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The three-dimensional structure of the activation domain
isolated from porcine pancreatlc procarboxypeptidase B
was determined using TH NMR spectroscopy. A group
of 20 conformers is used to describe the solution struc-
ture of this 81 residue polypeptide chain, which has a
well-defined backbone fold from residues 11 —76 with an
average root mean square distance for the backbone
atoms of 1.0+0.1 A relative to the mean of the 20
conformers. The molecular architecture contains a four-
stranded 3-sheet with the polypeptide segments 11—17,
36—39, 50~56 and 7576, two well defined x-helices
from residues 20—30 and 60—70, and a 3, helix from
residues 43—46. The three helxces are oriented almost
exactly antiparallel to each other, are all on the same side
of the (3-sheet, and the helix axes from an angle of ~45°
relative to the direction of the 8-strands. Three segments
linking f3-strands and helical secondary structures, with
residues 32—35, 39—43 and 56—61, are significantly less
well ordered than the rest of the molecule. In the three-
dimensional structure two of these loops (residues 32—35
and 56—61) are located close to each other near the
protein surface, forming a continuous region of increased
mobility, and the third disordered loop is separated from
this region only by the peripheral 5-strand 36—39 and
precedes the short 3, helix.
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Introduction

Procarboxypeptidases are the inactive precursors of carboxy-
peptidases, a class of proteolytic enzymes that degrade
polypeptides from their carboxy terminal. By limited
proteolysis the procarboxypeptidases are cleaved into the
enzymatically active carboxypeptidase and an activation
segment, which inhibits the catalytic activity of the protein
in the zymogen state. Among the pancreatic digestive
zymogens, procarboxypeptidases have outstandingly long
activation segments, with 94 residues for procarboxypepti-
dase A (Quinto er al., 1982; Vendrell et al., 1986; Flogizzo
et al., 1988; Wade eral., 1988) and 95 residues for
procarboxypeptidase B (Clauser et al., 1988). The degree
of sequential homology among the activation segments is
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comparable to that observed for the active enzymes. Several
previous studies have shown that the isolated activation
polypeptides possess a stable conformation resistant to
denaturation (Sdnchez-Ruiz et al., 1988; Vendrell ez al.,
1990a) and act as inhibitors of the corresponding enzyme
(San Segundo et al., 1982). This led to the hypothesis that
they may be described as separate globular domains within
the whole proenzyme (Avilés et al., 1982). These results
correlate well with zymogen activation studies carried out
both for procarboxypeptidase A (Vendrell et al., 1990b) and
procarboxypeptidase B (F.J.Burgos et al., in preparation),
which showed that, after limited tryptic proteolysis, the
severed activation segments are remarkably stable to further
degradation. Compared to the extensive biochemical studies,
and also to the detailed information available on the three-
dimensional structure of the active form of pancreatic
carboxypeptidases (Schmid and Herriot, 1976; Christianson
and Lipscomb, 1989), relatively little is known about the
conformation of the activation segments either in the free
form or in the intact procarboxypeptidases. The only report
so far describes the secondary structure of the porcine activa-
tion domain B in solution (Vendrell et al., 1990c). The
present paper now describes the complete three-dimensional
structure of the activation domain B in solution.

During the tryptic activation process of porcine pancreatic
procarboxypeptidase B, an 81 residue polypeptide resistant
to further degradation was isolated from the reaction mixture
(F.J.Burger and F.X.Avilés, in preparation). This so-called
‘activation domain B’ contains most of the 95 residue
N-terminal activation segment severed from the proenzyme
after the initial activating tryptic hydrolysis. The afore-
mentioned paper by Vendrell ez al. (1990c) reported the
sequence-specific 'H NMR assignments and the identifica-
tion of secondary structure elements for this activation
domain B. Using the empirical pattern recognition approach
(Wiithrich ef al., 1984), two «-helices and a three-stranded
antiparallel 8-sheet could be unambiguously assigned. These
contain ~50% of the total of 81 residues in the molecule.
The present determination of the complete three-dimensional
structure confirmed the presence of these secondary struc-
tures and identified a fourth 8-strand with residues 36—39,
which contains a 3-bulge centered on residue 38, and a short
fragment of 3, helix with residues 43 —46.

