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DOMAINS IN BOVINE SEMINAL RIBONUCLEASE

. *
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Bovine seminal ribonuclease is the only pancreatic-type ribonuclease to possess a dimeric structure: the two identical subunits are
covalently linked by two disulfide bridges. Actually, the protein exists in two different dimeric structures owing to the possibility of
swapping the N-terminal a-helical segments: the swapped MxM dimer, and the non-swapped M=M dimer. The thermal denatur-
ation of the two separated forms is investigated by differential scanning calorimetry. The process is reversible and can be repre-
sented by two sequential two-state transitions, indicating the presence of two domains in BS-RNase, regardless of the swapping
phenomenon. Inspection of the structural models leads to the tentative identification of an external domain and a core domain, the

latter more stable.
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Introduction

Bovine seminal ribonuclease, BS-RNase, is the only
dimeric ribonuclease of the pancreatic-type super-
family discovered so far [1, 2]. Its two identical sub-
units are linked by two disulfide bridges pairing
Cys31 and Cys32 of one chain with Cys32 and
Cys31, respectively, of the other chain. Each subunit
possesses more than 80% of sequence homology with
pancreatic ribonuclease, RNase A: 101 out of
124 residues are identical and the four intrachain
disulfide bridges occupy the same sequence positions.
More important, BS-RNase does exist in two dimeric
structures [3]: the MxM form in which there is the
swapping of the N-terminal a-helical segment be-
tween the two subunits, and the M=M form in which
the swapping does not occur and each N-terminal seg-
ment packs against the remaining part of its own sub-
unit (Fig. 1). The biochemical evidences have defi-
nitely been supported by the X-ray structures of the
two dimeric forms [4, 5]. The swapping ability is re-
lated to the conformational properties of a small pep-
tide, the segment 1622, called hinge peptide, that
connects the N-terminal a-helix to the second a-helix
in each subunit [4-6]. The two dimeric structures
prove to be in equilibrium between each other in the
natural protein isolated from bull seminal plasma: the
molar ratio [M=M]/[MxM]=1/2 at 37°C [3].

To the extraordinary property of populating two
dimeric structures, it is necessary to add that
BS-RNase displays special biological actions, and the
two dimeric forms are endowed with distinct biologi-
cal functions [1, 2]. While M=M possesses only the
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Fig. 1 Structural models of the two dimeric forms of
BS-RNase; panel A, MxM (PDB entry code, 1BSR);
panel B, M=M (PDB entry code, 1R3M). The two ther-
modynamic domains suggested by the analysis of DSC
curves are indicated

normal catalytic reactivity toward RNA, MxM is
allosterically regulated in the second, rate-determin-
ing step of the catalytic reaction, and more important,
it is a cytotoxic agent selective for tumoral cells
[7-9].

In the last years we have investigated the thermal
denaturation of several ribonucleases [10-16], also
BS-RNase [17]. In particular, Barone and colleagues
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studied the thermodynamic stability of the two
dimeric forms of BS-RNase, performing differential
scanning calorimetry, DSC, and circular dichroism
measurements [18]. Thermal denaturation proved to
be reversible for both MxM and M=M, but not well
represented by a simple two-state transition model.
Deconvolution of DSC curves indicated the presence
of two domains in the BS-RNase structure, regardless
of the swapping phenomenon [18]. In the present
work we analyze a different set of DSC measurements
at pH 5.0, recorded some years ago, by means of a dif-
ferent deconvolution procedure, with the aim to pro-
vide an alternative identification of thermodynamic
domains in BS-RNase. Data obtained by decon-
volution allow also the calculation of the Gibbs en-
ergy difference between M=M and MxM: the
swapped dimer proves to be more stable by
1.5 kJ mol™" at 37°C, in line with the estimate coming
from the equilibrium constant determined by means
of gel filtration experiments [3].

Materials and methods
Protein preparation

The two dimeric forms of BS-RNase can be separated
according to the following procedure. Selective
cleavage of the two intersubunit disulfide bridges
leads to monomers in the case of M=M, and to
non-covalent dimers in the case of MxM, owing to the
noncovalent interactions existing between the
swapped N-terminal a-helical segment and the main
body of the other subunit [3]. The X-ray structures of
both monomer and non-covalent dimer have been
solved by Mazzarella and co-workers [19, 20]. Pure
M=M and MxM forms are obtained by air reoxidation
of monomers and non-covalent dimers, respectively.
Doubly deionized water is used throughout. Before
DSC measurements, sample solutions are dialyzed
against the buffer solution at 4°C for 24 h, using
dialysis tubes with a cutoff limit of 15000 Da. The
same value of extinction coefficient, gy75=
12740 M' cm’', is used for both MxM and
M=M [13]. All the solutions contain 100 mM sodium
acetate buffer at pH 5.0. The pH is measured before
each DSC scan, at 25°C, with a Radiometer pHmeter
(model PHM93).

