (Fig. 1).
Energetic parameters and Tm values for thermal denatur-
ation are summarized in Table I. AG^-J-Q (59.7*C is Tm of
wild-type RNase A) and Tm decreased in the order of wild-
type RNase A > F120L > F120W > F120A > F120G. AHm

decreased in the order of F120W > wild-type RNase A >
F120L > F120A > F120G. The decrease in AHm shows lin-
earity with the decrease in the volume change of the substi-
tuted amino acid residues. This indicates that the van der
Waals volume of the side chain is important for bonding at
position 120. It is reasonable to think that the thermal de-
stabilization of F120L, F120A, and F120G mutant RNase A
is due to the loss of bonding energy at position 120. On the
other hand, the thermal destabihzation of F120W is lower
than that of the wild-type enzyme, despite its larger AHm

value. We conclude that this destabilization is due to an
increase in ASm; an increase in structural rigidity of the
protein that is accompanied by an increase in AHm, thus
causing the destabilization.

Activity Change Caused by the Mutation ofPhel20—En-
ergetic parameters, AAG, and AAG* of the wild-type- and

Temperature (°C)

Fig. 1. Thermal denaturation of the wild type (closed circles)
and F120G (open triangles) RNase A. The data for F120L (open
circles), F120A (closed triangles), and F120W (closed squares) were
taken from Re£ 13. Solid lines represent the theoretical sigmoidal
curves for a two-state transition, all of which were found to fit very
well with the observed plots. Tm and energetic parameters (AGmTO

AHa, and ASm) were calculated from these sigmoidal curves (see
Table I).

TABLE I. Thermal stability of wild-type and mutant RNase A.
Enzyme

Wild type
F120L
F120A
F120G
F120W

AHm (kJ mol"1)

548.8 ± 9.7
491.9 ± 7.0
418.8 ± 8.6
301.2 ± 7.6
706.9 ± 10.3

ASm (kJ mol"1 K-1)

1.65 ± 0.04
1.48 ± 0.02
1.30 ± 0.03
0.97 ± 0.02
2.15 ± 0.03

TmCC)

59.7
59.0
48.9
38.8
56.2

4Gttrc(kJ

0
-1.03 ±

-14.1 ±
-20.2 ±

-7.54 ±

f mol"1)

:0.05
:0.3
:0.6
: 0.13

van der Waals volume of the amino acid residue at 120 (A1)

135
124
67
48

163
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mutant enzyme-catalyzed transphosphorylation and hy-
drolytdc reactions were calculated from Km and kM respec-
tively, and are summarized in Table II.

AAG for the mutant RNase A increased linearly as the
hydrophobicity (30) of the amino acid residue at position
120 decreased in the order of F120L > F120W > F120A >
F120G. However, only AAG of the wild-type RNase A was
much greater than AAG, which would be expected only
from the hydrophobicity, probably due to -n- electrons that
participate in substrate binding at the Bl substrate bind-
ing subsite.

The K^ values of phosphate for the wild-type and all mu-
tant enzymes were similar, suggesting that the PI subsite
is insignificantly altered by mutation of Phel20.

AAG* of F120L was very small, implying that the transi-
tion states for the wild-type and F120L enzymes are simi-
lar; but AAG* of F120A, F120G, and F120W are clearly
larger than the AAG* of the wild-type enzyme, with respect
to both the transphosphorylation and hydrolytic activities.
This indicates that not only substrate binding but also cat-
alytic rate is affected by the mutation of Phel20. Since
there are no interrelationships among AAG* 'values, vol-
ume, and hydrophobicity of the substituted amino acid resi-
dues, the residue at position 120 may not participate direct-
ly in the catalytic reaction.

pKa Changes in Hi$12 and Hisll9 as a Result of the
Mutation of Phel20—The pK, of His 12 and His 119 in
F120G, as calculated from the pH curve (31), were the
same as those for F120L, F120A, and F120W RNase A,
which were determined as previously reported (13). This
result indicates that the significant changes in k^JK^
(Table II) are probably due to positional changes in His 12
and/or His 119, which may be caused by the mutation of
Phel20.