The timing of the present publication coincides with a
publication on the determination of the crystal structure of
the intact procarboxypeptidase B (Coll et al., 1990), which
was started after the secondary structure and the global
polypeptide fold of the isolated activation domain B in solu-
tion had been known, but was otherwise conducted
completely independently of the NMR studies. It will be of
special interest to compare in detail the conformations of
the activation domain B in the free form and in the intact
proenzyme.

11



J.Vendrell et al.

Results

Survey of the NMR data collected for the structure
determination

The input for the structure calculations was derived from
two NOESY spectra recorded with a mixing time of 60 ms
in H,0 and ?H,0 solutions of the protein respectively. This
mixing time was found to be an acceptable compromise for
obtaining a good signal-to-noise ratio and minimizing the
contributions from spin diffusion to the NOESY cross-peak
intensities (Wiithrich, 1986). For example, different intens-
ities for the intra-residual cross-peaks between the amide
proton and the two B-methylene protons were generally
observed. The analysis of the 60 ms NOESY spectra was
supported by cross-examination with the previously recorded
120 ms NOESY data (Vendrell et al., 1990c). After several
cycles of spectral analysis and structure calculation (see
Materials and methods), a total of 1136 NOESY cross-peaks
had been identified and assigned. Among these the number
of NOEs representing effective conformational constraints
was 757, Figure 1 presents a distribution of these NOE
distance constraints along the polypeptide chain. It can be
seen that there are no medium-range or long-range NOEs
involving the chain-terminal residues 1—8 and 79—-81. A
scarcity of medium-range and long-range contacts is also
observed for some central segments, in particular 30— 335,
41—42 and 55—60. The density of medium-range NOEs
is clearly highest in the regions 20 —30 and 60—70, where
a-helical secondary structures had previously been identified
(Vendrell er al., 1990c). Stereospecific assignments could
be established for the B-methylene protons of the six residues
Aspl9, Asn21, His27, Glu28, Asp66 and Phe67, for the
6-methylene protons of Pro48, for the v-methyl groups of
Vall5 and Val43, and for the §-methyl groups of Leu29.
The main reason for the low number of stereospecific assign-
ments lies in the fact that no supplementary information to
the NOE distance constraints in the form of spin —spin
coupling constants could be obtained due to extensive
broadening of the NMR lines.

The polypeptide backbone conformation in the
activation domain B

A set of 20 conformers used to characterize the solution
structure of the activation domain B was computed by a
combination of distance geometry calculations using the
program DIANA (Giintert ef al., 1991a) and restrained
simulated annealing with the program X-PLOR (Briinger
et al., 1987) (see Materials and methods). The following
is a brief summary of the results of a statistical analysis of
the residual violations of the experimental input data and the
uniqueness of the structure determination (Wiithrich, 1986,
1989; for recent examples, see Widmer et al., 1989; Billeter
et al., 1990): each of the 20 structures represents a good
fit of the experimental constraints, since no residual distance
constraint violation exceeds 0.3 A. A superposition of the
20 conformers showed that the chain-terminal segments
1—10 and 7781 are not well defined by the experimental
data and show extensive disorder. This was to be expected
from the small number of medium-range and long-range
constraints observed for these residues (Figure 1). (The
chain-terminal segments are not further considered in the
following description of the three-dimensional structure of
the activation domain B.) Different ways of optimally super-
posing the polypeptide backbone structures of the afore-
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mentioned group of 20 conformers (e.g. Figure 3) revealed
that even in the segment 11 —76 there are variations in the
local root mean square distances (RMSDs) along the
polypeptide chain. In particular, the three segments 32 —35,
3943 and 56—61 show significantly increased disorder.
This is also reflected in the global RMSD (Table 1), which
is 1.0 A when all backbone atoms of residues 11—~76 are
considered, and 0.8 A for the segments 11-31, 36-—38,
44—55 and 62 —76. These latter regions in the solution struc-
ture of the activation domain B contain all the regular second-
ary structures, most of which were previously identified
(Vendrell ez al., 1990c).

