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Abstract

The radius of gyration (R,) of bovine trypsinogen and B-trypsin was measured by an energy-dispersive X-ray technique as a function
of Ca®" or SO4>~ concentration; these results have been supplemented with measurements of association equilibrium constants of Ca>*
to its binding site(s) on both serine proteases and some of their adducts (with an effector and/or an inhibitor). As a whole, all information
reported in the present work demonstrates that: (i) the strains exerted by different ions on these proteases produce diverse structural mod-
ifications; and (ii) at least in the case of Ca®*, the changes in R, can be ascribed to the direct interaction of the binding site(s) on the

protein matrix with the cation.
© 2006 Elsevier Inc. All rights reserved.
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Nearly all proteins are built from domains, whose rela-
tive movements—especially when large—provide impres-
sive examples of their structural flexibility. Such motions
are important for a variety of protein functions, including
catalysis, transport, and assemblies. Usually, the presence
of bound ligands stabilizes a closed conformation, and
their absence favors an open one. If this is how things
stand, the interactions of proteins with small ligands is
expected to embody some fundamental physico-chemical
principles that are operative in relevant physiological regu-
lation (e.g., enzyme activity and association among diverse
macromolecules). Briefly, the study of interactions between
proteins and small ligands furnishes the basis for the under-
standing of biological specificity at molecular level. There-
fore, a deep insight into conformational changes of
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proteins in solution—as modulated by different solvent
components—is an essential aspect for the comprehensive
characterization of the overall structure and function of
those macromolecules.

Among the most versatile tools for investigating the
bulk properties of macromolecular solutions are scattering
methods. In fact, despite of the low resolution of structural
information obtained by small angle X-ray scattering tech-
niques, their main advantage is the capability to provide
direct information on the global shape and size of biologi-
cal macromolecules in solution. More recently, an energy-
dispersive X-ray diffraction (EDXD)' technique [1] has
been shown [2]: (1) to be a very attractive way to measure
the change in the overall dimensions (e.g., the radius of
gyration, R,) of biological systems, such as B-trypsin and

Y Abbreviations used: R,, radius of gyration; EDXD, energy-dispersive
X-ray diffraction; PSTI, pancreatic secretory tripsin inhibitor.
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trypsinogen, prominent members of the serine protease
family; and (ii) not to induce structural modifications
and/or damage during the data acquisition. Both B-trypsin
and trypsinogen show an identical three-dimensional struc-
ture for about 85% of the polypeptide chain, but the rest of
molecule (the so-called activation domain; see Fig. 1) is
entirely different, being not observed in the electron density
map of trypsinogen but visible in that of B-trypsin [3]. The
physiological transition from inactive trypsinogen (i.e., the
proenzyme or zymogen) to catalytically operative trypsin
(i.e., the active enzyme) occurs by cleavage of an amino-ter-
minal hexapeptide followed by the insertion of the newly
formed amino-terminal residues (i.e., Ile16-Vall7) into a
specific cleft (the so-called Ile-Val pocket; see Fig. 1)
present on the molecular surface. These events lead to the
rigidification of the activation domain, an occurrence con-
sidered a clearcut evidence for the coupling mechanism
between the activation domain and the reactivity center
of the (pro)enzyme; in fact, the low intrinsic proteolytic
activity as well as the weak ligand binding properties of
the proenzyme may be related to the poorly structured
recognition subsites (located in the reactivity or catalytic
center; see Fig. 1) in comparison with those of the
active enzyme. All these structural rearrangements can be
properly induced in trypsinogen also by the binding of (i)