Carboxymethylation at Hisl2 or Hisll9—When the left
side of Eq. 10 is plotted against time, a straight line is ob-
tained for wild-type and mutant enzymes with a correla-
tion coefficient >0.99, giving an over-all second order con-
stant, k^f. The reaction mixture yielded three peaks (Fig.
2). The middle peak, which decreased with reaction time,
was identified as unmodified RNase A, and the peaks that
eluted before and after the unmodified RNase A were iden-
tified as l-CMHis-119-RNase A and 3-CMHis-12-RNase A,
respectively, by Maldi-Tof mass spectrometry. The ratio of

the two peak areas was 85:15 in the case of wild-type en-
zyme reacted with iodoacetate (Table II). Although the elu-
tion profile was different from the previous result in which
an IRC-50:NaCl system was used (15-17), the ratio is in
agreement with the reported ratio of l-CMHis-119-RNase
A and 3-CMHis-12-RNase A, respectively (17).

The carboxymethylation of RNase A has been explained
by the Michaelis-Menten equation (18, 21), where k^ is
regarded to be kaiCt/KmCM of the overall carboxymethyla-
tion (Kj,, and kM represent the equilibration constant for
the binding of haloacetate to RNase A and the rate con-
stant for carboxymethylation, respectively). Therefore,
kcaiCtj/KmCM for the carboxymethylation of His 12 and His 119
can be approximated to kcu.IBMi2 and ^CM.HUIIS. respectively.

which wereand (AAG+AAG*).
calculated from k and *

CM-Hull9>

CM-Hfaii9 . are given in Table m.
The reactivities of iodoacetate and bromoacetate were

similar for the wild-type and all mutant RNase A samples as
follows: (AAG+AAG*)^^^ of F120L RNase A was nearly
zero, whereas those of F120A, F120G, and F120W showed

10 15

Elution time (min)

25

Fig. 2. Chromatographic separation of l-CMHis-119-RNase A,
3-CMHis-12-RNase A, and unmodified RNase A after the reac-
tion of wild-type RNase A with iodoacetate. A MonoS HR 5/5
column equilibrated with 25 mM potassium phosphate buffer, pH
7.5, was used for the separation. Thick and thin solid lines represent
the absorbance at 214 nm and the 0.5 M sodium phosphate buffer
gradient, respectively.

TABLE
RNase

Enzyme

11.
A.

Kinet ic

*« '
(a-1)

and

(mM)

energetic

CpA

(mM-1 s-

parameters for CpA

AAG" AAG"
l) (kJ mol-1) (kj mol"1)

and C>p,

(s-1)

and the

(mM)

£, values for phosphate

C>p
kJKa AAG' AAG"

(mM-1 s-1) (kj mol"1) (kJ mol"

i n

•)

wild-type and mutant

Hydrophobicity of
K* side chain at 120s

(mM) (kJ mol-1)

Wild
type

F120L

F120A

F120G

F120W

1,800
±100

2,800
±200

1,300
±200

120
±4

470
±60

0.67
±0.05

3.5
±0.4

13
±3

22
±3

7.3
±0.9

2,700
±200

800
±30
96
±10

5.4
±0.7
64
±2

0 0 2.7±0.2 0.62 4.2±0.3
±0.06

4.1±0.3 -1.1 1.8+0.2 1.7 l . l±0.1
-•-0.2 ±0.1

7.3±0.6 0.8±0.4 0.62 7.9 0.078
±0.03 ±0.4 ±0.01

8.7±0.3 6.7±0.1 0.39 13 0.025
±0.02 ±1 ±0.000

5.9±0.3 3.3±0.4 0.23 4.0 0.058
±0.02 ±0.2 ±0.003 ±1

0

2.5±0.4

6.3±0.4

7.7±0.6

4.6±0.4

0

1.0+0.5

3.6±0.3

4.9±0.4

6.1±0.4

6.4
±0.8

10
±2

10
±1

5.5
±1.4

11

-8.57

-16.71

-3.65

0

-5.84

'AAG and AAG* equal to (dGnmttat mar^-^Gwai^J and (AGt
m!am, tBIjm.-AGt

wMtJf,), respectively. % is the parameter for the inhibitory effect
by phosphate anion relative to the hydrolytic activity of C>p. '*„,, K^, and for wild-type, F120L, F120A, and F120W were taken from our
previous paper (Ref. 13). dSide chain hydrophobicity data were taken from Re£ 30.
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TABLE IU. Carboxymethylation of wild-type and mutant RNase A by reaction with bromoacetate and iodoacetate.