The molecular architecture of the activation domain B is
dominated by the arrangement of a cluster of two antiparallel
ce-helices over a four-stranded antiparallel 3-sheet (Figure 2).
The first well-defined polypeptide segment (Figure 3)
includes the first strand of the 3-sheet (residues 11 —17) and
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Fig. 1. Plot of the number of NOE distance constraints per residue, n,
versus the amino acid sequence of the activation domain B. Four types
of constraints are specified as follows: black, intra-residual; cross-
hatched, constraints between protons in sequentially neighboring
residues; vertically hatched, constraints between protons located in
residues separated by 2—5 positions along the sequence; white, all
other, longer-range constraints. Note that all interresidual NOEs are
plotted twice, for each of the two interacting residues.

Table 1. Average of the RMSD values obtained from comparison of the
20 refined structures of the activation domain B with the mean of these
structures

Atoms used for the RMSD RMSD

calculation (A)

N, C% C’ of residues 11-76 1.0 = 0.1
With core side chains® 1.0 == 0.1
With all side chains 1.7 = 0.1

N, C%, C’ of residues 11-31, 3638, 44 —55, 62—76 0.8 = 0.1

#Core side chains are those of residues 13, 15, 17, 21, 23, 24, 26,
27, 29, 30, 37, 43, 46, 48, 50, 51, 52, 54, 63, 64, 66, 67, 68, 73
and 75 (see text).




the first -helix (residues 20— 30), together with the connec-
ting turn. The pattern of H-bonds implicated by the observed
polypeptide fold indicates that the residues Leu29—-Arg33
might form a short 3, helix at the end of the first a-helix.
However, the low number of distance constraints for residues
3135 (Figure 1) prevents a meaningful description of this
structural region. Residues 36 —39 are again better defined
by the experimental data and represent a short 8-strand. This
strand was not included in the earlier description of the
secondary structure of the activation domain B based on
empirical pattern analysis (Vendrell et al., 1990c), since only
three interstrand backbone —backbone NOEs are observed
with the partner residues in the neighboring strand, i.e.
Phe37—C*H to Phe54—CH, Trp38 —NH to Phe54—CeH

Fig. 2. Schematic drawing of the solution structure of the activation
domain B. The 8-strands are shown as arrows, the a-helices and the
31y helix as helical bands, the well-defined turns and loops by narrow
bands, the flexible loops with broken lines, and the two disordered
chain ends with dotted lines. Some residue locations are identified by
the one-letter symbols and sequence positions.

NMR structure of the activation domain B

and Lys39—NH to Asp53—~NH. In the present structure,
however, which was calculated from a more extensive data
set, this S-strand is clearly defined. It was further possible
to define the presence of a B-bulge at residue 38, since a
H-bond is observed between the amide proton of Asp53 and
the carbonyl oxygen of Lys39 (if the conformation were a
regular antiparallel 8-sheet, the carbonyl oxygen of Trp38
should act as the H-bond acceptor). A cis-peptide bond is
found between Lys39 and Pro40, and the structure is again
disordered between residues 40 and 43. The residues 43 —46
form a short 3 helix characterized by the medium-range
NOE contacts and the H-bond formed by the amide group
of Ile46. The residues 50—56 form the third strand of the
{3-sheet, and this is followed by another flexible loop from
residues 57 —59. The H-bonds involving the amide protons
of residues 63 and 64 correspond to the pattern of a 310
helix. This is continued by a regular a-helical H-bond pattern
for the residue 65—70, a tight turn at the end of this helix,
and the fourth, short strand of the S-sheet with residues
75-~176.