Catalytic
center

Activation

lle-Val cleft domain

Fig. 1. Richardson diagram of trypsin(ogen), lacking the amino-terminal
hexapeptide that protrudes from the polypeptide end present in the Ile-Val
cleft. The main structural characteristics of such protease(s) are shown. In
the middle of the drawing, the catalytic center is depicted: it comprehends
(i) catalytic residues drawn (two out of the relevant three, i.e., His57 and
Asp102, the third one—Ser195—being hidden by SO4*7) in ball-and-stick
representation; (ii) one SO4>~ anion; and (iii) the recognition and binding
sites for substrates and inhibitors (not portrayed). At the bottom, four
polypeptide loops that are not visible in the Fourier map of trypsinogen
are shown (three of these segment build up the so-called activation
domain; the fourth segment assumes an ordered three-dimensional
structure only when trypsinogen is converted into trypsin by specific
cleavage of the amino-terminal hexapeptide and insertion of the newly
formed terminus into the Ile-Val cleft).

activating peptides mimicking the amino-terminal residues
of B-trypsin (e.g., the Ile-Val dipeptide), to the Ile-Val pock-
et, and (ii) a macromolecular inhibitor (e.g., pancreatic
secretory trypsin inhibitor, or PSTT) that forms a stable com-
plex interacting with the reactivity center of the proenzyme.
In other words, the binding energy of each ligand (e.g., Ile-
Val or PSTI) brings about a different activation state in
trypsinogen that is not fully equivalent to that of B-trypsin;
only the ternary complex PSTI:trypsinogen:Ile-Val shows
the conformation of the activation domain very close to that
of B-trypsin [3] and, accordingly, the overall binding energy
(i.e., that due to the interaction between trypsinogen and
PSTI plus that derived from the association between trypsin-
ogen and Ile-Val)}—propagating through the trypsinogen
molecule—brings about a rigidification of the proenzyme
even though not fully equivalent (see legend to Fig. 1) to that
produced by the endogenecous amino-terminus of the
enzyme.

In a previous investigation on the same biological sys-
tems [2] the strains exerted on both proteins, and reflected
in modifications of their overall shape (as measured by
changes in R;), by chloride ion and by protons were deter-
mined; however, the topology of the binding sites of these
ions on the proteins was not known, and as a consequence
the interpretation was only phenomenological. Therefore,
to extend this previous study and to analyse in more detail
the interaction of biologically important ions with the tryp-
sinogen/p-trypsin system, the effect of one cation (calcium
ion, Ca®") and one anion (sulphate ion, SO4>"), whose
location is well established on these serine proteases [4—
7], on the R, values of both proteins has been investigated
by using the EDXD technique; moreover, these results
have been supplemented with measurements of association
equilibrium constants of Ca®" to its binding site(s) on both
serine proteases and some of their adducts. As a whole, all
information, collected under equilibrium conditions, dem-
onstrates that (i) although spatially separated, the three
binding pockets considered (i.e., the Ile-Val cleft, the reac-
tive center where PSTI binds and the Ca" loop) are coop-
eratively linked, and (ii) at least in the case of Ca®", the
changes in R, can be ascribed to the direct interaction of
the protein matrix with the cation.

Materials and methods
Materials

Bovine trypsin was purchased from Sigma Italia (Milan,
Italy). After purification of the commercial product,
achieved according to a previous procedure [8] as modified
by Luthy et al. [9] B-trypsin preparations contained less
than 1% of a-trypsin, as judged from kinetics of the reac-
tion with p-nitrophenyl p-guanidinobenzoate [10]. Crystal-
line trypsinogen was obtained from Merck (Darmstadt,
Germany); zymogen preparations were found virtually free
of trypsin, chymotrypsin, elastase, and kallikrein activities

[11].
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The homogeneity of B-trypsin and trypsinogen was
checked by polyacrylamide gel electrophoresis in 1% sodi-
um dodecylsulfate, in the presence and absence of 1%
mercaptoethanol [12]. The preparations used contained less
than 1% of protein contaminants.

Bovine PSTI was prepared and purified as previously
described [13].

The Ile-Val dipeptide was synthesized as detailed in [14].

