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Introduction

Bovine pancreatic ribonuclease A (RNase A) [EC 3. 1.27.5]1s composed of
[24 amino acid residues with a molecular weight of 13.683. and contains four
disulfide bonds at positions 26-84. 40-95. 58-110, and 65-72. Fully reduced and
enzymatically inactive RNase A prepared with 8 M urea or 6 M guanidine
hydrochloride in the presence of a reducing agent such as 2-mercaptoethanol
can regenerate a soluble protein with specific activity. and secondary and
tertiary structures identical to those of the native enzyme after exposure to air
oxidation [, 2].

Taniuchi [3] found an mteresting phenomenon: When des-(121-124)-
RNase A, with four amino acid residues deleted from its C-terminus by hmited
proteolysis. was fully reduced and oxidized. e same number of disulfide bonds
was formed as for the reduced native RNase A. but no enzymatic activity was
recovered.  This was due to the formation of wrongly paired disulfide bonds.
This important result suggests that refolding information is concentrated witt 1
the C-terminal tetrapeptide.

The mportance of the C-terminal region of RNase A for the structure and
function has also been shown by refolding experiments in which C-terminal-
deleted enzymes regains activity in the presence of C-te 1unal peptide
fragments [4-6]. These results suggest that an interac on between the (-
terminal region and another part of RNase A is required for the construction of
the active structure.

The purpose of this study is to understand the role of the C-terminal
ammo acid residues of RNase A.  The C-terminal residues are deleted or
replaced with a site-directed mutagenesis technique. and the enzymatic and

refolding properties of the obtained mutant enzymes are investigated.



Chapter 1. Folding studies of RNase A
L. Introduction

Protein folding. or how the ammno acid sequence determines the three
dimensional structure of a protein. remams an unsolved problem. This is a
difficult problem. because it requires the determination of the interactions at the
residuce level to account for the structures of the mitial unfolded state and the
final native state. Structure of all the intermediates and the transition states
encountered m the folding reaction also must be determmed. As intermediates
m the tolding pathway are usually transient species. equilibrium structural
analysis and kinetic information will be required for a complete characterization
of the folding pathway |7].

In recent years. studies of folding pathway has progressed on the basis
of new cexperimental approaches. such as a multiple-jump stopped-flow
technique with detection by UV absorbance. CD or fluorescence. a quench-flow
¢ NI/ND exchange combined with two dimensional NMR analysis, and site-
directed mutagenesis or the protein engmeering method [8] used to evaluate
mteractions in intermediates and transition states. These methods have been
applied to a few model proteins and precise mformation about folding pathways
has been obtamned [9-14].

Bovine pancreatic nbonuclease A (RNase A) [EC 3.1.27.5] composed of
124 amino acid residues with molecular weight of 13,683 contains four disulfide
bonds at positions 26-84.40-95, 58-110, and 65-72.  RNase A is the first enzyme
whose ammo acid sequence 1s determined. and the third one whose three
dimensional structure 1s solved by X-ray crystallography [15-18].  Because of
the large amount of functional and structural informations at the early stage of
the mvestigation. this protein has been served as a model protein for studies of
folding. stability_and enzvmology [19-21].

In this chapter. the author descnbes folding studies focusing of

19

pancreatic RNase A

IL  Early studies

A. RNase S system

Limited proteolysis of RNase A by subtilisin results in the cleavage of a
single peptide bond between residues 20 and 21 [22]. The derived protein.
RNase S. retains enzymatic activity although the N-terminal peptide of 20 amino
acids (S-peptide, residues 1-20) is no longer covalently attached to the residual
protem (S-protein. residues 21-124). Removal of S-peptide from S-protein
leads to loss of enzymatic activity. but the activity is rapidly restored upon
mixing of S-protem and S-peptide. This shows that amino acid residues
occupying different positions on the primary structure could form the active
center, thus non-covalent interactions are important for forming the active
center. The finding of S-protein and S-peptide system also has shown that
non-covalent interactions of amino acid side chain are important in retaining the
three-dimensional structure of a protein. Derivatives of S-peptide have been
prepared by means of chemical peptide synthesis in v ich amino acids 1-20 are
deleted or mutated, and used to study how each residue of RNase A relates to
enzymatic activity and the three dimensional structure. he discovery of
RNase S system has been appreciated to evaluate roles of amino acid residues
In protein.

B. Amino acidresidues of carboxyl terminal reg »n

When RNase A is denatured by 8 M urea or 6 M guanidine hydrochlorde
and reduced with reducing agent such as 2-mercaptoethanol. all disulfide bonds
are cleaved and the protein forms a random coil.  Fully reduced and
enzymatically mnactive RNase A is oxidized by the air to produce a soluble
protein with a specific activity close to that of the native RNase A. Au-

oxidized RNase A possesses the identical secondary and tertiary structures to
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the native one.  This experiment 1s very famous for building up the concept
that all of the information needed for establishing the structural features is
involved in the pnmary structure [1. 2}.

Taniuchi [3] found an interesting phenomenon: when des-(121-124)-
RNase A in which four amino acid residues were deleted fromits C-terminus by
a pepsin digestion. was denatured and reduced, followed by oxidation, four
disulfide bonds were formed, but no enzymatic activity was recovered, due to
the formation of wrongly paired disulfide bonds. This result suggests that
folding information is concentrated within the C-terminal tetrapeptide.

Puett [23. 24] showed that des-(121-124)-RNase A with the correct
disulfide bonds has the conformational free energy reduced by about 30% and
became unstable, but reversibly unfolds/refolds to form the structure
mdistinguishable from the native RNase A.  That is, des-(121-124)-RNase A
also has the information needed for regenerating the native conformation. if the
correct disulfide bonds are retained. Both results from the experiments using
des-( 21-124)-RNase A lead to the conc sion that the native conformation of
RNase A cannot be formed during biosynthesis until the polypeptide ch n has
been extended from the amino terminus beyond residue 120, and tertiary

structures of proteins are stabilized by disulfide bonds.
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Fig. 1. Primary structure of RNase A. (Smy th eral. (1963).J. Biol. Chem. 238, 227)

Il Formation of local structure in RNase A folding

Many theoretical and experimental evidences obtained from
folding/unfolding studies of RNase A have accumulated to support the view
that thermodynamically stable local structures play an important role in the
mitial stage of protein folding [25-29]. These studies are summarized as
follows.

A. Principles of protein folding

RNase A folding from disulfide-intact and disulfide-reduced unfolded
states appear to follow the same general principle that the amino acid sequence
contams all information required for the protein to attain its biologically active
conformation [30].

1. Thermodynamic vs. kinetic control

Anfinsen and co-workers [30] first demonstrated the general principle
that the native structure of RNase A is thennodynainically most stable. and
showed that disulfide-reduced RNase A upon oxidation and thermally- or
solvent-unfolded disulfide-intact RNase A refold to the same biologically active
structure. Disulfide-reduced unfolded RNase A and disulfide-intact ur Hlded
RNase A exhibit different properties [31-33], but these different initial states
give rise to an indistinguishable refolded structure.

Thermally- or solvent-unfolded disulfide-intact RNase A is an equilibrium
mixture of fast- and slow-folding species due to disulfide-bond isomerization
[34] and proline cis/trans peptide-bond isomerization [35]  The folding
mechanism 1itiself involves kinetic control, while the distribution of refolded
products of RNase A is thermodynamically controlled. However. kinetic
control of the distribution of folding pathways doesn't imply kinetic control of
the folded product(s), because 1somerization can take place in predominantly
folded mtermediates. On the basis of biological activity, all of these kinetically

distinguishable folding pathways lead to the same thermodynamically



determined native conformation.

2. Dominance of short-range interactions

In the initial stages of folding in aqueous solution, the nonpolar side
chains of the unfolded protein are exposed to water and are first driven to
associate by short-range hydrophobic interactions [36].  Initial folding
mtermediates are generally less compact than fully folded structures and
therefore less influenced by long-range interactions. This concept provides
the basis for a procedure in which protein structures are built up from
successively larger fragments in theoretical calculations of protein structure
and for expenimental studies of the conformations of protein fragments. For
example, the concept that short-range interactions dominate 1s supported by
conformational c¢nergy calculations of oligo :ptides [37-41]. These studies
indicate that short-range interactions play an essential role in determining
protein structures.

3. Nl tate folding pathways

Prc :in folding mechanisms are distinguished by their degree of
cooperativity, i.e.. the degree to which the folding of one part of the protein 1s
coupled with folding of the remainder ¢ the protein. A two-state model
involves the highest cooperativity. In this case. both short- and long-range
mteractions would be involved in the folding mechanism.  On the other hand,
the cooperativity of the folding process 1s reduced if short-range interactions
dominate in the initial stages of folding since short-range interactions would
define rapidly forming local structures in partially folded intermediates. The
formation of these structures should be independent of the conformations
adopted by the rest of the protein. In later stages of folding, these locally
ordered structures coalesce under the influence of longer range interactions.
This 1s not a two-state but a multistate pathway. A two-state modelis actually

a special case of a multistate mechanism in which the populations of the

intermediate states are negligibly small.

For disulfide-intact RNase A. the folding mechanism(s) are highly
cooperative [42-44].  This led early workers to conclude that the folding 1s best
described as a two-state phenomenon involving an equilibrium between native,
folded RNase A and an ensembles of statistically coiled unfolded
conformations with little or no formation of partially folded species. But the
madequacies of the two-state model were already evident in data from early
thermodynamic studies of the thermal unfolding transition. Within the thermal
transition region, a multistate folding mechanisin involves many species in
equilibrium with one another [45]. Because the equilibrium constants. Ki.
between locally folded and unfolded regions are different in different segments,
L, of the polypeptide chain, these artially folded species. in principle, can be
characterized by thermodynamic measurements.