Scanning calorimetry

Calorimetric measurements are carried out on a
Setaram Micro-DSC instrument, interfaced with a
data translation A/D board for automatic data acquisi-
tion. Data analysis is accomplished with in-house
programs [10, 11], and the excess heat capacity func-

62

tion, AC,, is obtained by subtraction of the baseline,
given by linear extrapolation of the native state heat
capacity [21]. The van’t Hoff enthalpy is calculated
using the formula [22]:

AH i =4RT,. AC(Tax) AaFl (1)

where Tp.x 18 the temperature corresponding to the
maximum of DSC peak, AC,(Tay) is the height of the
excess heat capacity at Ty, AgH is the total denatur-
ation enthalpy change calculated by direct integration
of the DSC peak and R is the gas constant. The close
correspondence between A4H and A4H,y is a neces-
sary condition to state that the denaturation is a
two-state transition [22, 23].

Thermodynamic model

Complex DSC profiles have to be deconvoluted
according to definite statistical thermodynamic
approaches [24-28]. Two sequential two-state tran-
sitions give rise to three states: the native state N, an
intermediate, indicated by I, in which part of the
molecule is unfolded, and the denatured state D. Kj is
the equilibrium constant of the first conformational tran-
sition N1, and is temperature dependent according to:

Ki=exp—{[AcH (Ta1)/RI[(V/T)~(1/Tg )]+
(AdCo /R 1T )/ T)-In(T/ T4 1)1} (2)

where Tqy, is the denaturation temperature at which
Ki=1, A¢H(Ty,) is the enthalpy change associated
with the first transition and Ay4C,,; is the correspond-
ing heat capacity change. K, is the equilibrium con-
stant of the second conformational transition I<D,
and is temperature dependent according to:

K2=exp— { [Ade(Td,z)/R] [( 1 /T)—( 1 /Td,2)]+
(AdCo o R)1—(T4 o/ D-In(T/ T4 2)]} 3)

where Ty, is the denaturation temperature at which
K>=1, A¢H>(Ty5) is the enthalpy change associated
with the second transition and A4C,, is the corre-
sponding heat capacity change. Equations (2) and (3)
are exact in the assumption that the heat capacity
changes are temperature independent. By assuming
the native state as reference, the macroscopic canoni-
cal partition function is [21, 27]:

OnN(T=1+K+K (K, 4)

The population fractions of the three macro-
scopic states are fn=1/0n, fi=K1/O\, and fp=K K»/Ox.
The excess enthalpy function with respect to the na-
tive state is:

AH(T)=[AH (T4, 1)) FAdCo 1 (T-Ta ) [AeH (Tg1)+
AGCp ((T-T4,1))FAH (T4 2)TACo 2(T-Ta)lfo  (5)
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The excess heat capacity function, AC,,, which is
the physical observable of DSC measurements, is
given by the temperature derivative of AH(T). Ac-
cording to Privalov et al. [28], the contributions of the
first and second transitions to AC, are given by:

AC, 1 =[AH\(T41)/RT*1AHfy (6)
ACy2=[AaH(Ta2)/RT’]
[AGH (Ta1)+AaHA(Ta2)-AH]f (7

and AC,=AC,+AC,,. DSC curves can be directly
simulated by using as input parameters the values of
Td,la AdHl(Td,l)a Ade’l, Td,29 Ade(Td,z) and Ade’zﬁ these
are the parameters to be determined by the
deconvolution analysis of experimental DSC curves.
The total heat capacity change associated with
denaturation, AjCy=A4Cp1+AGC,, can be eliminated
by means of an iterative procedure [29]. In this
manner, the number of parameters to be determined by
deconvolution reduces to four: Ty, AaH1(T4,1), Ta2 and
AgHy(T4p). Deconvolution of experimental peaks is
performed by means of a nonlinear regression, using
the Levenberg-Marquardt algorithm, as implemented
in the Optimization Toolbox of MATLAB [27].

