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1. Introduction

It is well known that calcium ions accelerate the
conversion of trypsinogen to trypsin, prevent the for-
mation of inert proteins during activation and protect
trypsin against autolysis. it has been shown that
trypsinogen has two different binding sites for calcium
ions while trypsin has only one [3 ,41. The low affinity

calcium bmdmg site (pKc,~1.8 [3]) is found only in
the zymogen and has been assigned to the two aspartyl
residues 13 and 14 neighbouring the important Lys-
15-1leu-16 bond that is split during activation [4,5]}.
The second site, with a much higher affintiy for
calcium (pK,~3.4 [3,4]) and related ions, is common
to both trypsinogen and trypsin and is presumably also
shared by the chymotrypsins [4]. Abita and Lazdunski
[4] have shown that chemical modification of the
carboxylic side chains of trypsinogen and chymotryp-
sinogen destroys this binding site. Epstein et al. [6]
determined by titration that the calcium ligands of
porcine trypsin should have pK values of about 5.2.
uu:y therefore concluded that some g,luu'imic and
aspartic carboxylic side chains are presumably involv-
ed in this calcium binding. In order to determine

this site crystallographically, Stroud et al. [7] have
tried without sucess to diffuse neodynium ions into
trypsin crystals. In their recently published 2.7 A
resolution structure of inhibited bovine trypsin Stroud
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Amino acids of trypsin are identitied by the residue number of
the homologous amino acid in chymotrypsin {1].

The nomenclature recommended by IUPAC-IUB (1970) is
used in this paper [2].
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binding site [8,9] . During the course of the constrained
crystallographic refinement of the crystal structure of
benzamidine-inhibited bovine $-trypsin, we have
detected a single site in the trypsin molecule which
by all available criteria is occupied by a strongly
bound calcium ion. In this paper we will only describe
the trypsin structure around the calciumbinding site
and discuss possible consequences of this finding on
the bovine trypsin sequence data. A detailed descrip-
tion of the biochemical and physical methods applied
and of the refined protein structure will be presented
in a subsequent paper [10].

Orthorhombic crystals of benzamidine-inhibited
trypsin, space group P2,2,2, with cell constants
a=54.89 A, b=>5852A4 and ¢ = 67.63 A were grown
tfrom solutions of bovine §-trypsin, ammonium sulfate,
benzamidine and small amounts of calcium ions using
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1.8 A resolution were collected photographically [11]
from one single crystal, immersed in 2.4 M ammonium
sulfate solution and adjusted with small amounts of
phosphate buffer to pH 7.0. The merged data set con-
tained about 83% of the expected unique reflexions to
1.8 A resolution. Given the refined atomic coordinates
as found in the crystal structure of bovine trypsin-pan-
creatic trypsin inhibitor complex [12] the trypsin mole-
cules were located within the trypsin crystals, applying
Patterson search techniques [13,14]. Starting with
these orientation and translation parameters, the mole-
cular structure of bovine trypsin was fitted to the
observed intensity data by a constrained crystallo-
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graphic refinement procedure. The technique has
already been applied successfully to the crystal struc-
tures of the pancreactic trypsin inhibitor [15], the
try psin—pancreatic trypsin inhibitor complex [12]
and the Bence-Jones protein Rei [16]. The refinement
procedure consists of cycles of structure factor calcu-
lation, Fourier-synthesis and real space refinement
[15,17]. After several automatic cycles, difference
Fourier - syntheses are calculated to detect and to
correct gross errors in the model. The refinement of
the trypsin structure has progressed to a crystallo-
graphic R value of 0.23 (R = ZIFo |- IF I/ Z1F, )
summing over 16600 unique reflexions from 6.8 to
1.8 A resolution (IFg | and IF_| are observed and cal-
culated structure factor amplitudes respectively). The
accuracy of the atomic positions is estimated to be
0.1 A for the trypsin atoms and better for the calcium
{10].

The calcium content of the -trypsin used for crystal-
lization and of the trypsin crystals has been determined
using an atomic absorption spectrophotometer, kindly
provided by Beckman Instr., Miinchen.