One useful probe to distinguish native from nonnative conformations of
RNase A is the susceptibility of specific buried peptide bonds to hydrolysis by
proteolytic enzymes. The fully folded protein is essentially resistant to
hydrolysis by trypsin, chymotrypsin, aminopeptidase. and carboxypeptidase,
while fully thermally unfolded RNase A is cleaved by all of these proteases at
sequence-specific peptide bonds. The degree of proteolytic susce  Hility of
these peptide bonds can therefore be used as arough measure of the degree of
localunfolding. In the absence of partially folded intermediates, the proteases
should access to all the cleavage sites to an equal degree as the :mperature is
increased through the transition region. However, it was found that the
ndividual proteolytic cleavage sites are cleaved to different degrees through
the thermal transition [46-51]. These observations are consistent with the
presence of partially folded structures in which some peptide bonds are in an
environment accessible to proteases while others remain in folded environment

mnaccessible to proteolytic cleavage.
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I 1. 2. Schematic representations of different classes of protein folding

»

mech: isms.  These three classes are distinguished by the types of folding
intermediates involved.  The symbols O, O and A denote locally desordered, locally
ordered native, and locally ordered nonnative protein structures, respectively.
(Montelione and Scheraga, (1989) Acc. Chem. Res. 22, 70)

4. Chain-folding initiation structures

The ideas of (1) the dominance of short-range interactions and (2) a
multistate folding mechanism is associated with the concept that sequence-
specific mteractions define local structures that can form independently in
several different regions of the polypeptide chain in the initial stages of the
folding process. Such early-fol ng intermediates are an essential feature of
hierarchical folding mechanisms and have been referred to as "nuclei" [36, 52,
53). "locally independently nucleating continuous segments" (LINKS) [54],
“cham-folding mitiation structures” (CFIS) [55], and so on. These structures
limut the conformational space accessible to the protein through specific short-
and medium-range interactions. thereby directing subsequent folding events,

and provide stable core structures around which the rest of the polypeptide

chain can fold.

B. Experimental approaches to folding of RNase A

Expenimental attempts have been made to develop a more detailed picture
of the kinds of structures that RNase A adopts in the initial stages of folding.
This work has been directed primarily along three avenues: (1) studies of
polypeptide fragments, (2) studies of disulfide-reduced derivatives. and (3)
studies of kinetic folding intermediates .

If short-range interactions indeed define local structures in the initial
stages of folding, it follows that properly chosen peptide fraginents of RNase A
should adopt some degree of ordered structure by themselves in solution.
Accordingly, a large part of work has focused on charactenzing the
conformations adopted by polypeptide fragments of RNase A under conditions
of solvent and temperature at which the disulfide-intact protein is fully folded.
During the course of these studies. it became clear that further information
could be obtained from structural studies of disulfide-reduced RNase A.
Using these model systems, spectroscopic probes have been ap ed to
characterize local structures under equilibrium conditions. These probes have
begun to be used to identify locally ordered structures in kinetic folding
intermediates.

1. Studies of fragments of RNase A

Initiation  structures of chain-folding form native or native-like
conformations, and candidate mitiation sites can be identified from an analysis
of the three-dimensional structure of the native protein. Such conformations
for chain-folding initiation include «-helical and p-bend conformations that can
be stabilized by local interactions alone. Such structures are identified either
by model building. by interactive molecular graphics. or by more sophisticated
theoretical methods.  Contact maps denved from the three-dimensional

structure of the native protein are especially useful in this regard [56-59].



Assunming that local native-like conformations are formed before those that
mvolve long-range interactions. this contact map is useful to identify six
mitiation sites: residues 4-11 (sitc A ). residues 25-34 (site B), 51-57 (site C), 53-79

(site D), 71-111 (site E), and 103-124 (site F) (Fig. 3).

Residue Number |
[
]

c 5C [ele 1za

Residque Number |, ——

Fig. 3.  Contact map of RNase S. Each point of the map represents presence
(square) or absence (no marking) of a contact between amino acid residues i and ;
Contacts between residues are omitted from the figure whenever |i-j<4.  (From ref. 59)

Refolding studies of reduce RNase A with antibody showed that the
antigenic determinant was first formed at segment 80-124. followed by the
nucleation at residues 106-118, the C-terminal hydrophobic core [60]. Later,
this core region was shown not to unfold completely even at 70°C [61]. In
addition. a 63-residue analog of RN:i : A containing the hydrophobic core
region and two buried disulfide bonds (26-84. 58-110) was synthesized with
sohd-phase peptide synthesis method [62]. It bound on an affinity column
specific for the active site of RNase A and showed 8 and 14%
transphosphorylation activity toward poly(C) and poly(U). respectively. Thus,

the analog independently folds native-like structure without outer shell Hrtion
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and N-termmal peptide. These results indicate that the C-terminal
hydrophobic core is one of independent nucleation sites and at least a
candidate for the folding initiation site.

The native structure of RNase A contains three «-helices in 1-13. 24-34.
and 50-60. Peptide fragments. 1-19. 2142, and 50-61, were shown to fold to
helical structures in helix-stabilizing agent (trifluoroethanol) at low temperature.
The 21-42 fragment adopted 14% of the native-like «-helical structure even in
water solution at pH 5.4 and 22°C [63].  The 50-61 fragment adopted 18% of the
native-like «-helical structure in 30% TFE solution at pH 54 and 22°C [64].
The fragment 50-79, which contains three cysteine residues (Cys58, 65, and 72)
prefers the correct disulfide bond. 65-72. to the incorrect disulfide bond. 58-65
[65] though the entropic energy loss is the same in forming both correct and
incorrect disulfide bonds. NMR study of the fragment 65-72 and 61-74
showed that the 65-72 peptide formed native-like f-turn structure [66].  Thus.
the local interaction between Cys65 and Cys72 favors the native disulfide ond.

According to the experimental results described above. five parts in
RNase A are candidates of the folding initiation sites: a C-terminal hydrophobic

core, three «-helical structures, and the loop between 65-72.

Fig. 4. The candidates of folding initiation sites of RNase A. Three helices.
1-12 (A), 24-34 (B), and 50-60 (C). and one disulfide loop, 65-72 (D) are shown
as strand model  The C-terminal hydrophobic core is shown as space-filling
model



2. Disulfide-reduced derivatives of RNase A

Although reconstitution of protein fragments is potentially of great value
in identifying local interactions in folding process, they are limited to the degree
that they rely on predictive schemes for deciding which sequences to 1solate,
clone, or synthesize. In view of the shortcomings of these strategies for
identifying chain-folding initiate structures, systems i which long-range
interactions responsible for the high cooperativity are suppressed while short-
and medium-range interactions are relatively unperturbed has been developed.
One such model system for disulfide-containing protems 1s the reduced RNase
A under folding conditions.  Significant amounts of local structure, identified
by CD [67-69] and Raman [69, 70] spectroscopy, are present in disulfide-
reduced RNase A. Binding of antibodies to disulfide-reduced RNase A
indicates that polypeptide segments of residues 1-31, 31-79, 80-124 have trace
amounts of native structure at 4 'C [32 The most convincing evidence for
form: on of local structure m disulfi :-reduced RNase A comes from IH NMR

[71].

( ing interr ‘:diates

Many efforts have been made to detect and characterize intermediates
during refolc 1g. The attempts should provide prominent structural
mnformation about folding processes. In order to find kinetic intermediates,
refolding of RNase A having intact disulfide bonds (S-S intact) have been
extensively studied.  Stopped-flow methods with CD, UV, and NMR
s ctroscopies are iproved to descnbe the refolding of S-S intact RNase A
which proceeds in a very short time.  On the other hand, refolding studies of
tully reduced RNase A have been also performed. in which intermediates are
trapped as one-. two-. or three-disulfide species.

A. Refolding of S-S intact RNase A

The generally accepted model for unfolding of S-S intact RNase A is a

single pathway.

fast slow
N— Uf<—__ US]““ (1)

and refolding are maultiple pathways.

Uf —— N (2)
u ! [—» IN—» N (3)
Ul —— () —— N (4)

where U, fast refoldingspecies. Us. slow ones. U very slow ones
representing 20, 60-70, and 10-20% of all unfolded proteins, respectively.

The nature of U" has been explored most precisely among all unfolded
species, since one of the intemediates. 1,. can be structurally characterized. 1,
1s an intermediate in which amide protons are protected against solvent water
[72].  The second and th 1 helices. and (-sheet region between 79-118
mcluding a hydrophobic core are loosely formed [,.  Additiona /. since 2'-
CMP binds to I, the active site structure is partly formed. while the buricd
tyrosine side cham (Tyr25, 73, and 97) are still exposed. I« is a native-like
ntermediate which has presumably /rans X-Pro93 peptide bond [7°  Since
cis-trans isomerizations of X-Pro (Pro93 and Pro114) peptide bc ds [74] occur
during refolding, it has been difficult to distinguish the true structural refolding
from isomenzation processes. Thus. it is necessary to resolve the cis-rrans
isomerization problem to simplify the refolding pathway.

1. X-Proisomerization

The mvestigation with X-Pro isomerization problem has concentrated in
cis X-Pro peptide bonds. Tyr92-Pro93 and Asnll3-Prol14. Recent site-
directed mutagenesis [75, 76] and kinetic studies [77] gave important

mformation about X-Pro isomerization during refolding.  Especially, Houry ¢r
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al. found a new very fast refolding species, U, containing only native X-Pro
iso-forms. i addition to the usual fast and slow phases. by choosing
approprnate refolding conditions (1.5 M guanidine hydrochlonde, pH 3.0, at
temperatures- 15°C) to slow down the refolding process. Thus, refolding of
Uy does not include X-Pro isomerizations. A new model for the unfolding
pathway and interconversion among unfolded species i1s proposed based on

two indepedent 1somerization processes at two ¢is X-Pro bonds (equation (5)).