Reagent

Bromoacetate

Iodoacetate

Enryme

Wild type
F120L
F120A
F120G
F120W
Wild type
F120L
F120A
F120G
F120W

(xlO-'moHs-1)
279.0 ± 11.9
277.7 ± 0.0
100.6 ± 15.1
113.0 ± 40.0
90.9 ± 0.0

114.8 ± 17.9
88.4 ± 7.9
33.7 ± 0.3
28.9 ± 0.0
20.1 ± 0.1

Product
ratio
96: 5
93: 7
76:24
97: 3
78:22
85:15
90:10
76:24
96: 4
72:28

*CM-H»1U*

(xlO-'mol-'s-1)
265.1 ± 11.3
263.8 ± 0.0
76.5 ± 11.5

109.6 ± 38.8
70.9 ± 0.0
97.6 ± 15.2
79.6 ± 7.1
25.8 ± 0.2
27.7 ± 0.0
14.5 ± 0.1

14.0 ± 0.6
13.0 ± 0.0
24.1 ± 3.6
3.4 ± 1.2

20.0 ± 0.0
17.2 ± 2.7
6.8 ± 1.2
8.1 ± 0.1
1.2 ± 0.0
5.6 ± 0.0

(kJ moHJ™""

(D
0.019 ± 0.097
3.1 ± 0.5
2.2 i
3.3 i

0.51 :
3.3 i
3.1 j
4.7 i

i 1.2
t 0.1

t 0.59
t0.4
t 0.4
t0.4

(kJ mol-T"
C

0.18 ± 0.11
-1.4 :

3.5 :
-0.88 :

2.3 i
1.9 i
6.6 d
2.8 i

t 0.7
t 1.2
t 0.10

t 0.8
t0.4
t 0.4
t0.3

significant values. On the other hand, (AAG+
for F120A, F120G, and F120W were found to have signifi-
cant values. In particular, that of F120G RNase A was the
highest. The total of (AAG+AA&X
AAG*),

'CM-Hull9

'CM-Hi»12

and (AAG+
were in the order of F120L > F120A > F120W

> F120G, which is in agreement with the order of k^.

DISCUSSION

Role ofPhel20 in Conformational Stability—The propor-
tional relationship between bonding energy (AHm) and the
volume of amino acid residue 120 (see Table I) shows the
importance of the volume of Phel20 in terms of thermal
stability. However, overly strong bondings destabilize the
conformation, as can be seen in the case of F120W RNase
A, since an increase in bonding energy at residue 120 is
accompanied by a loss of conformational freedom. Interest-
ingly, the presence of Phel20 provides for an exquisite bal-
ance between conformational enthalpy and entropy, giving
rise to the most stable conformation of RNase A.

Role of Phel20 in Substrate Binding—The lack of any
significant change in the K^ values of the mutant enzymes
indicates only a small change in the P i subsite. Thus, an
increase in K^ values following the replacement of Phel20
with leucine, glycine, alanine, or tryptophan (see Table II)
suggests that the side chain of Phel20 is important at the
Bl subsite (12): the increase in K^ in the case of the mu-
tant enzymes can be attributed to the weakened affinity of
the side chain at position 120 to the pyrimidine base. The
decreased binding affinity of F120L, which has a larger
hydrophobicity (30) (Table II) but no ir electron, is consis-
tent with the previous crystallograpnic results of an RNase
A and 3'-CMP or d(CpA) complex, in which the benzene
ring of Phel20 binds to the pyrimidine base of the sub-
strate via -ir-electron stacking (12). The substrate affinity at
the Bl subsite also decreases with decreasing hydrophobic-
ity of the amino acid residue at position 120 (Table II),
snowing that hydrophobic interactions between Phel20
and the substrate are not negligible, as has been previously
reported (31).