The concentration of B-trypsin was determined: (i) spec-
trophotometrically at 280 nm [g(1%, 1 cm)=15.6 at pH
6.80, phosphate buffer, I'/2=10.1 M, and T =20 °C]; and
(i1) by titration with pNGB [10]. Trypsinogen concentra-
tion was measured (i) by titration with pNGB and (ii) spec-
trophotometrically at 280 nm [¢(1%, 1cm)=13.9]. The
values of the enzymes’ concentrations, determined by the
two different methods, agree very well with one another
(the difference being less than 5%). PSTI concentration
was obtained using &(1%, 1 cm) = 5.18 [15].

Benzamidine, obtained from Sigma (St. Louis, USA),
was of analytical grade and used without further purifica-
tions; its concentration was determined spectrophotometri-
cally at 230 nm [¢(1 mM, 1 cm) = 12.7]. All other chemicals
were from Carlo Erba (Milan, Italy).

Sample preparation for EDXD experiments

When the protein solution is diluted, small angle X-ray
scattering measurements are affected by interparticular
interference effects, a phenomenon that can be eliminated
by extrapolation to zero concentration. Since no difference
in the scattering curves was observed to occur between 4
and 10 mg/mL [2], all samples for EDXD experiments were
prepared at a protein concentration of 7 mg/mL
(~0.3 mM) in order (i) to avoid any important interaction
between protein molecules, and (ii) to collect scattered
intensity statistically meaningful. To prevent any (auto)cat-
alytic effect of B-trypsin or its action on trypsinogen during
the time of data acquisition, 50 mM benzamidine was add-
ed to the solvent [2]. The CaCl, profile was investigated in
50 mM Bis-Tris, pH 6.5, while that of Na,SO,4 in 0.1 M
sodium acetate buffer, pH 4. All experiments were carried
out at room temperature.

EDXD measurements

Small angle X-ray scattering experiments were per-
formed by using two energy-dispersive X-ray diffractome-
ters extensively described elsewhere [1,16]. The effect of
Ca”" on the spatial form of B-trypsin and trypsinogen
and that of SO4>~ on trypsinogen shape were investigated
by using the apparatus located at the Physics Department,
whereas the influence of SO4°~ on both B-trypsin and
trypsinogen conformational changes as well as that of
Ca”" on P-trypsin overall shape were studied by means
of the instrumentation at the Chemistry Department.
All the replicated experimental measurements gave identi-
cal results, thus providing an important confirm on the

superimposition of the scattering curves by the two differ-
ent apparatuses.

Both devices consist of a Seifert X-ray generator supply,
a water-cooled tungsten X-ray source whose bremsstrah-
lung radiation is used. The operating conditions were:
45 mA current intensity, 50kV high voltage supply,
2250 W total power and 11-50 keV energy range. For
acquiring the small angle X-ray scattering spectra, a Ge
solid-state detector (SSD) connected via an electronic chain
to a multi-channel analyzer was used. A set of four colli-
mating W slits placed in front and behind the sample com-
plete the diffractometer operating in a vertical 0/0
transmission geometry. Selecting two scattering angles
0=0.15° and 0 =0.25° the s range (s is the momentum
transfer defined as s =2 sin0/A) was 0.0042-0.045 AL
Both trypsin and trypsinogen samples were measured at
room temperature in a sample holder with mylar windows
placed in the optical center of the diffractometer. The expo-
sure time for one measurement was typically 20,000 s.
Because of the low X-ray dose to which the samples were
exposed as EDXD experiments proceeded, neither specific
nor aspecific damages occurred. The measured experimen-
tal intensities were normalized to the incident radiation
intensity and corrected for buffer contributions, parasitic
contributions due to mylar windows, and sample
transmission.

Data analysis

Theoretical background

A monodisperse solution of biological macromolecules
of constant electron density p, embedded in a solvent of
constant po, is an ideal two-phase model where only the
excess Ap = p — po is relevant for the scattering.