Ur Prol 14 trans

k-, Pro93 cis
A
k

N—— U,y Proll4cis US[)’ Prol 14 trans (3)

Pro93 cis Pro93 trans

Ug®  Proll4 cis

093 trans

There still exists one discrepancy between exprime al rest s and ._.e
model in the equation (5). In the model, the relative concentrations of the
unfolded species at equilibrium are

[Ug U U] 0L ]76.25:18.75:18.75:56.25
The ratio [UJ:[UJ]=25:75 is close to the value of [U,'][U,"]=20:80 [78].
Experimental results show that the major species U, folds faster than the minor
species U, In contrast, according to the equation (5), the major species
U with two non-native X-Pro isoforms would fold slower than the minor
species U,* with one non-native ones. A possible explanation for the
discrepancy is that a third essential isomerization process exists in the refolding
reaction. This means that complicated refolding kinetics cannot be explained
only by cis X-Pro.  Thus. rrans X-Pro bonds have to be taken into

consideration.

In the site-dwrected mutagenesis studies exchanging rrans proline with
alanme residues. P42A and PI117A [79, 80]. P42A showed the same refolding
kinetics as the wild type RNase A. while P117A showed a single slow folding
species.  This indicates that Vall16-Alal17 peptide bond. being not in cis
conformation during the unfolded state. reduces one isomerization step.  Thus,
Vall16-Pro117 peptide bond causes the third essential isomerization process.
The folding pathway of S-S intact RNase A includes three X-Pro isomerization
steps as shown in the equation (6). In this model. species with three wrong
1isomers. U, would comrespond to the slower refolding species U.. and the
other three species (U.. Uy. Uy would correspond to U'.  The ratio
[Uea :([Uiie F U JHUWD=19:81 is similar > the expenmentally determined value
of [U,']:U."]=20:80.

=1t .
U ~ ~U,
A/'4 \ / ‘
C et <
N -0 g
o . ~ U,
4 N
<K < ks
(6)
< lk? NS
J ’
19 ko Mo
U~ — ~U,
X <!
4 < e
ct e e
U'T“ - Bl - U;

2. Refolding of U,

Investigations about the refolding process of U,,, containing only native
X-Pro bonds. have just started. Double jump technique which can control
unfolding time, combined with UV, CD, and NMR spectroscopies suggests the
refolding model [81. 82].

[Uyf— Iy]— 1y ——> N (7)

At the mitiation of folding. U, is converted to a largely unfolded intermediate.



termed I,. which then results in the molten-globule-like intermediate, I,.  Kinetic
rates and the thermodynamic cquilibrium constants of the refolding reaction
show that the process from U to I, proceeds predominantly by hydrophobic
intcractions 83| I, is structurally characterized and shown to have a
substantial population of secondary and tertiary structures, about 40-50% of
the native structure by the stopped-flow CD expenment [81].  Using hydrogen
deutrium exchange technique with NMR, it was shown that the second helix
(residucs 24-34), (-sheet region around residues 82-84, and dynamic structure
ncar (-terminal (residues 106-118) B-sheet region are formed in I, [82]
Although the regular structure formed in I, is less stable than that observed n a
hydrogen-bonded intermediate. I,, which is populated in the early stage of U,
refolding [84], the structural formations occur in the similar regions i both I,
and 1,.  Furthermore, the peptide fragment of residues 21-42, including the
sccond a-helix sequence, and the C-terminal hydrophobic core have been
suggested as the folding initiation site by structural characterization of the
peptide and by thermal unfolding studies, respectively.  Thus, or ‘red
structures may be formed i the secon «-helixand the C-terminal hydrophobic
core regions at the early stage of RNase A folding.

B. Refc ngofreduced RNase A

In refolding studies from reduced proteins, the disulfide-bonded
mtermediates can be chemically trapped, isolated, and structurally charactenzed.
Refolding processes of BPTI [85] and RNase A [86, 87] are extensively studied.
It 1s suggested that fully reduced BPTI still cont ns extensive ordered
structures [88], and most disulfide-bonded intermediates of BPTI are very
native-like [89]. Therefore, most of the refolding processes involve disulfide
rearrangements rather than the conformational folding. In contrast, RNase A

provides a better system to study the folding process through the disulfide-

16

bond formation. since disulfide formations are coupled to conformation folding .

1. Population of intermediates during the refolding

In the refolding reaction with GSH and GSSG. intermediates were trapped
with iodoacetamide (IAA) and monitored by electrospray mass spectrometry
(EM-MS) time-course analysis [90, 91].  First, the reduced protein reacts with a
single GSH to form a mixed disulfide which then evolves to an intramolecular S-
S bond via thiol-disulfide exchange.  This reaction produces a single disulfide
bond (one-disulfide intermediate). Second, two-disulfide intermediates are
accumulated. and more significant than three-disulfide intermediates
throughout the refolding. In addition to the first result. the fact that only one
disulfide bond forms at a time indicates that the refolding from reduced RNase
A proceeds a specific route. In addition, the accumulation of two-disulfide
intermediates can be ascribed either to their intrinsic thermodynamic stability
compared to other species or to the fast process from three-disulfide
intermediates to the native state. Fromthese results. the following equation is

suggested.

very fast

U<——>IS‘<T—>28<i387L>——N (8)

2. Isolation of disulfide intermediates

It 1s difficult to identify the position of disulfide bonds because so many
disulfide species are generated during refolding.  This is probably caused by
formation of mix-disulfide bonds between cysteine residues and glutathione
molecules and by rearrangement of disulfide bonds during alkylation with IAA
In contrast. DTT™ molecules form no mixed-disulfide, and AEMTS
(aminoethylmethanethiosulfonate), which is at least five orders more reactive
towards thiols than IAA.  These two reagents make it easy to isolate a
disulfide intermediate during refolding [92].

At the early stages of the refolding, the one-disulfide. Cys65-Cys72,



intermediate comprises 40% of the entire one-disulfide species [92]. This
means that local interactions within the disulfide loop of residue 65-72, which is
suggested as a chain-folding initiation site by structural analysis of the peptide
fragment including this sequence [66. 93], force the formation of this disulfide
bond.

Although it is still difficult to isolate a specific intermediate possessing
two disulfide bonds. the previous result usmg MS and GSH/GSSG suggests
that two-disulfide intermediates accumulate in the long term of the refolding.
In addition. two mutants truncated of one disulfide bond, des-[26-84] and des-
[58-110] RNase A were found to be thermally unstable compared to the other
two mutants. des-[40-95] and des-[65-72] enzymes [94]. This fact indicates
that two disulfide bonds. Cys26-Cys84 and Cys58-Cys110, are indispensable to
maintain stable. native-like structures. Therefore, the two-disulfide intermediate
possessing  Cys26-Cys84 and  Cys58-Cys110 disulfide bonds 1s  likely
accumulated.  The putative two-disulfide i ermediate, des-[65-72, 40-95]
RNase A, was produces by site-directed mutagenesis ¢ d charactenzed [9Z,
Although all three of the possible two-disulfide pairings appear in this mutant
enzyme and thewr whole structures are predominantly disordered. the native
disulfide pairing is formed most preferentially probably due to local interactions.
In addition. the NMR analysis indicates formation of local structures in the
vicinity of His 105, which locates in the bend portion of the native structure.

The three-disulfide i ermediates have not been also identified during
refolding. while two three-disulfide intermediates. des-[65-72] and des-[40-95],
were detected during reductive unfolding by DTT™ [87]. After these results,
these two intermediates were produced by site-directed mutagenesis [96, 97].
The des-[65-72] and des-[40-95] RNase A are only disturbed around each
missed-disulfide bond. and have 22 and 5% hydrolytic activity of the native

wild type enzvme. respectively. Thus. they are the intermediates with highly
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native-like structures. Twenty and eighty percent of reduced RNase A are
regenerated to the native enzyme via des-[65-72] and des-[40-95]. respectively
[98].

There 1s a discrepancy that disulfide bond 65-72 formed at first is
truncated in the minor three-disulfide intermediate. That is explained by that
disufide-rearrangements occur in the final step of refolding since the incorrect
disulfide bonds are formed in the process from two-disulfide intermediates to

three-disulfide ones. Thus. the regeneration model of reduced RNase A is as

follows;
U— 1S «=—= 2§ == 35 == 4§ (9)
des-[65-72] des-[40-95]

\\»7

Refolding of reduced RNase A does not occur in native and non-
oxidative conditions. This means native-like structures cannot exist without
any disulfide bond. On the other hand, local non-covalent interactions force
to form specific one disulfide bond. 65-72.  Thus. non-covalent interactions.
such as hydrogen bonds, hydrophobic interactions, and salt bndges. and
disulfide bond formations cooperatively act to proceed folding of Nase A
Two bured disulfide bonds, 26-84 and 58-110. which exist inside hydrophobic
cores, are necessary to keep native-hke structures in intermediates and the
native RNase A, This indicates that hydrophobic interactions in each core are
prominent forces to promote folding after the formation of one-disulfide bond,
Cy65-Cys72. Furthemmore, the putative two-disulfide intermediate has
negligible structures around His105 which locates in the bend portion
connectmg two hydrophobic cores. At this stage. two cores get to interact

each other. and the enzyme acquires a native tertiary structure.