Since A4C,; is eliminated from the excess heat ca-
pacity profiles, the values of A4C,, | and A¢C,,» can be
calculated by assuming that the heat capacity changes
associated with the two transitions are proportional to
the corresponding enthalpy changes [28]:

AdCy i =[AdHi(Ta ) AdHAGC (8)

When thermal denaturation is described by two
sequential two-state transitions, the total denaturation
Gibbs energy change is the sum of the individual

contributions associated with the first and second
conformational transitions [28]:

AG=A4G1HAG 9)

where each contribution can be calculated by means
of the well-known relationship [22]:

AgGi=AH (T )[ 1T/ Ty )]+
AgCo il T-Ta;~TIn(T/Ty;)] (10)

which is exact in the assumption that the heat capacity
change is temperature independent.

Results and discussion

DSC measurements on the two dimeric forms of
BS-RNase at pH 5.0, 100 mM acetate buffer, using a
scan rate of 0.5°C min ', indicate that the denatur-
ation process is reversible, according to the reheating
criterion. A second heating of a sample previously
heated up to 85°C and then cooled to 20°C, gives a
DSC peak superimposable on that obtained in the first
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Fig. 2 Experimental DSC profiles, at pH 5.0, 100 mM acetate
bufter, of MxM (c=1.50 mg mL™, curve a), and M=M
(c=1.45 mg mL™", curve b). Excess heat capacity values
are shifted along the y-axis for ease of presentation.
The full lines represent the two sequential two-state
transition curves calculated by deconvolution. See text
for further details

scan. The process is not affected by protein concen-
tration in the range 1.0-3.0 mg mL™'. Calorimetric
profiles of MxM and M=M are shown in Fig. 2: they
are different, because the DSC peak of MxM has, in
the low-temperature side, a longer tail than that of
M=M. The reliability of such curves may be ques-
tioned on the basis of the well-established fact that
each of the two dimers, spontaneously, interconverts
into the other in order to reconstitute the natural equi-
librium mixture [3]. However, by heating protein so-
lutions up to 75°C using different scanning rates, over
the range 0.3—1.2°C min "', superimposable DSC pro-
files are obtained for MxM and M=M samples, re-
spectively. Kinetic data showed that the two forms are
stable at 37°C for about 10 h [3]. Therefore, it is pos-
sible to assume that the interconversion process is so
slow that, during DSC measurements, each dimer
does not transform into the other in appreciable quan-
tity, and denaturation is a reversible process [18].
Thermodynamic parameters obtained directly
from the analysis of DSC curves are collected in Ta-
ble 1. The temperature corresponding to the maxi-
mum of DSC peaks is practically identical for the two
forms: T.,=61.4°C for MxM and 61.3°C for M=M.
On the contrary, the total calorimetric enthalpy
change is different: AgH=650 kJ mol ™' for MxM, and
620 kJ mol ' for M=M [17,18]. This finding empha-
sizes that the two dimeric forms should have a differ-
ent energetic content. Even though caution is neces-
sary because the difference is of the order of the ex-
perimental uncertainty (i.e., approximately 5% of re-
ported values), nevertheless it is statistically signifi-
cant, in view of the large number of DSC measure-
ments performed. On the other hand, as suggested by
the asymmetric shape of DSC profiles shown in
Fig. 2, the thermal denaturation does not correspond
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Table 1 Thermodynamic parameters of the thermal denatur-
ation of the two dimeric forms of BS-RNase at pH
5.0, 100 mM acetate buffer. The values of AjH,y are
calculated according to Eq. (1)

T/ AH/ AeHon/ ACy/
°C kJ mol™ kJ mol™! kI K mol™
MxM  61.4 650 330 8.0
M=M 613 620 310 8.0

Each figure represents the value averaged over ten
measurements at different scanning rates, in the range
0.3-1.2°C min". The error in Ty does not exceed
0.2°C. The estimated relative uncertainties in AgH and
A4C, amount approximately to 5 and 10%, respectively,
of reported values

to a two-state N<D transition for both MxM and
M=M forms. The calorimetric to van’t Hoff enthalpy
ratio is close to two for both the dimeric forms of
BS-RNase, indicating the presence of two thermody-
namic domains in the BS-RNase structure, regardless
of the N-terminal a-helical segment swapping. Fi-
nally, A4C, amounts to 8.0+1.0 kJ K™' mol " for both
proteins.

A comparison of these values with those of
RNase A in the same experimental conditions indi-
cates that: Ty, corresponds exactly to the denatur-
ation temperature of RNase A, T4=61.3°C; the values
of both A¢ff and A4C,, of MxM and M=M are less than
twice those of RNase A, 465 kJ mol' and
5.5kIK ' mol ™', respectively [12, 13]. A further com-
parison can be performed with the thermal denatur-
ation of the monomeric and carboxyamidomethylated
form of bovine seminal ribonuclease, MCAM-BS-
RNase, in the same experimental conditions. The pro-
cess was a reversible two-state transition character-
ized by T4=55.2°C, AjJH=380 kJ mol ! and ACy=
4.7kJ K ' mol ' [13]. Therefore, on forming a dimeric
structure, either swapped or non-swapped, the dena-
turation temperature increases.