X-ray scattering by proteins in solution is sensitive to
spatial dishomogeneities in electron density. Solutions are
isotropic samples: the particles in brownian motion act as
randomly oriented with respect to the direction of the inci-
dent beam and only the spherical average of the excess X-
ray scattering intensity is accessible [17].

1(s) = (I(5))q; (1)
where Q is the solid angle in the reciprocal space. The scat-
tered intensity can be expanded in powers of s> and at small

s, the scattering pattern can be approximated by a Gauss-
ian [18]

4nR%s?
I(s) = 1(0) exp <— 33' ) (2)

whose width is proportional to the square of the gyration
radius of the particle, R, defined for a homogeneous scat-
tering particle by

1 o0
R; :5/0 p(ryrdr, (3)

where p(r) is the pair distribution function defined as



160 G. Caracciolo et al. | Archives of Biochemistry and Biophysics 449 (2006) 157-163

plr)=— /000 rsl(s) sin(2mrs)ds 4)

Binding measurements

Calcium binding constants were measured at 20 °C with
a calcium-selective electrode equipped with a membrane
that was freshly prepared according to the method else-
where described [19]. The proteins were dissolved in deion-
ized water and brought to pH 6.4-6.6 with 1 M NaOH or
HCI. The calcium content of the proteins as well as that of
the CaCl, stock solution was determined by atomic absorp-
tion spectroscopy.

Results

To minimize side effects caused by some of the ions co-
present in the solvent, different pH values were chosen
when the influence of the two salts, i.e., CaCl, and Na,SOy,
on the R, has been measured. With reference to such a
choice, it is useful to remind the readers that the pH profile
of the R, corresponds to a bell-shaped curve for both pro-
teinases investigated, that of trypsinogen being shifted
along the ordinate axis by ~1 A [2]; in particular a narrow
peak in the R, values is centered at pH ~ 6.5, the left and
right branches of the curve levelling off from, pH 5.5,
towards lower values and from, pH 7.5 up, respectively.

The effect of CaCl, on the radius of gyration (R,) of
both B-trypsin and trypsinogen has been evaluated at pH
6.5 (i.e., at the highest pH effect on R,), a value correspond-
ing to a proton concentration that promotes the binding of
Ca’" and restricts the association of C17; in fact, evidence
based on ClI™ determination by a permselective membrane
electrode [20] has demonstrated that just at pH 6.5 the
number of CI~ bound to serine proteases drops to a mini-
mum. The R, of B-trypsin, directly calculated from Eq. (2),
presents its hlghest value (Ry ~ 22.5 A) in the absence of
Ca”" and reaches its lowest magnitude (Rg ~ 20 5 A) at
~20 mM of metal ion (Fig. 2). By increasing Ca®" concen-
tration no further structural modifications can be observed
(at least within the sensitivity limits of the instrument) and
accordingly the value of R, achieved at 20 mM remains
constant up to 300 mM CaCl,. On the other hand, in the
case of trypsinogen, the values of R actually go through
a minimum that corresponds to 20.4 A at ~10 mM CacCl,;
successive addition of Ca*" produces an increase in tryp-
sinogen R, until a plateau is reached corresponding to a
value of 22 5 A at ~150 mM CacCl, (Fig. 3). The larger val-
ue in R, (~1 A) measured for trypsinogen relative to P-
trypsin (under similar solvent conditions, i.e., in the
absence of Ca’"; see Figs. 2 and 3) can easily be explained
in terms of the presence of an extended amino-terminal
hexapeptide in trypsinogen that is removed in B-trypsin
(see Introduction). Moreover, it is interesting to note that
the reference R, values for both proteases (i.e., the R, mag-
nitude when stlcky ions, such as Ca®*, are not in the sol-
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Fig. 2. Profile of the radius of gyration (R,) of B-trypsin (7 mg/ml, pH 6.5,
and room temperature) as a function of Ca~" concentration. The values
are calculated by the Guinier approximation (see Eq. (2) in the text).
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Fig. 3. Profile of the radius of gyration (R,) of bovine trypsinogen (7 mg/
ml, pH 6.5, and room temperature) as a function of Ca>" concentration.