Chapter2. Effect of mutation of Vall24 on the properties and

regeneration of RNase A
. Introduction
Four amino acid residues of the C-terminus comprise a 3 strand and are
located on the surface of the enzyme, where the role of hydrophobic C-terminal
amino acid Vall24 is puzzling.  This chapter deals the enzymatic and refolding
properties of the mutant enzymes in which Vall24 is replaced with alanine,

tryptophan, lysine, glycine, glutamic acid or leucine residue.

II. Fkxperimental procedures
Materials

Plasmid pETRN coding the RNase A gene was constructed according to
the method of delCardayre et al. [99].  An [ischerichia coli strain, Epicurian
Coli XI-1Blue, was used as host cells for mutagenesis. An [.coli stran,
BL21(DE3). was used for overexpression of mutant RNase A. Commerci
RNase A (Type IlI-A; Sigma, Missouri, US ) was used as the wild type enzyme.
Cp was purchased from Seikagaku Kogyo (Tokyo). All other reagents were

of analytical grade and purchased from Nakalai Tesque (Kyoto).

Site-Directed Mutagenesis

Mutant plasmids were constructed with a Quick Change Site-Directed
Mutagenesis Kit (Stratagene. California, USA) using a double-stranded plasmid
pETRN and two kinds of oligonucleotide primers [100]. The sequences of the
oligonucleotide primers designed to replace the valine codon with an alanine
codon were 5-CAC-TTT-GA C-GCC-AGT-GCC-TAA-CTA-GAT-AAG-CTT-GCG-
3 and  5-CGC-AAGCTT-ATC-TAGTTA-GGC-ACT-GGC-GTC-AAA-GTG-3'.
The sequences of the oligonucleotide primers designed to replace the valine

codon with a tryptophan codon were 5-CAC-TTT-GAC-GCC-AGT-TGGTAA-
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CTA-GAT-AAGCTT-GCG3"  and  5-CGC-AAG-CTT-ATC-TAGTTA-CCA-
ACT-GGC-GTC-AAA-GTG-3".  The sequences of the oligonucleotide primers
designed to replace the valine codon with a lysine codon were 5-CAC-TTT-
GAC-GCC-AGT-AAGTAA-CTA-GAT-AAG-CTT-GCG-3" and 5 -CGC-AAG-
CTT-ATC-TAGTTA-CTT-ACT-GGC-GTC-AAA-GTG-3".  The sequences of
the oligonucleotide primers designed to replace the valine codon with a glycine
codon were 5-T-GAC-GCC-AGT-GGC-TAA-CTA-GAT-AAG-C-3" and 5-G
CTT-ATC-TAG-TTA-GCC-ACT-GGC-GTC-A-3". The sequences of the
oligonucleotide primers designed to replace the valine codon with a glutamic
acid codon were 5-CAC-TTT-GAC-GCC-AGT-GAGTAA-CTA-GAT-AAG-3’
and  5-CTT-ATC-TAG-TTA-CTC-ACT-GGC-GTC-AAA-GTG-3". The
sequences of the oligonucleotide primers designed to replace the valine codon
with a leucine codon were 5’-CAC-TTT-GA C-GCC-AGT-CTC-TAA-CTA-GAT-
AAG3" and 5-CTT-ATC-TAGTTA-GAG-ACT-GGC-GTC-AAA-GTG-3". Al
the mutations introduced into pETRN were confirmed by DNA sequencing with
an ABI PRISM 310 Genetic Analyzer (Perkin Elmer, California. USA) using a

Bigdye terminator sequencing kit (Perkin Elmer).

Expression and Purification of Mutant R Nase A

Mutant RNase A was expressed by the method of Dodge and Scheraga
[101] with the following minor modifications.  Mutated plasmids were
transformed into BL21(DE3). A five milliliter culture of BL.2I(DE3) harboring
mutated pETRN after 16 h incubation was added to 500 mi LB medium with 25
pg/ml ampicillin and then the culture medium was incubated with shaking at
37°C. When the optical density at 570 nmreached 0.8, protein expression was
induced by the addition of I mlof 10 mM IPTG. After 3 h incubation. the cells
were collected by centnifugation and suspended in 20 ml of 100 mM NaCl. The

cells were sonicated for 5 min.  The lysed cells were centrifuged and



suspended in 5 mlof 4 M guanidine thiocyanate. 2mM EDTA. 100 mM Tns-HCL,
and 80 mM GSH at pH 8.0.  The suspension was stured for 2 h to solubilize the
RNase A. Insoluble cell debris was removed by centrifugation, and the
soluble portion was collected and diluted with 200 ml of 100 mM Tns-HCI
containing 2 mM EDTA at pH 80. For the formation of four disulfide bonds,
the solution of reduced RNase A was mixed with 62 mg of GSSGand then stirred
for 72 h at4°C. The mixture was concentrated using an ultrafiltration cell with
a YM3 membrane (Amicon) and then adjusted to pH 6.0 with 0.1 N acetic acid.
For purification, the concentrated solution was loaded onto a Mono S HR 5/5
cation-exchange column (Pharmacia Biotechnology, 7 x 54 mm) equilibrated with
25 mM sodium phosphate buffer, pH 6.5, and then the protein was eluted with a
lincar gradient of 0 to 0.2 M NaCl.  Fractions exhibiting the highest specific
activity were collected and then the phosphate buffer was exchanged for

distilled water.  The purified enzyme was concentrated and kept at 4°C.

i termination of Kinetic Parameters

The hydrolytic reaction for C>p was measured spectrophotometrcally
[10: in 0.2 M sodium acetate buffer, pH 5.5, at 25°C by recording the increase n
absorbance at 206 nm. The extinction coeffcient was taken as 5164 M cm’".

The substrate concentration was in a range of 0.16 and 1.9 mM.

Circular Dichroism Spectroscopy

CD spectra. from 190 to 250 nm, were recorded at room temperature with a
Jasco J-720W spectropolarimeter in 10 mM MES buffer, pH 6.0. in a cell with 0.1
cmoptical path length. The concentrations of the wild type and mutant RNase

A were 6.5 and 5 uM . respectively.

Thermal Denaturation

Changes in the [0] value at 222 nm were recorded as a function of
temperature.  Temperature was continuously increased by 0.5°C per minute
from 25 to 75°C with a jacketed cell of 1 cm optical path length.  Temperature
was monitored with a thermometer placed inside the cell compartment. The
enzyme concentration was adjusted to 5.0 uM with 10 mM MES buffer. pH 6.0,
contamning 100 mM KCl.

Regeneration of the Denatured and Reduced Enzymes

RNase A was dissolved in 100 mM Tns-HCL pH 8.0, containing 2 mM
EDTA and 8 M urea, and then mixed with 10 pl of 2-mercaptoethanol. The
solution was bubbled with nitrogen gas for S min, covered with a small sheet of
parafilm, and then incubated at 25°C ovemight. To isolate the denatured and
reduced RNase A. the reaction mixture was loaded onto a Sephadex G-25
column (15 x 50 mm) equilibrated with 0.1 M acetic acid and then protein was
cluted with 0.1 M acetic acid at e flow rate of 2 ml per min. Fractions
containing protein were collected. The protein solution was mixed with a 1/10
volume of 1 M Tris-HCl, pH 10.0, and then adjusted to pH 82 to start the
refolding process. The solution was incubated at 25°C.

To use GSH and GSSG forregenera Hn, denatured and reduced RNase A
prepared as above was mixed with a 1/10 volume of 1 M T s-HCI, pH 10.0,
containing 2 mM EDTA and then adjusted to pH8.2. The solution was mixed
with 2 mM GSH and 0.2 mM GSSG and then incubated at 25°C.  Regeneration

of RNase A activity was monitored by measuring the activity toward C-p.

Protein Concentrations

At each purification step. protein concentrations were determined by the

bicinchoninic acid method [103]. For other expenments. protein

g8}
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concentrations of unfolded and folded RNase A were determined using the the wild type enzyme.

extinction coefficients of 8,500 M™' ¢cm at 275 nm [104] and 9,800 M"' cm™ at

277.5 nm [105]. respectively. Lanes | 2 3 4 5 6 7 8
97,400

Sulfhydryl Group Determination 66,200

Sulfhydryl groups in reduced RNase A were titrated with Ellman's reagent 45,000
[0.01 M 5,5-dithiobis-(2-nitrobenzoic acid) in 0.05 M sodium phosphate buffer, 31.000
pH 7.0] [106]. An aliquot of 150 pl removed from the RNase A reoxidation
solution of RNase A was added to 450 ul of 0.1 M Trnis-HCI, pH 8.0, containing 8 21,500 e,
M guanidine hydrochloride and 10 mM EDTA. To the mixture, 25 pl of e N
Fllman's reagent was added, and then the reaction mixture was mcubated at 14400 s,
25°C for 10 min.  The concentration of SH groups was determined using the Fig. 5. SDS-PAGE a \lysis of the purified mutant RNase A. The

polyacrylamide concentration of the running gel was 17% lLane I, molecular
weight standards (phosphorylase 5, 97.400; serum albumin, 66,200, ovalbumin,
45,000, carbonic anhydrase, 31,000, trypsin inhibitor, 21.500; lysozyme,
14,400), Lane 2, wild type RNase A, Lane 3 VI24A, Lane 4, VI24W _ Lane S,
V124K, Lane 6, V124G, Lane 7, V124E and Lane 8, V124L

extinction coefficient of 13,380 M ™' cm' at 412 nm [107].