Amino acid side chain conformations in the activation
domain B

The identification of the side chains to be used for the
description of the molecular core was based on the average
displacement of the side chain heavy atoms in the 20
conformers of Figure 3. Twenty-five side chains (listed in
the footnote to Table I) had an average displacement of
<2.0 A. Most of these residues are hydrophobic, six are
polar (Asn21, Ser24, His27, Ser50, Thr51 and Tyr75) and
Asp66 is the only charged residue. These core side chains
are well defined by the NMR data; the global RMSD values
calculated for the backbone atoms of residues 11 —76 plus
all heavy atoms of these 25 side chains is the same as for
the backbone atoms, i.e. 1.0 A. If all side chains are
included, the RMSD is significantly increased to 1.7 A
(Table 1).

Figure 4 provides an overview of the distribution of
different types of side chains in the solution structure of the
activation domain B. In Figure 4(A) the hydrophobic residues
are shown with heavy lines and the polar side chains with
medium lines. A hydrophobic core in the interior of the
protein is clearly apparent, and the polar residues are mostly

Fig. 3. Stereo view of the superposition of the polypeptide backbone from residues 11—76 in the 20 conformers of the activation domain B used to
represent the solution structure. The structures 2—20 were superimposed with structure 1 for pairwise minimal RMSD of the backbone atoms N, C*
and C' of the residues 11~31, 36~38, 44 —55 and 62~76 (see text for the selection of these residues). The orientation of the molecule is the same

as in Figure 2.
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Fig. 4. Stereo view of the activation domain B illustrating the distribution of different types of residues (same orientation as in Figure 2). (A) Side
chains of hydrophobic residues are displayed with thick lines, side chains of polar uncharged residues with medium lines. (B) Side chaing of basic
residues are displayed with thick lines, acidic side chains with medium lines. In both parts of the figure the backbone is drawn with thin lines, and
some residues are identified by the one-letter symbols and the sequence positions.

near the surface. There is a hydrophobic patch located
between the two a-helices that is probably partially exposed
to the solvent (front of Figure 4(A)). Figure 4(B) shows that
the charged groups are on or near the surface. It also gives
a visual impression of the fact that the activation domain
is an acidic protein, with a considerably larger number of
acidic side chains (medium lines) compared to basic ones
(heavy lines). Both types of charged residues are not evenly
distributed. Acidic side chains are concentrated in the helices,
whereas basic side chains are mostly found in or near the
B-sheet. Overall, there is clearly an excess of negative
charges in the upper left region, whereas a more even charge
distribution prevails elsewhere in the molecule.

Discussion

The structure of the activation domain B determined here
confirms earlier conclusions from biochemical evidence
(Avilés et al., 1982) and a preliminary analysis of NMR data
(Vendrell ez al., 1990c) that this polypeptide forms a globular
conformation. From inspection of the Figures 2—4 the
following molecular architecture is apparent: a four-stranded
antiparallel 3-sheet forms the bottom of the molecule, and
three antiparallel helical segments form a cover. In between
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these two walls a group of predominantly hydrophobic side
chains form the 8-strands and the helices interdigitate to form
the molecular core (Figure 4A). Three loops connecting
B-strands and helical secondary structure are flexibly
disordered. Two of these loops are at the lower edge and
the third one is on the right edge of the 3-sheet in the orien-
tation of the activation domain B shown in Figures 2—4.
One of these loops includes as cis peptide bond between
Lys39 and Pro40; a second Lys—Pro segment in positions
47 and 48 forms a trans peptide bond and is part of a well-
defined loop at the top of the molecule (Figures 2 and 4B).
Negatively charged amino acid side chains are crowded in
the two c-helices, whereas the 3-sheet and the flexible loops
in the lower right have a more even distribution of charged,
polar and hydrophobic side chains [Figure 4(A) and (B)).