vent) are significantly greater in this work (see Figs. 2
and 3) with respect to those previously reported [2,21]. This
evidence however is not unexpected, since just around, pH
6.3 [i.e., very close to the experimental conditions chosen in
this work, pH 6.5, and different from the previous ones (pH
4)] the effect of protons on the R, is the highest for both B-
trypsin and trypsinogen [2], and in addition, in some of the
other works,e.g. [21], solvent components such as borate,
citrate or phosphate—all able to bind the proteases—were
present. Moreover, the contribution of the counter-ion
(i.e., CI") to the measured (at pH 6.5) effect on the R, of
both B-trypsin and trypsinogen is expected to be negligible,
and not only for the low affinity of this anion [20] but also
since the profiles of the curves obtained in the presence of
CaCl, (see Figs. 2 and 3) are mirror images relative to those
determined for Cl7, see [2]; in other words, any CI™ binding
should reduce the R, induced by Ca®" and therefore the
observed magnitude of R, in CaCl, may be considered to
correspond to its minimum value.

Estimations of the equilibrium binding constants (K) for
the high affinity Ca®" association site have been attempted
by several groups [22-27]; however, the reported variation
in the K values differ from one another by more than one
order of magnitude because of the various experimental
conditions and the diverse methods used. Therefore, to
accurately evaluate in quantitative terms the coupling
between the Ca®" association to both proteases and their
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large conformational changes (i.c., those changes related to
modifications in macromolecule size and shape, as mea-
sured by R,), the equilibrium binding constants of Ca®t
with trypsinogen, its binary (with Ile-Val or PSTI) as well
as ternary (with Ile-Val and PSTI) adducts and—for com-
parative reasons—with B-trypsin were determined, under
the experimental conditions chosen for the scattering mea-
surements. The association equilibrium constants for the
protein systems investigated are summarized in Table 1.
A significant influence of all ligands (i.e., Ile-Val, and
PSTI) on the Ca®" affinity is evident, suggesting the exis-
tence of a structural coupling between the Ca®'binding
loop and other sites on the protease surface for associating
effectors (e.g., the Ile-Val dipeptide) and/or inhibitors (e.g.,
PSTTI); these energy routes are spread over most of the pro-
tein matrix (see also Fig. 1) and are active under the very
same conditions used for the EDXD experiments.

In the case of Na,SO,4 (whose experiments were carried
out at pH 4, i.e., at the minimum pH effect on R,, to favor
the interaction of the anion (i.e., SO4>~ by keeping the pro-
tein positively charged, and at the same time to prevent the
Na™ association, as demonstrated by [20], the R, values for
B-trypsin and trypsinogen actually go through a maximum
(Figs. 4 and 5) that correspond to 20.5 A for trypsin and
228 A for trypsinogen, at 50 mM and 60 mM Na,SOy,
respectively: these values of R, rapidly decrease on both
abscissa sides until limit values are reached (e.g., 16.5 and
17.2 A for trypsin and trypsinogen, respectively, on the
right branch of the curves). Such bell-shaped curves suggest
the existence of two (classes of) binding sites for SO4>~

Table 1

Association equilibrium constants characterizing the Ca®" binding to
bovine B-trypsin and trypsinogen (the latter in the free form and as an
adduct with PSTI and/or Ile-Val) (experimental conditions: 50 mM Bis-
Tris, pH 6.5, at 20 °C; protein concentration: 7 mg/mL. An average error
value of +8% was ascribed to K values, as the standard deviation)

System KM™
B-Trypsin 3.4x10*
trypsinogen 59x10°
Ile-Val:trypsinogen 7.8%10°
Trypsinogen:PSTI 2.7 % 10*
Ile-Val:trypsinogen:PSTI 3.0x10*
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Fig. 4. Profile of the radius of gyration (R,) of B-trypsin (7 mg/ml, pH 4,
and room temperature) as a function of SO,>~ concentration.
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Fig. 5. Profile of the radius of gyration (R,) of trypsinogen (7 mg/ml, pH
4, and room temperature) as a function of SO4>~ concentration.