Results

Expression and Purific ion of V124 Mutant RNase A

Three to 10 mg of a mutant Nase A were ot 1med from approximately 6 g 1.5
of I coli cells (wet weight) collected from 1 liter culture. The purnfied mutar
~ 1
RNase A gave a single-st ned band on SDS-PAGE (Fig. 5) and was used for 2
2 Q
further experiments. NS 0.5 ﬁ
a4)
3 0
Properties of V124 Mutc t RNase A v M "
The wild type and mutant enzymes showed indistinguishable CD spectra c% 051 ‘ﬁ.
. _ : A o)
(Fig. 6). The thermal denaturation profiles monitored as to changes in [0] gL M v 3
value at 222 nm were almost identical for the wild type and mutant RNase A (Fig.
-15 ‘ 1
7). These profiles showed that thermal denaturation of all the mutant enzymes 190 210 230 250
followed a two-state transition. The 7, values obtained were nearly the same, _ Wavelength (nm)
Fig. 6. CD spectra of the wild type enzyme (O), VI124A (@), V124W (A),
whereas the V124K and G mutant RNase A exhibited a little lower values than V124K (), V124G ((J), VI124E (M), and V124L (O).
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Fig. 7. Thermal denaturation profiles of the wild type enzyme (O), V124A
(@), VI24W (A), VI24K (), V124G (T), VI24E (M), and VI24L (O).

Kinctic parameters of the wild type and mutant RNase A for the cleavage
of C>p were termined by means of Hanes-Woolf plots (Table 1). K, of the
mutant RNase A was slightly higher than that of the w | type enzyme, while 1ts
k.., was almost the same as that of the wild type enzyme; thus k../K, of mutant
RNase A was slightly smaller than that of the wild type enzyme. Hydrolytic
activity toward C>p of the mutant enzymes is almost the same as that of the

wild type enzyme.

Table 1  Kinetic parameters of the wild ty pe and mutant RNase A
for the cleavage of C>p

Ko Ko KeaKn
AV min’ mAmin’

Wild type  046£0 1 140+ 10 300+20
VI24A 071201 180+40 240+20
VI24W 0 63+0.1 160+60 250+40
VI24K  054:0 1 13010 240+20
V124G 0062+0 1 13010 220+20
VI24E  059:0 1 140=10 250+20
VI24L 05701 170+10 300+20

Activity Regeneration with Air Oxidation or Glutathione

Activity regeneration by air oxidation in the absence of glutathione was
compared for the fully denatured and reduced forms of the wild type and mutant
RNase A (Fig. 8). The rate of recovery of the activity at an early period of
refolding decreased in order of VI24E or VI24L. V124G, VI24K. VI24A. and
VI24W . The fully recovered activity of VI24E reached approximately 90% of
that of the wild type enzyme. whereas other mutant enzymes were as follows:
VI24L 80%, VI24A and VI24W 65%, and VI24K and VI24G 50%. The
duration of the mitial lag phase of the regeneration became shorter in order of
VI24W, VI24A | VI24K or VI24G, VI24E or VI24L. When fiee sulfhydryl
groups were titrated during the refolding process. the sulthydryl group number
of the mutant enzymes decreased at the same rate as for the wild type enzyme,

and no lag phase was observed for any mutant enzymes (data not shown).
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Fig. 8. Recovery of the activity on air oxidation in the absence of glutathione.

Proteins were denatured with 8 M urea and reduced with 2-mercaptoethanol.
Hydrolytic activity toward C~»p was measured at various time intervals The
theoretical activity was taken as 100% (a) Wild type enzyme (O), VI24A (@),
VI124W (4) and VI24L (A) (b) Wild type enzyme (O), VI24K (@), V124G
(&) and VI24E &)



The recovery of the activity in the presence of glutathiones for the fully
denatured and reduced wild type and mutant RNase A 1s shown in Fig. 9. The
most effective concentrations of glutathiones were 2 mM GSH and 0.2 mM
GSSGfor the refolding of RNase A [108].  The recovery of the activity of both
the wild type and mutant RNase A significantly increased when glutathione was
present.  Therates of recovery of activity of the mutant enzymes were almost
the same as that of the wild type enzyme, and the recovered activity of the
mutant enzymes reached the same level as in the case of the wild type enzyme

except for a hittle lower yield of V124G and V124K mutants.
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Fig. 9. Recovery of the activity in the presence of GSH and GSSG. Proteins
were denatured with 8 M urea and reduced with 2-mercaptoethanol. (a) Wild type
enzyme (O). VI24A (@), 124W (A) and VI24L (A) (b) Wild type enzyme
(O), VI24K @). V124G (1) and VI24E @A). See Fig 8 for other conditions.

IV. Discussion

(C-terminal Val124 in RNase A is conserved among mammalian pancreatic
RNases.  Replacement of this residue with alanine. tryptophan. lysine. glycine,
glutamic acid, or leucine produced an active enzyme that is indistinguishable
from the wild type enzyme as judged from the activity and structural properties;
almost the same kinetic parameters. CD spectra, /,, and two-state thermal
denaturation profiles. These results suggest that the construction of the
active center or domains of the mutant enzymes is not affected by mutation of
Vali24.  Little influence of amino acid replacement on activity and structure is
somewhat expected since the side chain of the C-terminal valine residue is
located on the outside of the enzyme surface. far from the construction of the
active site.  There seems to be little influence on the spatial orientation of the
side chain on amino acid replacement at Vall24. smce the a-carboxyl oxygen of
Vall24 is pretty much fixed with the «-carboxyl oxygen of His105 via a
hydrogen bond [109].

However, the mutation of Vall24 affected the recovery ofactivity for the
fully denatured and reduced forms. The refolding rates for all mutant RNase A
became slower than that of the wild type enzyme when air oxidation was
performed. However, they became almost the same when GSH and GSSG were
used as oxidizing agents. The probable effect of GSH and GSSG is the
formation of correct disulfide bonds by exchanging disulfide bonds between
free sulfhydryl groups or incorrectly paired disulfide bonds. In the absence of
GSH and GSSG. Val124 mutant enzymes tend to give randomly formed disulfide
bonds and. thus. incorrectly folded intermediate(s) may accumulate.

Vall24 interacts with nearby hydrophobic residues, lle106 an 1le107
[109].  When Vall24 is replaced with alanine or glycine. the hydrc hobic
nteraction with 1soleucine resi 1es becomes weakened. The lack of this

mteraction may be a cause for the inability to form compact structure around



the C-termial region.

Indeed. when a bulky tryptophan residue was introduced at the 124th
position, the compact packing of VI124W became difficult. Furthermore. the
regeneration profile of V1241 i1s similar to that of the wild type, since a leucme
residue 1s comparable with a valine one in size and hydrophobicity. These
results show that the size and hydrophobicity of the Vall24 side chain must be
an inportant clement for the refolding process of RNase A.

There are two positively charged residues, Lys104 and His 105, placed
closc to Vall24 [109]. It is most likely that the low regeneration rate obtained
for VI24K is duc to the electric repulsion.  In contrast, glutamic acid mutant 1s
the most favorable mutant because of its negative charge interacting with
lys104 and His105 during the regeneration reaction.  This interaction
contnbutes significantly to the formation of a compact structure of VI24E.

For some mutant enzymes. there was a significant initial lag phase prior to
the appearance of activity. It was suspected that the appearance of activity
might be directly synchronized with the formation of disulfide bonds. When
the disulfide bond formation rates of the wild type and mutant enzymes were
measured, we foun there was no relation between them.  Moreover, there was
an increase in the form¢ on of disulfide bonds during the lag phase.
Therefore, the :sults imply that rearrangement of the incorrectly paired
disulfide bonds occurs during the lag phase for the mutant enzyme, which
would perturb the formation of the native structure.

The C-terminal four ammo acid residues are conserved among many
mammalian pancreatic ribonucleases. They construct one of “chain folding
mitiation sites”™ (CFIS) [59. 110. 111]. a native-like structure rapidly formed in an
carly stage of folding. The C-terminal region of RNase A has been shown to
act as a CFIS in the folding pathwayv experimentally. The C-terminal 20 ammo

acid fragment of RNase A has a partially ordered structure that 1s stabilized
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through a hydrophobic interaction [59] It is quite likely that the C-terminal
region of RNase A is one of the nuclei positions in folding of the enzyme.
Fromourresults. it is concluded that hydrophobic interaction of Vall24 in

RNase A is important for an efficient packing of the RNase A molecule.

V.  Summary

An important role of C-terminal amino acid residues of bovine pancreatic
nbonuclease A (RNase A) in the formation of three-dimensional structure was
previously implied. The C-terminal amino acid, Vall24. was replaced with
amino acid residue with different properties vy site-directed mutagenesis. The
recombinant mutant enzymes were purified and subjected to a refolding study
after being converted to a fully reduced and denatured state. There was a
significant difference among the mutant enzymes in the recovery rate of the
activity when air oxidation was performed: the rate decreased in the order of
VI24E, VI24L, V124G, VI24K. VI24A. and VI24W. On the other hand. the
recovery rates for all the mutant RNase A in the presence of GSH and SSG
were almost the same. The recovered activity of VI24E after 24  incubation
reached to approximately 90% of that of the wild type enzyme, followed by
VI24L 80%, VI24A and VI24W 65%, and VI24K and \ 24G 50%. The
duration of the initial lag phase became shorter in the order of VI24W . VI24A
V124K or V124G, VI24E or VI24L.  The results imply that C-terminal amino acid
significantly influences the formation of correct disulfide bonds during the
refolding process and that the hydrophobic interaction of Vall24 is important

for efficient packing of the RNase A molecule.



Chapter 3. Effects of deletion of the C-terminal region and
mutation of Aspl21 on the properties and

regeneration of RNase A

. 1troduction

The previous chapter showed that the hydrophobic interaction of Vall24
with ncarby hydrophobic residues, 1le106 and Ile107, is important for efficient
packing of the C-terminal region. To mvestigate the role of the C-terminal
Vall24, Ser123, Ala122 and Aspl21 of RNase A, mutant enzymes of des-124-,
des-(123-124)-, des-(122-124)-, and des-(121-124)-RNase A in which these amino
acid residue(s) was deleted and DI21A, DI21E, and D121K RNase A in which
Asp 121 was replaced with alanine, glutamic acid, or lysine were prepared and
subjected to the folding study.  Ala(121-124) RNase A in which all of the C-
terminal four amino acid residues were replaced with alanines was also prepared
and its refolding was compared with that of the C-terminal deleted n tant

enzy cs.

