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SUMMARY 

The NMR solution structure of the activation domain isolated from porcine procarboxypeptidase B is 
compared with the X-ray crystal structure of the corresponding segment in the intact proenzyme. For the 
region of the polypeptide chain that has a well-defined three-dimensional structure in solution, i.e., the back- 
bone atoms of residues 11-76 and 25 amino acid side chains in this segment that form a hy.drophobic core 
in the activation domain, the root-mean-square distance between the two structures is 1. I A. There are no 
significant differences in average atom positions between the two structures, but only the NMR structure 
shows increased structural disorder in three outlying loops located along the same edge of the activation 
domain. These regions of increased structural disorder in the free domain coincide only partially with the in- 
terface to the enzyme domain in the proenzyme. 

INTRODUCTION 

Pancreatic carboxypeptidases are digestive enzymes that hydrolyse the C-terminal peptide 
bond of polypeptide chains. While carboxypeptidase A shows moderate specificity for aromatic 
and atiphatic residues, carboxypeptidase B releases C-terminal arginines and lysines. The activa- 
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tion of  the zymogen precursor, procarboxypeptidase B, occurs by tryptic removal of a 95-residue 
N-terminal activation segment (Clauser et al., 1988; Burgos et al., 1991). This segment is proteo- 
lytically degraded to a more stable species, i.e., the 81-residue activation domain B (ADB). A 
structure determination by N M R  (W/ithrich, 1986,1990) has shown that in free ADB, in solution, 
the residues 11-76 form a stable globular fold (Vendrell et al., 1990,1991). The structure of the 
uncleaved procarboxypeptidase B was determined in single crystals with a resolution of 2.3 ,~ 
(Coll et al., 1991). In this structure the residues 7-95 of the activation segment are well character- 
ized, while the N-terminal six residues are disordered and were not observed with the X-ray tech- 
niques. In the present paper, the solution structure for residues I 1-76 is compared with the struc- 
ture of the corresponding polypeptide segment in the intact proenzyme in single crystals. 
Compared to previous comparisons of corresponding or homologous globular protein structures 
determined by N M R  in solution and by X-ray diffraction in single crystals (e.g., Billeter et al., 
1989; Ciore et al., 1987; CIore et al., 1990; Neri et al., 1992; Wagner et al., 1987; Williamson et al., 
1985) this report is less focused on the assessment of  differences in protein structure descriptions 
derived with the two methods. Instead, the main emphasis is on a comparative view of the structu- 
ral properties of the surface of  the activation domain B that contacts the rest of the proenzyme, 
and an analysis with regard to possible clues abou t the  molecular interactions controlling the en- 
zymatic activity. 

METHODS 

Differences between pairs of three-dimensional structures of  the same polypeptide chain were 
quantified by calculating mean deviations between the structures for various subsets Of atoms us- 
ing the following expressions: 

A = [ i / m  ~, [rk--R r'k[2] 1/2 (1) 
k = l  

R is the rotation matrix for which the sum ~] I r t -R  r'/I 2 is minimal. The indices k = 1 .. m and 
" | = 1  

l=  l .. n, define two subsets of atoms that occur in both molecules, ri and r'i are the position vec- 
tors of corresponding atoms in the two molecules after these have been translated so that the aver- 
age position of the atoms 1 = l .. n coincides with the origin of the coordinate system. If th~ subset 
of atoms k = 1 .. m is equal to the subset l =  l .. n, then A is the "usual RMSD value for the selected 
subset of atoms (McLachlan, 1979). Equation (I). with different subsets k =  I .. m and l =  l .. n is 
typically used to measure the variations in the amino~cid side-chain orientations after superposi- 
tion of selected backbone fragments, and A is then referred to as the displacement, D (Billeter et 
al., 1989). 