To shed further light on the thermodynamic sta-
bility of the two forms of BS-RNase, a deconvolution
analysis of the DSC curves for both MxM and M=M
forms is performed according to the sequential model
described in the Materials and Methods section. The
results are collected in Table 2, and the two sequential
two-state transition curves are shown in Fig. 2. The
value of 7,=56.3+0.3°C for MxM, and 57.4+0.3°C
for M=M, while T};,=62.4+0.3°C for both the forms.
Therefore, the mid-point denaturation temperatures,
characterizing the two sequential transitions, are prac-
tically equal for the two dimeric forms; the small dif-
ference in T, values will be shortly discussed in the
following. The value of AyH(74,)=270 kJ mol ! for
both forms: it is smaller than half of the total area of
DSC peak. This, on the basis of Eq. (8), reflects in
ACp =33 Kk K' mol' for MxM, and
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Table 2 Thermodynamic parameters calculated by
deconvolution of the experimental DSC curves of
MxM and M=M forms of BS-RNase at pH 5.0 ac-
cording to the sequential model. The values of the
heat capacity changes are calculated by means of

Eq. (8)

MxM M=M
Ty,/°C 56.3+0.3 57.4+0.3
AgH\(Ty,)/kJ mol ™ 270+8 27049
AdCy /KT K mol™! 33 35
Ty2/°C 62.4+0.3 62.4+0.3
AdHo(Ty2)/kJ mol™ 380+12 350+14
A4Cpo/kT K mol™! 4.7 4.5

3.5 kJ K" mol™" for M=M. The value of AgHy(Ty,)=
380 kJ mol ™' for MxM, and 350 kJ mol™' for M=M; it
is larger than half of the total area of DSC peak. On
the basis of Eq. (8), AqCp»=4.7 kI K" mol ' for MxM,
and 4.5 kJ K" mol”' for M=M. A thermodynamic
model with two independent two-state transitions also
fits the experimental DSC profiles, but not as well as
the proposed sequential model.

Having determined these parameters, it is possi-
ble to calculate the denaturation Gibbs energy change
at any temperature, according to Eqgs (9) and (10), for
both MxM and M=M. Performing the calculation at
37°C, it results: (a) for MxM, A¢G;=14.0 kJ mol™" and
AgGy=24.2 kJ mol”', so that A4G=38.2 kJ mol';
(b) for M=M, AG;=14.5 kI mol" and AG=
22.2 kJ mol ™, so that A;G=36.7 kJ mol™". Therefore,
at 37°C, the difference in AjG between MxM and
M=M amounts to 1.5 kJ mol™". This value has to be
considered an estimate of the standard Gibbs energy
change associated with the interconversion
MxM<M=M. This assumption is supported by the
fact that the denatured states of both MxM and M=M
should be identical and the differences in thermody-
namic parameters should be due to the structural fea-
tures of the folded forms. The interconversion pro-
cess, at 37°C, has an equilibrium constant K=
[M=M]/[MxM]=1/2 [3], which corresponds to a stan-
dard Gibbs energy change of 1.8 kJ mol™'. The close
agreement between the latter value and that estimated
from the analysis of DSC data seems to indicate the
reliability of our results. The MxM form is more sta-
ble, in thermodynamic terms, than the M=M form;
however, since the Gibbs energy difference is very
small, both dimeric forms are significantly populated
in equilibrium conditions at 37°C.

Deconvolution analysis of DSC profiles at
pH 5.0 of the two dimeric forms of BS-RNase indi-
cates that the thermal denaturation can be described
by two sequential two-state transitions which should
be ascribed to the sequential unfolding of two distinct
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thermodynamic domains. In general, a thermodyn-
amic domain is that part of a globular protein that
unfolds cooperatively, i.e., according to the two-state
transition model. Usually, a thermodynamic domain
should correspond to a structural domain of the
protein. Inspection of the X-ray structure of MxM and
M=M, shown in Fig. 1, suggests the presence of two
structural domains in these molecules: (a) a ‘core
domain’ comprising the central region of the dimer
and containing six disulfide bridges, i.e., the two
disulfide bridges connecting the two subunits and the
two bridges Cys26—Cys84 and Cys40—Cys95 in each
subunit; (b) an ‘external domain’ comprising the
peripheral regions of the dimer and containing four
disulfide bridges, i.e., the two bridges Cys58—Cys110
and Cys65—Cys72 in each subunit. A peculiar feature
of these two domains, in both MxM and M=M, is the
fact that each one is constituted by parts belonging to
both subunits.