I. xper me alprc edures
Materials

Plasmid pETRN coding the RNase A gene was constructed according to
the method of delCardayre ¢r al. [99].  An [Escherichia coli strain, Epicurian
Coli XL-1Bluc. was used as host cells for mutagenesis. An £. coli strain,
BL21(DE3). was used for expression of mutant RNase A.  Commercial RNase A
(Type II-A: Sigma, Missouri, USA) was used as the wild type enzyme. Cp
was purchased from Seikagaku Kogyo (Tokyo. Japan). All other reagents

were of analytical grade and purchased from Nacalai Tesque (Kyoto, Japan).

Site-Directed Mutagenesis

Mutant plasmids were constructed with a Quick Change Site-Directed

Mutagenesis Kit (Stratagene. California. USA) using a double-stranded plasmid
pETRN for the construction of AsplI2l mutant enzymes or pETRN-VI24A
coding mutant RNase A in which Vall24 was replaced with alanine [112] for the
construction of C-terminal deletion and Ala(121-124) mutant enzymes and two
kinds of oligonucleotide primers [100] Mutant plasmid pETRN-VI24A was
used to make GC content of the primers optimum.  The sequences of the
oligonucleotide primers designed to construct des-124-RNase A were 5-C-TTT-
GAC-GCC-AGT-TGA-TAA-CTA-GAT-AAG-CTT-GCG-3'  and  5-CGC-AAG
CTT-ATC-TAGTTA-TCA-ACT-GGC-GTC-AAA-G-3'.  The sequences ot the
oligonucleotide primers designed to construct des-(123-124)-RNase A were 5 -
CAC-TTT-GAC-GCC-TGA-GCC-TAA-CTA-GAT-AAG-3"  and  S-CTT-ATC-
TAGTTA-GGC-TCA-GGC-GTC-AAA-GTG-3". The sequences of the
oligonucleotide primers designed to construct des-(122-124)-RNase A were 5 -
CT-GTC-CAC-TTT-GAC-TGA-AGT-GCC-TAA-CTA-G-3" and 5-C-TAG-TTA-
GGC-ACT-TCA-GTC-AAA-GTG-GAC-AG-3", The sequences of the
oligonucleotide primers designed to construct des-(121-124)-RNasc A were 5'-
CCT-GTC-CAC-TTT-TAA-GCC-AGT-( "C-TAA-C-3" and 5°-G-TTA-GGC-ACT-
GGC-TTA-AAA-GTG-GAC-AGG-3".  The sequences of the oligonucleotide
primers designed to construct Ala(121-124) RNase A were 5 -GTC-CAC-TTT-
GCC-GCC-GCC-GCC-TAA-CTA-G-3" and  5'-C-TAG-TTA-GGC-GGC-GGC-GGC -

AAA-GTG-GAC-3". The sequences of the oligonucleotide primers designed
to construct DI2ZIA RNase A were 5-CCT-GTC-CAC-TTT-GCC-GCC-AGT-
GTT-TAA-C-3’ and 5°-GTTA-AAC-ACT-GGC-GGC-AAA-GTG-GAC-AGG-3".
The sequences of the oligonucleotide primers designed to construct DI2IE
RNase A were 5 -CCT-GTC-CAC-TTT-GAG-GCC-AGT-GTT-TAA-C-3" and 5'-G-
TTA-AAC-ACT-GGC-CTC-AAA-GTG-GAC-AGG-3".  The sequences of the
oligonucleotide primers designed to construct DI121K RNase A were 5-CCT-

GIC-CAC-TTT-AAG-GCC-AGT-GTT-TAA-C-3" and 5-G-TTA-AAC-ACT-GGC-



CTT-AAA-GTG-GAC-AGG-3".  All the mutations introduced into the plasmids
were confirmed by DNA sequencing with an ABI PRISM 310 Genetic Analyzer
(Perkin Elmer, California. USA) using a Bigdye terminator sequencing kit (Perkin

Elmer).

Expression and Purification of Mutant R Nase A

Mutant RNase A was expressed by the method of Dodge and Scheraga
[101} with the following minor modifications.  Mutated plasmuds were
transformed mto BL2I(DE3). A five milliter culture of BL21(DE3) harboring
mutated plIRN after 16 h incubation was added to 500 ml LB medum with 25
ug/ml ampicillin and then the culture medium was mcubated with shaking at
37°C. When the optical density at 570 nmreached 0.8, protein expression was
mnduced by the addition of 1 mlof 10 mM IPTG. After 3 h incubation, the cells
were collected by centrifugation and then suspended in 20 ml of 100 mM NaCl.
The cells were sonicated for 5 min. T : lysed cells were centrnfuged and
suspended i 5 ml of 4 M guanidine thiocyanate, 2 mM EDTA, 100 mM Trns-HCI,
and 80 mM GSH at pH 8.0. The suspension was stured for 2 h to sc 1bilize the
RNase A. Insoluble cell debnis was removed by centrifugation, and the
soluble portion was collected and diluted with 200 ml of 100 mM Tns-HCl
containing 2 mM EDTA at pH 80. For the formation of four disulfide bonds,
the solution of reduced RNase A was mixed with 62 mg of GSSGand then stired
for 72 h at 4°C.  The mixture was concentrated using an ultrafiltration cell with
a YM3 membrane (Anucon) and then adjusted to pH 6.0 with 0.1 N acetic acid.
For punfication. the concentrated solution was loaded onto a Mono S HR 5/5
cation-exchange column (Pharmacia Biotechnology. 7 x 54 mm) equilibrated with
25 mM sodium phosphate buffer, pH 6.5. and then the protein was eluted with a
linear gradient of 0 to 0.2 M NaCl  Fractions exhibiting the highest specific

activity were collected and then the phosphate buffer was exchanged for water.

The punfied enzyme was concentrated and keptat 4°C.

Determination of Kinetic Parameters

The hydrolytic reaction for C>p was measured spectrophotometrically

[102] m 0.2 M sodium acetate buffer, pH 5.5, at 25°C by recording the increase in
absorbance at 296 nm. The extinction coeffcient was taken as 5164 M cm"

The substrate concentration was in a range of 0.16 and 1.9 mM .

Circular Dichroism Spectroscopy

CD spectra, from 190 to 250 nm, were recorded at room temperature with a
Jasco J-720W spectropolarimeter in 10 mM MES buffer. pH 6.0. in a cell of 0.1
cmoptical path length.  The concentrations of the wild type and mutant RNase
A were 6.5 uM and 5 M, respectively.  Amount of secondary structures of

the wild type and mutant RNase A was estimated by the method of Chen ¢r al.
[113].

Thermal Denaturation

Changes in the [0] value at 222 nm were recorde as a function of
temperature.  Temperature was continuously increased by 0.5°C per minute
from 25 to 75°C with a jacketed cell of | cm optical path length. Temperature
was monitored with a thermometer placed inside the cell The enzyme

concentration was adjusted to 5.0 uM with 10 mM MES buffer. pH 6.0
containing 100 mM KCl.

Regeneration of the Denatured and Reduced Enzymes
RNase A was dissolved in 100 mM Tris-HCL pH 8.0, containing 2 mM
EDTA and 8 M urea. and then mixed with 10 ul of 2-mercaptoethanol. The

solution was bubbled with nitrogen gas for Smin, covered with a small sheet of
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parafilm, and then incubated at 25°C overnight. To isolate the denatured and
reduced RNase A, the reaction mixture was loaded onto a Sephadex G-25
column (15 x 50 mm) equilibrated with 0.1 M acetic acid and then the protein was
eluted with 0.1 M acetic acid at the flow rate of 2 ml per min. Fractions
containing protein were collected. The protein solution was mixed with a 1/10
volume of I M Tns-HCL pH 10.0, and then adjusted to pH 82 to start the
refolding process under the normal condition. The solution was incubated at
25 ¢

In the case of the regeneration in the presence of GSH and GSSG,
denatured and reduced RNase A prepared as above was mixed with a 1/10
volume of 1 M Tris-HCI, pH 10.0, contaning 2 mM EDTA and then adjusted to
ptl 82, The solution was mixed with 2 mM GSH and 0.2 mM GSSG and
mcubated at 25°C. Regeneration of RNase A activity was monitored by

measuring the activity toward Cop.

Protein Concentrations

At each purfication step, protein concentr: ons were determined by the
bicinchonmnic acid method [103]. For other experiments, t : protein
concentrations of unfolded and folded Nase A were determined using the
extinction coefficients of 8,500 M ¢m™ at 275 nm [104] and 9,800 M'cm! at

277.5 nm [ 105]. respectively.

Sulfhydryl Group Determination

Sulfhydryl groups in reduced RNase A were titrated with Ellman's reagent
[0.01 M 5.5-dithiobis-(2-nitrobenzoic acid) in 0.05 M sodium phosphate buffer,
pH 7.0] [106]. An aliquot of 150 ul removed from the RNase A reoxidation
solution of RNase A was added to 450 pl of 0.1 M Tnis-HCL pH 8.0, containing 8
M guanidine hydrochlonde and 10 mM EDTA. To the muxture. 25 pl of

Ellman's reagent was added. and then the reaction mixture was incubated at
25°C for 10 min. The concentration of SH groups was determined using the

extinction coefficient of 13.380 M ' cm' at 412 nm [107].