possibly very similar in structural terms for both proteases
but with different ion affinity. The slight shift of the tryp-
sinogen curve relative to that of B-trypsin along the Carte-
sian axes finds a simple explanation in the following
considerations: (i) the displacement along the ordinate axis
is forced by the presence of a six residues long tail in tryp-
sinogen; and (ii) that along the abscissa axis is expected
because a fraction of the intrinsic binding energy of
SO~ is spent in shaping disordered region(s) of trypsino-
gen (a molecule more flexible than B-trypsin).

Discussion

Six SO4*~ anions have been found on the bovine p-tryp-
sin surface [6,7,28], one located at the reactive center (see
Fig. 1), and the remainder five bound on other portions
of the molecular surface. All SO, anions (i) form salt
bridges or hydrogen bonds with protein atoms or water
molecules, and (ii) impose the conformation of the residue
side chains near them to change greatly [7]. Since all amino
acid residues constituting the binding sites for SO4*~ in -
trypsin are outside of the activation domain [7], only differ-
ences in affinity and not in the number of SO,>~ bound to
trypsinogen are expected. Such a prospect is in good agree-
ment with values of R, determined for both proteases (see
Figs. 4 and 5). In particular, the left branch of both bell-
shaped curves may tentatively be assigned to the effect of
the only SO4>~ in the active site of the two proteases, which
is the one with the highest affinity; and, therefore, the influ-
ence of the remainder five SO,>~ per macromolecule on the
overall shape of these proteins is described by the right
branch of the curves whose slopes are different in the two
cases: while for B-trypsin the slant is steeper even though
not perfectly steady, in the case of trypsinogen the descent
is smoother and reaches the lowest value of R, at a concen-
tration of SO,>~ twice that of B-trypsin (150 mM vs
300 mM; see Figs. 4 and 5). This means that, as expected,
the low affinity class of SO4°~ binding sites appears to be
much more homogeneous in the more compact protein
(i.e., B-trypsin) with respect to the flexible trypsinogen;
thus, in the latter case the strains exerted by SO,*~ anions
on the protein matrix are expected to be confined to the
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proximity of the binding site and therefore each individual
ligand association should retain its own energetic charac-
teristics. An alternative explanation for the physical mech-
anism (other than specific ion binding) by which SO,>~
concentration (>100 mM; see Figs. 4 and 5) can affect the
overall shape of the two proteinases, could be the Hofmei-
ster effect [29,30]. According to this viewpoint, strongly
hydrated anions, such as SO,>~, are expected [31] to inter-
act only slightly with peptide bonds [32] in contrast with
weakly hydrated anions, such as Cl™. Therefore, ClI~ bind-
ing to, e.g., trypsinogen at concentrations>100 mM is
expected to be stronger than SO4>~, a behaviour that hard-
ly corresponds to the observed one (see Fig. 5 of the pres-
ent work vs. Fig. 8 in [2]). As a whole, the overall effect of
SO,>~ at higher concentrations on the R, values is not
unequivocal in its molecular mechanism and may represent
the consequence of three actions: direct anion binding, the
Hofmeister effect and Debye screening.