Each subunit of the dimers possesses three
o-helical segments, spanning residues 3—13, 24-34 and
50-60, respectively; and two antiparallel -sheets, that
give rise to the V-shaped motif characteristic of the
pancreatic ribonuclease folding pattern [4, 5]. The first
B-sheet has three strands comprising residues 4248,
79-87 and 97-104, respectively; the second -sheet is
less regular and is made up of two long strands
comprising residues 105-113 and 114-124, and two
short strands comprising residues 61-64 and 71-75. We
propose that the binding clefts, constituting the active
sites of BS-RNase and originating from the packing of
the two N-terminal o-helical segments against the
V-shaped motif made up of the two B-sheets in each
subunit, dissect the dimer in two domains, regardless of
the swapping phenomenon. Such domains are schemat-
ically indicated in Fig. 1 for both MxM and M=M.

The core domain, in each subunit, is formed by
the polypeptide segments containing residues 1-49
and 79-104; these two regions are covalently linked
by means of the disulfide bridges Cys26—Cys84 and
Cys40—Cys95. Therefore, the core domain is made up
of the first and second a-helices and the first -sheet.
Furthermore, Mazzarella and co-workers [4] pointed
out that the two N-terminal segments in the structure
of MxM interact via H-bonds only with residues be-
longing to the proposed core domain, namely with
residues 25, 33, 44, 45, 47, 48 and 49 of the primary
structure; actually, there are also two H-bonds, medi-
ated by water molecules, between Ala4 and Vall18,
and Ala5 and Prol117, respectively. The external do-
main, in each subunit, is formed by the polypeptide
segments containing residues 50—78 and 105-124;
these two regions are covalently linked by means of
the disulfide bridge Cys58—Cys110, whereas the
bridge Cys65—Cys72 serves to confer rigidity and sta-
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bility to a loop exposed to the solvent. Following the
same assignment of secondary structure elements [4],
the external domain is made up of the third a-helix
and the second B-sheet. Clearly, due to the connectiv-
ity of the polypeptide chain and the specific features
of BS-RNase, it is not correct to consider the two do-
mains as real independent units.

Therefore, the core domain would comprise
about 150 residues, whereas the external domain
would comprise about 100 residues. Since there is an
approximate direct proportionality between the dena-
turation enthalpy change and the molecular mass of
the polypeptide chain forming a thermodynamic do-
main [30], the two transition enthalpies should be in a
ratio roughly equal to 2/3=0.67, in both the dimeric
forms of BS-RNase. In fact, we have found:
AdHl(Td’l)/Ade(Td,z):O.71 for MxM and 0.77 for
M=M. The above discussion points out that the core
domain should be more stable, in terms of transition
temperature, than the external domain in both MxM
and M=M. The first transition should correspond to
the unfolding of the external domain with 7;,=56.3°C
in MxM and 57.4°C in M=M; while the second transi-
tion should correspond to the unfolding of the core
domain with 74,=62.4°C for both MxM and M=M.

The finding that the transition temperature of the
core domain is the same in both MxM and M=M seems
physically reliable, because the interface region between
the two subunits is practically identical in the two
dimeric forms [5]. Structural differences between the
core domain in MxM and M=M should originate in the
distinct packing of the N-terminal segments and hinge
peptides against the main body of the subunits [4, 5].
This should explain the difference of about 30 kJ mol™
found between the values of AyH,(T,) for MxM and
M=M, respectively. But, such a difference in
denaturation enthalpy is largely compensated for by a
corresponding difference in denaturation entropy, and
the 7y, value proves to be the same for both MxM and
M=M. According to the 7,; values obtained by
deconvolution (i.e., 56.3 and 62.4°C for MxM vs. 57.4
and 62.4°C for M=M), the two domains appear to be
slightly more coupled in M=M than in MxM. In fact, the
X-ray structure of M=M shows a closure of the binding
cleft with respect to the X-ray structure of MxM [5].

Conclusions

In conclusion, DSC measurements and their analysis
point out that the two dimeric forms of BS-RNase
have a similar thermodynamic stability. In terms of
Gibbs energy, the swapped MxM form is more stable
than the non-swapped M=M form, but the difference
is so small that the two structures are both signi-
ficantly populated in the bull seminal plasma.
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