Mass Spectrometry Analysis

Mass spectra were analyzed with a Voyager RP Biospectrometry
Workstation (PerSeptive Biosystems. Massachusetts. USA).  Samples were
mixed with the same quantity of a matrix reagent [5 mg/ml a-cyano-4-hydroxy-
cinnamic acid and 0.05% trifluoroacetic acid in 50% acetonitrile].  Two

microliter of the mixture was applied on a sample tray. dried at room temperature,

and used for the analysis.

Cyanogen Bromide Cleavage

Three ht  dred microliter of the protein solution was mixed with 700 ul of
formic acid.  One hundred microliter of 10 mg/ml cyanogen bromide was added
to the mixture and the solution was incubated at 37°C ovemight. T :solution
was dned with an Automated Environmental SpeedVac System AES )10
(Savant, New York, USA) and dissolved in 50 ul of dist ed water. Then. the

solution was subjected to the analysis of mass spectrometry to mvestigate the

fragmentation of RNase A .

Amino Acid Analysis

Protem was hydrolyzed with 6 M HCI at 110°C for 22h. After the
solution was dried with SpeedVac AES1010, the dried material was dissolved in
0.2 M sodium citrate, pH 2.2, for amino acid analysis. Amino acid analyses were

performed with a JEOL JLC-500/V amino acid analyzer (JEOL. Tokyo).



Il Results
Expression and Purification of Mutant RNase A

Two to 8 mg of C-terminal deleted mutant enzymes (des-124-. des-(123-
124)-. des-(122-124)-. and des-(121-124)-RNase A). Ala(121-124) RNase A. and
D121 mutant RNase A were obtained from approximately 6 g of /. coli cells (wet
weight) collected from 1 liter culture.  All of the punfied mutant RNase A gave
a single-stained band on SDS-PAGE and an expected amino acid composition
(Table 2).

Table2 Amino acid compositions of wild ty pe and mutant RNase A.
des124- des<123- des«122- des<121- Ala(121- DI2IA  DI2IE  DI2IK Wwild

124)- 124)- 124)- 124) type
Asp 157 157 16.0 14.6 14.5 14.5 14.6 14.9 15.8
Thr 10 0 9.5 10 2 9.1 10.5 104 9.2 10.7 9.7
Scr 154 143 144 13.7 13.6 15.3 14.8 14.8 14.7
Glu 128 127 13.7 12.9 13.5 13.4 144 13.5 13.5
Pro 13 33 3.0 42 3.4 2.7 32 2.7 4.2
Gly 27 26 2.5 3.6 2.6 2.5 32 2.6 2.6
Ala 122 116 102 10.3 b7 12.7 11.6 11.5 116
1/2Cys 2.5 2.4 1.8 2.3 2.7 2.5 1.5 2.4 2.2
Val 72 72 7.0 71 7.1 79 8.0 8.3 84
Mect 3.6 33 3.0 3.3 3.2 3.3 3.2 33 3.5
flc 1.7 1.5 1.4 1.9 1.3 1.3 1.5 1.4 2.0
Leu 1.8 1.7 1.6 24 1.8 1.7 2.1 1.8 2.1
Tvr 51 4.8 3.9 5.2 4.1 4.6 3.4 4.7 49
Phe 206 23 2.2 3.1 2.0 2.0 2.2 2.0 2.9
Tmp 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
His 3.5 32 37 3.6 34 3.2 3.2 33 3.7
Lys 109 10.0 10.4 9.8 10.4 10.9 9.9 11.3 101
Arg, 35 32 3.4 3.8 4.0 3.7 3.6 3.8 3.6

Propertic and Ref ¢ 1g of C-terminal Deleted Mutant RNase A

The wild type and C-terminal deleted mutant enzymes (des-124- des-(123-
124)-. des-(122-124)-. and des-(121-124)-RNase A) showed a little different CD
spectra (Fig. 10). Amount of secondary structures estimated from obtained
CD data is shown in Table 3. Helix contents of des-124- and des-(123-124)-
RNase A and sheet contents of des-(122-124)- and des-(121-124)-RNase A

dec ased. Decrease of sheet contents is because of deletion of the C-terminal

ammno acid residues which consists of the C-terminal B sheet. but cause of

decrease of helix contents is not clear. The thermal denaturation profiles

monitored as to changes in [0] value at 222 nm showed that thermal

denaturation of all the mutant enzymes followed a two-state transition (Fig. 11).
The 7,, values of des-124-. des-(123-124)-. and des-(122-124)-RNase A were
lower by 3~6°C than that of the wild type. whereas des-(121-124)-RNase A

exhibited much lower value than the wild type enzyme.
1.5

190 210 230 250
Waveleng  (nm)
Fig. 10. CD spectra of the wild type enzyme (O), des-12 ®), d¢ 23-

124)- (A), des-(122-124)- (A), des-(121-124)- (L), and Ala(121-124) 1se
A (W)

Table 3 Amount of secondary structures of wild type and mutant RNase A
a-helix (%) p-sheet (%)

Wild type 2142 44+4
des-124- 1742 40+4
des-(123-124)- 1742 4544
des-(122-124)- 2242 36+4
des-(121-124)- 2442 27+4
Ala(121-124) [2+2 4514
DI2TA 1542 390+4
DI2IE 15+2 434
DI21K 16:2 394
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Kmetic parameters of the wild type a 1 C-terminal deleted mutant RNase
A for the cleav je of C>p were determined by means of Hanes-Woolf plots
(Table 4). K|, of des-124- and des-(123-124)-RNase A was slightly higher and
k.u of these mutant enzymes was shghtly lower than that of the wild type
enzyme; thus &.,/K,, of these mutants was a little smaller than that of the wild
type enzyme. The fact that des-124- and des-(123-124)-RNase A showed
almost the same activity suggests that Seri23 has little effect on the
construction of the active center. K,, of des-(122-124)- and des-(121-124)-
RNase A was higher than that of the wild type and k_,, of these mutant enzymes
was lower than that of the wild type enzyr . thus k., /K, of these mutant
R ase A was smaller than that of the wild type enzyme. Alal22 and Aspl21
are located near the catalytic residue, His 119. so the deletion of these residues

affects the hydrolytic activity of RNase A
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Table4 Kinetic parameters of the wild type and mutant RNase A
for the cleavage of Cp

Enzymes K, k. ko /K,
m\/ min’ mMmint
Wild type 046+0.02 140+10 300+40
des-124 0 6640 02 632 05+5
des-(123-124) 064+0.02 92+2 140+ 10
des-(122-124) 3.1+0 1 1142 36107
__des(121-124) 20401 034:001 __ 0174001
o Ala(121-124) 058+0.02 2822 495
DI21IA  0.52+002 3242 6217
DI2IE 0.59+002 RAES 36t3
DI2IK 0.31+002 7.1£0.2 2342

Activity regeneration by air oxidation in the absence of glutathione was
compared for the fully denatured and reduced forms of the wild type and mutant
RNase A (Fig. 12). The rate of recovery of the activity at an early period of
folding decreased in the order of des-124-, des-(123-124)-, des-(122-124)-. and
des-(121-124)-RNase A. The fi y recovered activity of des-124-RNase A
reached to approximately 90% of that of the wild type enzyme, whereas the
recovered activity of other mutant enzymes were as follows: des-(123-124)-
RNase A 80% and des-(122-124)-RNase A 70%. Des-(121-124)-RNase A
recovered no activity. Duration of the initial lag phase of the regeneration
became shorter in the order of des-(122-124)-, des-(123-124)-, and des-124-
RNase A. When free sulfhydryl groups were titrated durng the refolding
process, the sulthydryl group number of the mutant enzymes decreased at the
same rate as for the wild type enzyme. and no lag phase was observed for any

mutant enzymes (Fig. 12).
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Properties and Refolding of Ala(121-124) Mutant RNase A

The wild type and Ala(121-124) mutant enzyme showed indistinguishable
CD spectra (Fig. 10).  The thermal denaturation profile monitored as to
changes in [8] value at 222 nm showed that thermal denaturation of Ala(121-
124) mutant enzyme followed a two-state transition (Fig. 11). The 7,, value
obtamed was nearly the same as that of the wild type enzyme.

Kinetic parameters of the wild type and Ala(121-124) mutant RNase A for
the cleavage of C-p were determined by means of Hanes-Woolf plots (Table 4).
K, of Ala(121-124) mutant RNase A became higher than that of the wild type
cnzyme and its 4, became lower than that of the wild type enzyme; thus k../K,,
of the mutant RNase A was smaller than that of the wild type enzyme.

Activity regeneration by air oxidation in the absence of glutathione was
compared for the fully denatured and reduced forms of the wild type and
Ala(121-124) mutant RNase A (Fig. 12).  The recovery profile of the activity of
Ala( 21-124) was almost the same as that of des-( 22-124)-RNase A. The fully
recovered activity of Ala(121-124) RNase A reached approximately 90% of that
of the wil type enzyme. When fiee sulthydryl groups were titrated durnng the
refolding process. the sulfhydryl group number of the mutant enzyme
decreased at the same rate as for the wild type enzyme, and no lag phase was
observed for Ala(121-124) mutant enzyme (Fig. 12).

Activity regeneration in e presence of glutathione from fully denatured
and reduced wild type and Ala(121-12 mutant RNase A is shown in Fig. 13.
Activity regeneration of both the wild type and the mutant RNase A
significantly increased when glutathione was present. The recovered activity
of the mutant enzymes reached the same level as in the case of the wild type

enzyme.
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Properties and Refolding of D121 Mutant R Nase A

The wild type and D121 mutant RNase A showed indistinguishable CD
spectra (Fig. 14).  The thermal denaturation profiles monitored as to changes in
[0] value at 222 nm showed that thermal denaturation of all mutant enzymes
followed a two-state transition (Fig. 15).  The 7,, value of DI21E was nearly the
same as that of the wild type. but the 7,, values of DI21A and DI2IK were
slightly lower than that of the wild type enzyme.