Graphically, circles around the C a atoms oriented 15erpendicular to the direction of the back- 
bone are used to represent the precision with which the structure of the polypeptide backbone is 
locally determined (Billeter et al., 1989). For N M R  solution structures, the radius of  the circle 
about C a of a given residue is equal to the average of the displacements, D, of the atoms N, C a and 
C' of this residue in the 20 N M R  conformers relative to the mean coordinates after global super- 
position of the backbone atoms of residues ! 1-76 of the 20 conformers on their mean coordinates. 
For the crystal structure only a single average B-factor for the backbone atoms of each residue 
was obtained during the refinement. These values are converted to mean expected deviations, 
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< Ax 2 > ,/2, of the atom positions around their equilibrium values using the following relation 
(Glusker and Trueblood, 1985): 

8n 2 
B=  <Ax2> (2) 

3 

The value < Ax2> I/2 thus obtained for each residue is used as the radius of the circle around the 
C a atom of this residue. 

RESULTS AND DISCUSSION 

The N M R  solution structure of the N-terminal 81-residue polypeptide segment obtained as a fi- 
nal product of the proteolytic activation of procarboxypeptidase B (Vendrell et al., 1991) has two 
unstructured, flexible chain ends with residues 1-10 and 77-81. The structured part of the mole- 
cule starts and ends with the first and the last strand of a four-stranded I]-sheet consisting of resi- 
dues 11-17, 36-39, 50-56 and 75-76. It further contains two ~t-helices with residues 20-30 and 60- 
70, and a 310-helix with residues 43-46. The backbone fold of the NMR structure is shown in Fig. 
1 A, where the straight lines connect the average C Q positions calculated from the ~roup of 20 con- 
formers used to represent the solution conformation (Vendrell et al., 1991). The radii of the circles 
represent the displacements, D, of the 20 NMR conformers around their averaged coordinates 
(see Methods section). Figure 1A shows that there is significantly increased structural disorder in 
three loops connecting helical secondary structures with t-strands.. These three loops with resi- 
dues 32-35, 39-43 and 56-61 are located at the bottom of the molecule in the orientation of Fig. 
1. The X-ray crystal structure of the ADB used for the present comparison is part of the structure 
determined for the intact procarboxypeptidase B (Coil et.al., 1991). In addition to the ADB this 
structure includes a segment with residues 82-95 and a domain with 306 residues, which cor- 
responds to the enzymatically active carboxypeptid'ase B obtained after the proteolytic activation. 
It has previously been established that there is an empirical, qualitative correlation between the 
structural disorder indicated by these local displacements in the NMR structure and that impli- 
cated by the atomic B-factors in the corresponding X-ray crystal structure (e.g., Billeter et al., 
1989; WiJthrich, 1990). Figure 1B shows the C ~ positions of residues 11-76 of the crystal structure 
with circles indicating the mean expected atomic deviations < Ax2> t/2. These were obtained by 
using the mean B-factors for the N, C ~ and C' atoms of each residue in Eq. (2) to define the radii 
< Ax 2 > I/2 of the circles around the C Q atoms. In contrast to the solution structure (Fig. 1A) only 
slightly increased structural disorder is observed for the loops at the bottom of the molecule, al- 
though otherwise the variation of local variability along the polypeptide chain is very similar in 
the two structures (Figs. I A,B). 

Comparison of the polypeptide backbone 
The figures IA and B show that the polypeptide fold of the ADB free in solution and in the 

crystal structure of intact procarboxypeptidase B is very similar, the only readily apparent differ- 
ence being the increased structural disorder for the three loops at the bottom of the molecule 
which is seen only in the NMR structure. This first visual impression is confirmed by Fig. I C, 
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Fig. I. Comparison of the NMR solution structure of the isolated activation domain B with the corresponding polypep- 
tide segment in the X-ray crystal structure of intact procarboxypeptidase B. (A) Blue: C* atom positions of the averaged 
coordinates of the NMR structure connected by virtual C~C * bonds. The circles are displacements of the backbone atoms 
of each residue between the averaged coordinates and the 20 NMR conformers used to represent the solution structure. 
Some residues have been identified with the one-letter amino acid code and the sequence position. (B) Yellow: Same 
presentation of the C ° atoms of the crystal structure as in (A), with circles indicating the mean expected deviation of the 
atomic positions. (See the text for a detailed description of the calculation of the circles in A and B.) (C) Global superposi- 
tion using the backbone atoms N, C ° and C' of residues 11-76 of the 20 NMR conformers (blue) on the crystal structure 
(yellow). The latter is displayed with yellow circles corresponding to those in (B). (D) Stereo view of the superposition of 
the averaged coordinates of the 20 NMR conformers (blue) and the crystal structure (yellow). The backbone atoms N, C ° 
and C' of residues I 1-76 and the 25 core side chains listed in the footnotes to Table 1 (Vendrell et al., 1991) are shown. The 
same orientation of the molecule is shown in (A)-(D). 