More information at molecular level can be extracted
from the experiments on Ca®". It is well known that this
cation, among other functions, accelerates the conversion
of trypsinogen to B-trypsin, protects the active enzyme
against autodigestion and markedly increases the thermal
stability. A common feature of trypsinogen and B-trypsin
is the presence of one Ca®" binding site that has an affinity
in the order of 10°-10* (e.g., see Table 1) and is situated in
a loop (see Fig. 1) comprising amino acid residues 70-80
[4]. In trypsinogen, there is an additional Ca®" binding site
of lower affinity (K = 6.25 x 10> M~!; [24]), which has been
assigned to the two aspartyl residues 13 and 14 (i.e., located
at the amino-terminal hexapeptide of trypsinogen and
absent in PB-trypsin) neighbouring the important Lysl5-
Ile16 bond that is split during the activation of trypsinogen
to B-trypsin. The high affinity site for Ca®* has been iden-
tified by X-ray crystallography in both trypsinogen and -
trypsin [4,33]: Ca®' is complexed by six different atomic
groups positioned at the edges of an almost regular octahe-
dron, in a loop located more than 21 A far from the cleft
where most of the reactive residues (such as Ser195 and
His57) are arranged (see also Fig. 1). Moreover, nuclear
magnetic resonance data [26] indicate that the Ca*" bind-
ing site maintains the crystal structure symmetry also in
solution. This high affinity binding site for Ca®" in trypsin-
ogen is completely saturated at 20 mM CaCl, [1], a value in
line with the scattering (see Fig. 3) as well as the binding
(see Table 1) results reported in the present work. In spite
of the distance of the Ile-Val cleft from the Ca** loop (see
Fig. 1), however, the binding of the dipeptide both to free
trypsinogen and trypsinogen:PSTI binary complex influ-
ences (under the very same conditions used for the R,
determination) the configuration of the Ca®" binding site,
suggesting that in this case the conformational transitions
of trypsinogen are regulated by the binding to diffusible
structural units (such as Ca>" or Ile-Val and/or PSTI). This
evidence parallels the data obtained [27] with squash seed
protease inhibitor(s), very different in terms of mass (28—
32 amino acid residues) relative to PSTI (56 residues).

Moreover, the equilibrium association constant of the
squash inhibitor with bovine trypsinogen increases 3-fold
in the presence of 20 mM CaCl, [27], a result in line with
the data obtained in this study with PSTIL.

An additional, central feature of importance in the
mechanism of such propagation of chemical information,
which is effected mechanically by strains set up in a struc-
ture held together only by secondary bonds, is that the
Ca’" binding energy spreads from its association site to
other portions of the macromolecule without significant
secondary structure perturbation, as measured by infrared
spectroscopy [34]. In fact, there is no need to postulate any
major structural rearrangements when the free energies of
the numerous secondary interactions that support the
internal conformation of these proteases and those that sta-
bilize the association of ligands with their binding sites in
proteins, are of the same order of magnitude. However,
the reported data give no information about the molecular
mechanism with which the transmission of information
from one portion (e.g., the Ca?" loop) of the protease to
another (e.g., the reactive center) can be visualized; that
is: (i) the ligand (Ca*") binding simply shifts the equilibri-
um of an ensemble of subsites, so that the bound confor-
mation becomes the center of a new, possibly narrower
distribution, or (ii) the ligand binding acts on the protease,
imagined as a globule of plastic material capable of flowing
under an applied stress, by strains and distorsions that
become operative only after a yield value has been reached,
just as in the case for a non-Newtonian, or Maxwellian flu-
id [35].

In conclusion, the reported results provide experimental
evidence that the conformational changes observed in tryp-
sin(ogen) (i) strongly depend on the specific ion present in
the solvent, and (ii) are governed—at least in the case of
Ca’"—by direct ion binding; in this latter case, in fact,
the R, magnitude reaches a constant value (see Figs. 2
and 3) when Ca®' saturates its binding site(s) on the
protease (see Table 1), ie., when Ca’" concentration
corresponds to ~100x (1/K) (as also observed for the
second Ca”" binding site whose profile slope (see Fig. 3)
approaches zero in trypsinogen at ~150 mM). Since differ-
ent ions possess different binding sites and exert different
strains (e.g., see Ca>" vs SO,>7), many parts of the protein
structure are expected to contribute towards the shift in
energy and conformation taking place upon ligand bind-
ing; however, to give every part of the protein its precise
weight in such process seems certainly beyond present
day possibilities.
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