The replacement of the substrate binding residue in gen-
eral can lead to a change in the substrate binding mode,
but this possibility can be ruled out in the present case of
Phel20 mutant enzymes because the AAG values for the
mutant enzymes are very similar to one another in terms
of both the transphosphorylation and hydrolytic reactions
[the difference in AAG for the two reactions was only 1.0 ±
0.2 kJ mol"1 for all mutants (Table IT)]. It can be concluded

that Phel20 is an important contributor to substrate affin-
ity.

The substrate affinity of F120W is higher than that of
F120G and F120A, and lower than that of F120L, even
though Trpl20 has IT electrons and hydrophobicity similar
to Phel20 (30). This result indicates that the large volume
of the tryptophan residue prevents the interaction with
substrate.

Role of Phel20 in Catalysis—Substitution of Phel20 to
leucine resulted in no change in k^ indicating that the ir
electrons of Phel20 make no direct contribution to stabiliz-
ing the transition state. Since the substrate binding mode
in all mutant enzymes appeared to be similar to that of the
wild-type RNase A as described above, the higher AG*
value for F120A, F120G, and F120W compared with the
wild-type RNase A can be accounted for by the change in
catalytic residues. Since the pK"a at Hisl2 and Hisll9
showed no change in the case of wild-type or mutant
RNase A (23), it can be concluded that the change in kat in
the mutant enzymes is restricted to positional changes of
Hisl2 and/or Hisll9.

The carboxymethylation rate was sensitive to mutations
at Phel20, as expected. The results of carboxymethylation
indicate that either Hisl2 or Hisll9, or possibly both,
change position as a result of the mutation of Phel20. The
good correlation of the total carboxymethylation change,
(AAG+AAGi)CM.thlljiHAAG+AAGi)gtll.^,m, and activity (Table
DTI supports the conclusion that the decrease in k^ is
caused by positional changes in Hisl2 and/or Hisll9. That
is, the correct spatial position of His 12 and/or His 119 is
essential for RNase A activity. To estimate whether Hisl2
and Hisll9 move, or to what degree and how they change
their positions as a result of Phel20 mutation, the details
of the mechanisms of the carboxymethylation reaction of
RNase A must be clarified.

What degree of positional change can occur at His 12 and/
or Hisll9 in Phel20 mutant RNase A? According to the
crystal structures of the F120L and F120Y mutants of
semisynthetic RNase A (PDBcode: 1SSA and 1SSB, respec-
tively) (32) and wild-type semisynthetic RNase A (PDB-
code: 1SRN) (33), the distances between N61 of His 119 and
Ntf of Hisl2 in the wild type, F120Y and F120L enzymes
are 7.27, 6.90, and 6.75 A, respectively, showing a correla-
tion with the decrease in activity. According to the crystal
structures of D121N (PDBcode: 3RSD), D121A (PDBcode:
4RSD) (6), and wild-type RNase A (PDBcode: 1RPH) (12),
the distance between the NM of Hisll9 and the N^ of Hisl2
in the wild-type, D121N, and D121A enzymes are 6.38,
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6.27, and 5.78 A, respectively, also showing a correlation
with the drastic decrease in activity. In these studies,
D121N and D121A showed no change in the pK, of Hisl2
and Hisll9 (4-6), similar to the results of the Phel20 mu-
tants used in the present study. These studies suggest that
small differences in the range of 1 A may cause drastic
decreases in activity.

CONCLUSION

Phel20 of bovine pancreatic RNase A, which is located
close to Hisl2 and Hisll9 and is composed of a hydropho-
bic core, contributes to the maintenance of the optimum
conformational stability and activity, playing the three fol-
lowing roles: (i) its optimum volume contributes to confor-
mational stability; (ii) its ir-electron interactions and hy-
drophobicity contribute to substrate binding; and (iii) it
contributes to the correct maintenance of the spatial posi-
tion of Hisl2 and/or Hisll9. The third role of Phel20 is
possibly to be responsible for the very strict positioning of
Hisl2 and/or Hisll9, based on comparisons of activity ac-
cording to the distance between the N51 of His 119 and the
Nrf of His 12 in the crystal structures of some mutant en-
zymes: deviations of these histidine residues within 1 A,
result in dramatic decreases in activity.
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