3. Results and discussion

After several rounds of refinement cycles, many
positive residual density peaks were found in the
difference Fourier map, all of which could, with one
exception, be satisfactorily interpreted as external
and internal bound solvent molecules. After inclusion
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of oxygen atoms in the subsequent calculation, a large
positive density peak remained in the difference
Fourier map only at thi particular site. The height of
this residual peak corresponds to an atom with 16 to
20 electrons assuming 100% occupancy. The location
of the side is in the external loop containing residues
6880 (fig.1). Considering the ions present in the crys-
tallization solutions, we replaced the original water
molecule at this site with a calcium ion and found satis-
factory agreement with the electron density map (fig.2).
The calcium content of the trypsin crystals used was
determined by atomic absorption spectroscopy. The
result was almost exactly one calcium ion per trypsin
molecule. The calcium and the surrouding water mole-
cules were also observed in the crystal structure of the
trypsin—trypsin inhibitor complex [12]. It was,
however, mistaken for a water molecule, presumably
due to incomplete occupancy (Huber, private com-
munication). Complex crystals are kept in phosphate
buffer where the solubility of calcium ions is about

10 times lower than in ammonium sulfate used in this
work.

The final difference map near the calcium binding
loop is without interpretable features. The highest
residual density is on the external side chain of Asn-
79 indicating some mobility of this group. This den-
sity is 0.4 ¢/A3 compared to about 2.0 ¢/A> of a
representative carbonyl oxygen atom and to 4.9 e/A?
for the calcium site in the Fourier map. The highest
residual density at main or internal side chain atoms
is0.25e/A3.

Fig.1. Stereo pair of the calcium-binding loop including the calcium and internal water molecules.
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Fig.2. Stereo pair of the calcium co-ordination sphere. (a) Refined model with labelled atoms. (b) Corresponding refined electron
density (1.8 A resolution; Contour levels in steps of 0.3e/A?, starting from 0.3¢/A%).

As can be seen in fig.2, the calcium ion is complexed
by six different ligands positioned at the edges of an
almost regular octahedron around the calcium and
each about 2.5 A distant from it (table 1). Two vicinal
ligands are represented by the carbonyl oxygens of
Asn-72 and Val-75. Two further ligands opposing
each other in the octahedron are water molecules
labelled 711 and 714 (see fig.2a). H, O 714 is more-
over close (2.3 A) to one of the two oxygen atoms of
the carboxylic group of Glu-77, presumably forming
with it a very stable hydrogen bond. The second water
ligand, H, O 711, is 3.1 A from the side chain of
residue 70. The residual two coordinating ligands are

Table 1
Calcium ion co-ordination sphere

Ligand Distance from
calcium (&)

Gl(n) 70 NOe ’ 24

Asn 720 24

Val 75 0 2.5

Gl(n) 80 NOe 24

H,0 711 0 2.6

H,0 714 O 2.6
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Table 2
Optimally aligned amino acid sequences (residues 69 to 80) of different sources

Residue number

73 74 75 76 717 78 79 80 81

Species 69 70 71 72

Chymotrypsinogen A, Cow Gly Glu Phe Asp
Chymotrypsinogen B, Cow Gly Glu Phe Asp
Elastase, Pig Gly Glu His Asn
Trypsinogen, Pig Gly Glu His Asn
Trypsinogen, Dogfish Gly Glu His Asp
Trypsinogen, Lungfish Gly Glu His Asn
Trypsinogen, Cow Gly Gin  Asp Asn

Gln Gly Ser Ser Ser Glu Lys Ile Gln
Gin Gly Leu Glu Thr Glu Asp Thr Gin
Leu Asn GIn Asn Asn Gly Thr Glu Gin
Ile Asp Val Leu Glu Glu Asn Glu Gin
Ile Ser Ala Asn Glu Gly Asp Glu Thr
Ile Glu Val Asn Glu ? ? ? ?

Ile Asn Val Val Glu Gly Asn Gln Gln

the side chains of residues 70 and 80, both being
glutamines according to the sequence data for bovine
trypsinogen commonly accepted at present [1,18-20].