which shows a superposition of the 20 NMR conformers and the crystal structure, and by the data 
in Figs. 2A and B, and Tables 1 and 2. 

The RMSD values in Table 1 show that the difference between the averaged coordinates of the 
20 NMR conformers and the crystal structure is the same as that between the individual NMR 
conformers and their averaged coordinates, namely 1.0 ~k for the backbone atoms of residues 11- 
76. Table 2 shows that 25 hydrogen bonds were identified in both structures, 23 of which are locat- 
ed in regular secondary structures. In the crystal structure, 12 additional hydrogen bonds were as- 
signed, 6 of which are part of regular secondary structures. In the NMR structure there is one ad- 
ditional a-helix hydrogen bond that was not identified in the X-ray structure. Overall, although a 
significantly larger number of hydrogen bonds was identified in the crystal structure, there is good 
agreement between the patterns of hydrogen bonds in the two structures. 

A local comparison of the two structures on the level of corresponding individual residues is af- 
forded by Fig. 2, where the ranges of the dihedral angles q~ (Fig. 2A) and ~g (Fig. 2B) observed in 
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Fig. 2. In plots vs. the amino acid sequence, the ranges of values observed among the 20 NMR conformers for the dihedral 
angles tO, ¥ and ~l are represented by vertical bars for each residue. The black squares indicate the values o f  the cor- 
responding dihedral angles in the crystal structure. For ;(J the plot inch~des only data for 24 core side chains (all except 
Pro 4a) described for the solution structure (Vendrell et al., 199 l; see the footnote to Table 1 for a list of these side chains). 

TABLE 1 
RMSD COMPARISONS BETWEEN THE NMR SOLUTION STRUCTURE OF THE ISOLATED ACTIVATION 
DOMAIN B AND THE ADB IN THE X-RAY CRYSTAL STRUCTURE OF THE INTACT PROCARBOXYPEPTI- 
DASE B 

Atoms used for the comparison < NM R > "-X-ray (~,) < NMR > "-NM R (,~,) 

N, C °, C', residues 11-76 1.0 1.0 
Same + core side chains b I. 1 I. 1 

" < NMR > denotes the averaged coordinates of the 20 conformers that represent the solution structure of ADB. 
bThe core side chains are those of the following 25 residues: 13, 15, 17, 21, 23, 24, 26, 27, 29, 30, 37, 43, 46, 48, 50-52, 54, 

63, 64, 66-68, 73, 75 (see Vendrell et al., 1991). 
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TABLE 2 

HYDROGEN BONDS BETWEEN BACKBONE ATOMS IN THE NMR SOLUTION STRUCTURE OF THE AC- 
TIVATION DOMAIN B AND THE CORRESPONDING POLYPEPTIDE SEGMENT IN THE X-RAY CRYSTAL 
STRUCTURE OF PROCARBOXYPEPTIDASE B a 

Amide group Carbonyl group X-ray b NMR c Secondary structure d 

13 Phe 54 Phe + 10 13 
14 Arg 76 Glu + 14 [8 
15 Val 52 Val + 16 [8 
16 Asn 74 Gin + 17 [8 
17 Val 50 Ser + I 1 13 
23 lie 19 Asp + 
24 Ser 20 Glu + 20 a 
25 Glu 21 Asn + 19 a 
26 Leu 22 Asp + 19 a 
27 His 23 lie + 20 tt 
28 Glu 24 Ser + 11 ct 
29 Leu 25 Glu + ct 
30 Ala 26 Leu + tt 
30 Ala 27 His 10 tt 
32 Thr 29 Leu + I 1 
33 Arg 29 Leu + 
36 Asp 55 Arg + [8 
38 Trp 53 Asp + 17 [8 
39 Lys 53 Asp + 
45 Gin 42 Ser + 