A discussion on functional implications of the solution
structure of the activation domain B is somewhat
hypothetical, given the fact that in the natural state this
polypeptide is not found in the isolated form but as part of
the procarboxypeptidase B. A future detailed comparison
with the corresponding structure contained in the crystal
structure of the intact procarboxypeptidase B (Coll et al.,
1990) will be of keen interest with regard to a more profound
insight into the protein—protein interactions regulating the



enzymatic activity. On the basis of the structure of the activa-
tion domain alone, the negatively charged surface formed
by the two a-helices (Figure 4B) may be excluded as a
possible site for interdomain interactions with the active
enzyme, since both the activation domain and the enzyme
are acidic proteins. In contrast, the outer surface of the
(B-sheet and the flexible loops have a normal distribution
of side chains for a molecular region involved in inter-
domain contacts. A well-ordered structure for the flexible
lower right edge of the molecule (Figure 2) might therefore
be induced by contacts with the other parts of the intact
procarboxypeptidase.

Materials and methods

Procarboxypeptidase B was isolated from porcine pancreatic glands as
described before (Vilanova et al., 1985). The purification of the activa-
tion domain B, the solution conditions and the preparation of the protein
samples for the NMR measurements in H,O and 2H,0 were described
previously (Vendrell et al., 1990c). The data used as input for the struc-
ture calculations were obtained from two NOESY experiments recorded
with a mixing time of 60 ms at 15°C, in a mixed solvent of 90%
H,0/10% *H,0, and in 100% 2H,0, respectively. Details of data acquisi-
tion and processing have been described elsewhere (Vendrell et al., 1990c).

The input for the structure calculations was prepared by well-established
procedures. For the calibration of the NOEs to obtain upper limits for
proton— proton distances, a similar approach to that described for the deter-
mination of the structure of the Antp (C39 — S) homeodomain (Glintert
et al., 1991b) was used, i.e. the experimental NOE intensities were fitted
to empirical relations between NOEs and 'H—'H distances for the
different types of protons. Supplementary conformational constraints were
included in the form of upper and lower distance limits (Williamson et al.,
1985; Wiithrich, 1986) describing the 23 H-bonds previously identified
in the secondary structure (Vendrell et al., 1990c) From an initial set of
distance constraints we determined stereospecific assignments of those
B-methylene groups for which sufficient local NOE distance constraints
had been observed, using the program HABAS (Glintert et al., 1989).
HABAS also established limited allowed ranges for certain dihedral angles
¢, ¢ and x! (no measurements of spin—spin coupling constants were
obtained because of the large line widths). Individual proton assignments
were also determined for the 8-methylene protons of Pro40 and Pro48,
based on the different intraresidual NOE cross-peak intensities with C*H,
and for 9 out of a total of 10 side chain amino groups of Asn and Gln,
based on intraresidual NOEs with the nearest methylene group. A first*
round of structure calculation with the program DIANA (Giintert er al.,
1991a) produced a group of preliminary structures, which were used to
identify additional NOE distance constraints by resolving ambiguities in
the assignments of NOESY cross-peaks, and to determine additional
stereospecific assignments of methylene and isopropyl groups with the
program GLOMSA (Giintert et al., 1991a). The group of 20 structures
characterized by Table I and Figure 3 was calculated with the resulting
final set of NOE distance constraints and without inclusion of H-bond
constraints.

For the final structure calculations, two of the preliminary structures
obtained with DIANA were energy minimized. Next, each of the two struc-
tures was submitted to rapid heating to 2000°C and kept at this temperature
for 40 ps, using the molecular dynamics program X-PLOR (Briinger e al.,
1987). During this time period, a total of 10 conformers were collected
in each of the two calculations, taken as snapshots at 4 ps intervals. Each
of the 20 conformers thus generated was carefully cooled down and energy
minimized. For these calculations the energy potential of X-PLOR had been
augmented by a potential enforcing the NOE distance constraints. Since
we had not used this protocol for structure calculations in earlier work,
we generated a group of 10 energy-minimized DIANA structures from
different starting conformations (see, for example, Giintert ef al., 1991b).
The molecular geometry of these conformers coincides closely with those
obtained with the procedures described in this work, but the conformational
energies of around —759 kcal/mol are higher than those from the molecular
dynamics treatment, which are in the range —1248 to —1539 kcal/mol for
the 20 conformers of Figure 3.
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