Kinetic parameters of D121 mutant R 1se A for the cleavage ot C>p were
determined by means of Hanes-Woolf plots (Table 4). A, of mutant RNase A
was almost the same as that of the wild type. but k_,, was lower than that of the
wild type: thus 4£_,/K,, of mutant RNase A was smaller than that of the wild type
enzyme. This result shows that hydrolytic activity for C>p of the mutant

enzymes became lower.

1S

(deg cm™/dmol)

(0] x 10

-15 | I |
190 210 230 250

Wavelength (nm)

Fig. 14. CD spectra of the wild type enzyme (O), DI21A (@), DI2IE
(A), and DI21K @&).
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IV. Discussion

C-termmal four ammo acid residues are conserved among many
mammalian pancreatic ribonucleases.  The C-terminal region of RNase A
composes of a [} strand [109] and interacts with the surrounding amino acid
residucs to keep the nigid tertiary structure of RNase A, Deletion or mutation
of them produces an cnzyme whose secondary structure 1s almost
mdistinguishable from that of the wild type enzyme as judged from CD spectra,
but it gives adverse cffects on the activity and the thermal stability .

Des-124-RNase A 1s a mutant enzyme lacking the C-terminal amino acid,
Vali24, of the wild type RNasc A, Vall24 interacts with nearby hydrophobic
residucs. Hel06 and e 107 [109].  When Vall24 1s deleted, the hydrophobic
mteraction with 1soleucine residues becomes weakened. The lack of this
mteraction may be a cause for the mability to form compact structure around
the C-termmal region, and this may result in slight reduction of hydrolytic
activity and regeneration efficiency of des-124-RNase A.

Vall24, Alal22 and AsplZz 1n the C-termmal four amino acid residues
mteract with His 105 and lle107 via hydrogen bonds [109]. However, only
Ser123 has no such an interaction. This may be because hydrolytic activ y of
des-(123-124)-RNase A was not so reduced from that of the wild type and the
ac /ity regeneration rate of this mutant enzyme was not so different from that
of des-124-RNase¢ A.  Our results show that the formation of these hydrogen
bonds 1s very important element for correct folding of RNase A.

The hydrolytic activity and the regeneration rate of des-(122-124)-RNase
A was reduced. As Alal22 interacts with His 105 and Ile 107, deletion of the C-
terminal three ammo acid residues causes the lack of interaction keeping the C-
terminal region compact to produce the fully active enzyme.

Replacement of Asp121 causes slight reduction of the hydrolytic activity

for C>p. This result seems to be natural because Aspl2l is located near
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His119 and has an influence on the activity of RNase A [114-116].
Replacement of this residue also affected on the regeneration of the activity
fromthe fully denatured and reduced forms. However. D121E showed almost
the same folding profile as the wild type enzyme. This result implies that a
negative charge of Asp121 is an important element for refolding of RNase A to
form the compact structure by ionic interaction with surrounding residues
during the regeneration.

Des-(121-124)-RNase A recovered no activity. This is because the C-
termuinal region of this mutant enzyme lacks the side chain interaction and
cannot keep the « mpact ¢ wucture. Without these amino acid residues.
RNase A is not able to forma core structure in the early period of the refolding,
and efficiency of the regeneration is reduced because of the formation of
random paired disulfide bonds. Our result shows that formation of {3 sheets
around the C-terminus is essential for the construction of the active RNase A
structure.

Deletion or mutation of the C-terminal amino acid residues affected on the
regeneration of activity from the fully denatured and reduced >rms. The
regeneration rates of all C-terminal deleted, Ala(121-124) and DI21 mutant
RNase A were slower than that of the wild type enzyme when oxidation was
performed in the absence of glutathione. However, they became almost the
same when GSH and GSSG were used as oxidizing agents except des-(121-124)-
RNase A. A probable effect of GSH and GSSG is the formation of correct
disulfide bonds by exchanging disulfide bonds between free sulfhydryl groups
or mcorrectly pared disulfide bonds. In the absence of GSH and GSSG, C-
terminal deletion mutant enzymes. especially des-(121-124)-RNase A. tend to
give randomly formed disulfide bonds: thus. incormectly folded intermediate(s)
may accumulate.

In the regeneration of denatured and reduced some C-terminal deleted
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(des-(123-124)-, des-(122-124). des-(121-124)-), Ala(121-124), and D121 mutant
RNase A 1n the absence of glutathione, there was a significant period of initial
lag phase prior to the activity appearance. It was suspected that activity
appcarance might be directly synchronized to the formation of disulfide bonds.
As the disulfide bond-forming rates of the wild type and mutant enzymes were
same and there were no lag phase in forming disulfide bonds (Fig. 12), the
activity regeneration might be brought about by rearrangement of disulfide
bonds. That 1s, incorrectly paired disulfide bonds are accumulated in the
nitial regeneration peniod followed by rearrangement for their correct pairing
durmng the lag phasc of the mutant enzymes.

In the previous chapter, it is shown that the formation of compact
structure 1s nitiated by hydrophobic interaction by the C-terminal amino acid
residuc, Vall24, and leads efficient packing of the RNase A molecule.  Results
shown i this chapter suggest that a negative charge of Aspl2l is also
involved in this process. Therefore, unique characters of the side chains in
the C-termunal four resi 1es certainly contribute to the construction of the
compact structure, but the length of the protein mamn chain are also very
mportant factors for refolding of RNase A. This 1s shown by the present
result that Ala(121-124) mutant enzyme, in which all of the C-terminal four amino
acid residues replaced with alanine residues. also regenerated the activity from
the fully denatured and reduced forms. even though the intrinsic side chain
mteractions in the C-termnal region must be weakened.

The C-terminal region of RNase A is one of “chain folding initiation sites”
(CFIS) [59. 110, 111]. in which a native-like structure rapidly formed in an early
stage of folding. The C-termmal region of RNase A has been shown to act as
a CFIS m the folding pathway experimentally. The synthesized C-terminal 20
amino acid peptide of RNase A sequence has a partially ordered structure being

stabilized through a hydrophobic interaction [59]. It is quite likely that C-

terminal region of RNase A is one of the nuclei positions in folding of the
enzyme.

It 1s concluded that the C-terminal region of RNase A plays an important
role n refolding by providing an environment to forma compact structure in the
respect of interaction by side chains of amino acid residues and existence of
main chain in the C-terminal region. It may be important that not only the
function and structure of the folded mutant protein in which one or some amino
acid residues are replaced with other ones but also refolding process is
mvestigated to clear the role of individual amino acid residue in the

construction of the protein.

V.  Summary

The C-terminal amino acid residues of bovine pancreatic ribonuclease A
(RNase A) form a core structure in the initial folding process to lead the
construction of the tertiary structure. Roles of the C-terminal four amino acids
in structure, function, and refolding were studied with recombinant mutant
enzymes in which these residues were deleted or replaced. Mutant enzymes
punfied were analyzed with secondary structure, thermal st: ility. and activity
regeneration from denatured and reduced state. The C-terminal deleted mutant
enzymes showed the lower hydrolytic activity for C»p and almost
mdistinguishable CD spectra as compared with the wild ty e enzyme. The rate
of recovery of the activity was a significantly different among the C-terminal
deleted mutant enzymes when air oxidation was employed in the absence of
GSH and GSSG: the rate decreased in the order of des-124-, des-(123-124)-, and
des-(122-124) -RNase A.  However, the regeneration rates of mutant RNase A
in the presence of GSH and GSSG were almost e same. Des-(121-124)-RNase
A recovered no activity both in the presence and the absence of glutathione

because of random formation of disulfide bonds. Mutant enzyme in which all



of the C-terminal four amino acid residues were replaced with alanmes showed
the lower hydrolytic activity, indistinguishable CD spectra compared with wild
type enzyme, and also recovered its activity by the air oxidation. Hydrolytic
activity of the D121 mutant enzymes decreased as compared with the wild type.
The D121 mutant enzymes showed indistinguishable CD spectra from that of
the wild type. The rates of recovery of activity of DI21A and DI21K became
lower than that of the wild type enzyme, while the rate of recovery of DI21E was
almost the same as that of the wild type. The C-termmnal amino acids
significantly influence on the formation of correct disulfide bonds dunng the
refolding process and both interaction of amino acid residues and existence of
main chain around the C-terminal are important for an efficient packing of the

RNase A molecule.

Conclusion

The rate of recovery of the activity decreased in the order of des-124-,
des-(123-124)-, and des-(122-124) -RNase A when air oxidation was performed in
the absence of GSH and GSSG.  Des-(121-124)-RNase A recovered no activity

with air oxidation because of the formation of incorrectly paired disulfide bonds.

The results of the refolding studies using Vall24 mutant RNase A imply
that the C-terminal amino acid significantly influences the formation of correct
disulfide bonds durnng the refolding process and that the hydrophobic
mteraction and the size of the Vall24 side chain is important for efficient

packing of the RNase A molecule.

The results of the refolding studies using Asp121 mutant RNase A imply
that a negative charge of Asp121is an important element for refolding of RNase
A to form the compact structure by 1onic interaction with surrounding residues

dunng the regeneration.

The results of the study of Ala(121-124) show that not only unique
characters of the side chains in the C-terminal four residues but also the length
of the protein main chain certainly contribute to t : construction of the

compact structure of RNase A.

Thus, the C-terminal region of RNase A plays a very important role in the

formation of the tertiary structure.
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