Based on this primary structure (see table 2), the
calcium ion makes no direct contact to an anionic
group, so that the positive charge on the calcium ion
could only be partly dissippated through the hydrogen
bonding network via H, O 714 to the carboxylate group
of Glu-77 and partly compensated by the negative
dipole charges of both the carbonyl and water oxygen
ligands. But the titration and modification data men-
tioned above indicate the direct involvement of carbo-
xylic groups in the calcium binding of trypsin. Con-
trary to the d-transition metal ions, the alkaline earth
inetal ions normally form complexes primarily with
anionic oxygen donor ligands [21] . This is for example
the case in the only two calcium-binding proteins that
are solved at atomic resolution, viz. thermolysin [22,23]
and calciumbinding parvalbumin [24] where the four
and two calcium-binding sites resp. are co-ordinated
by one to three carboxylic groups.

This raises some doubt on the identification of
residues 70 and/or 80 as carboxamides. It is interes-
ting to reinspect the sequence work on bovine tryp-
sinogen. Originally in 1964 Walsh and Neurath [25]
had identified both residues 70 and 80 as glutamic
acids. In 1966 Hartley et al. [26] agreed with this
assignment in a correcting note. At the same time,
Mike¥ et al. [27] publishing their complete bovine
trypsinogen sequence data, assigned residues 70 and
80 to be glutamic amides due to careful electropho-
retic determinations. This assignment has obviously
been accepted by the other scientists working in this
field. In table 2 the amino acid sequences around
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residues 70 to 80 of some trypsinogen, elastase and
chymotrypsinogen species are presented optimally
aligned as described by De Haén et al. [20] where the
original literature may be found.

As can be seen, residue 70, one of the co-ordina-
tion ligands, is in all cases a glutamic acid with the
exception of bovine trypsinogen. At position 80 the
bovine sequence differs from the sequences to two
other known species in being an amide. Both chymo-
trypsinogens sequences are congruent at residue 70
with the trypsinogens, but differ strongly at position
77 and 80. This is reflected in the large differences in
tertiary structure between a-chymotrypsin and trypsin
(huber et al. {12] and table 2). Neglecting these large
differences, Stroud et al. [7] and Abita et al. [4]
proposed the residues Asp-71, Glu-77 and Asp-153 as
possible calcium-binding ligands by looking for equally
positioned glutamic and aspartic residues in the publish-
ed sequences of bovine chymotripsinogen and trypsino-
gen. We see now that Asp-71 and Asp-153 are oriented
towards the solution in bovine trypsin. This fits well
with the fact that in the porcine trypsinogen sequence,
which has been published recently by Hermodson et
al. [28], Asp-71 and Asp-153 of the bovine species are
replaced by the nonanionic groups His and Ser resp . .
According to the binding study of Epstein et al. [6],
however, porcine trypsinogen binds calcium as well as
the bovine species. We therefore suggest, that the
character of residues 70 and 80 in the bovine sequence
should be reinvestigated and perhaps revised.

Our data suggest that the calcium, being more than
21 A from the active site Ser-195 O, does not direct-
ly influence the proteolytic activity [29]. Knowing
the calcium position, however, it is still difficult to ex-
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plain the well known stabilizing effect of the calcium
ion on trypsin, namely inhibiting its autodigestion and
increasing its thermal stability, especially in the case
of the single split a-trypsin [29]. Nevertheless, it
seems reasonable to assume that the calcium makes
the loop 68—80 more rigid. It prevents the interaction
of the charged carboxyl groups with the solute and
may stabilize other neighbouring regions including
the loops containing the a-splitting site (Lys-145—
Ser-146) and another preferred splitting site between
Arg-117 and Val-118. Epstein et al. [6], studying the
fluorescence enhancement of terbium during binding
to porcine trypsin, come to the conclusion that tryp-
tophan residue(s) should be within a very short dis-
tance from the calcium site. A possible candidate
would be Trp-141 with an average distance from the
calcium of about 8.5 A.
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