50 Ser 17 Val + " [8 
52 Val 15 Val + 17 [8 
53 Asp 39 Lys + 19 [8 
54 Phe 13 Phe + 11 13 
55 Arg 36 Asp + 10 
56 Val 11 Lys + [8 
60 Asp 57 Lys + 
64 Val 60 Asp + a 
65 Glu 61 lie + 16 ct 
66 Asp 62 Leu + 16 a 
67 Phe 63 Ala + 16 a 
68 Leu 64 Val + 16 a 
69 Glu 65 Glu + 15 a 
70 Gin 66 Asp + 18 ct 
71 Ash 68 Leu + 
72 Glu 69 Glu + 17 
73 Leu 68 Leu + 16 
76 Glu 14 Arg + 20 [8 

a Hydrogen bonds are identified by the following criteria: the distance between the proton and the acceptor atom must be 
smaller than 2.4 ,~, and the angle between the bond from the donor heavy atom to the hydrogen atom and a straight line 
connecting the donor heavy atom with the acceptor atom must be smaller than 35 °. 

b Hydrogen atoms were added to the crystal structure using standard bond lengths and bond angles. The identification of 
a hydrogen bond in the crystal structure is indicated by a '  + '  sign. 
The number of NMR conformers, for which the hydrogen bond was observed, is given. Only those hydrogen bonds are 
listed that occur in 10 or more out of the 20 conformers used to represent the solution structure. 

d Both the donor group and the acceptor group of the hydrogen bond belong to residues for which the regular secondary 
structure indicated was attributed in Vendrell et al. (199 I). 



the 20 N M R  conformers are given for each residue together with the values adopted in the crystal 
structure. Because the coupling constants JHNa could for technical reasons not be measured in the 
determination of  the solution structure (Vendrell et al., 1991), many dihedral angles show a rather 
large spread of  values among the N M R  conformers. For  all but six ~0 angles and eight ~ angles, 
the values adopted in the crystal structure lie within the range of  values observed in the N M R  con- 
formers. The maximal deviations of  the values for the crystal structure from the range of  values 
for the N M R  conformers is 17 ° for the ~0 angles and 26 ° for the ¥ angles. In three cases the differ- 
ences in the ~ angles are compensated by differences with opposite sign in the ~0 angles of  the fol- 
lowing residues, resulting in different orientations of  the intervening peptide planes. 

Overall, within the precision of  the two structure determinations (Figs. I A,B), there are no sig- 
nificant deviations of  average atom positions between the ADB polypeptide backbone fold in so- 
lution and in the crystal structure of  procarboxypeptidase B (Fig. 1C). As was mentioned above 
the increase of  flexible structural disorder in the three loops of  residues 32-35, 39--43 and 56-61 
in the N M R  structure has no parallel in the X-ray structure, although the B-factors are somewhat 
increased for the residues 32-35, 43, 56 and 59. Otherwise, the variation of  local disorder along 
the polypeptide chain is very similar; for example, in both structures the two helices with residues 
20-30 and 60-70 are particularly well defined, and both structures show somewhat increased dis- 
order in the loop of  residues 71-74. 

Comparison of the amino acid side chahls 
The architecture of  independently folding protein domains is usually stabilized by the forma- 

tion of  a hydrophobic core, with numerous side chains of  internal residues having particularly 
well-defined conformations.  V'endrell et al. (1991) have identified 25 'best-defined' core residues in 
the solution structure of  ADB. Table 1 and Fig. I D show that after a global polypeptide back- 
bone superposition, the conformations of these side chains are also in good agreement between 
solution and crystal structure. In Fig. 2C the Z ~ dihedral angles are compared for these same core 
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Fig. 3. Plots versus the amino acid sequence of the average displacements, D, within the group of 20 NMR conformers 
(black squares) and between the NMR conformers and the crystal structure (open squares). After local superposition of 
the backbone atoms N, C ~ and C' of successive tripeptide segments, Eq. ( I ) was used to calculate the displacements for the 
side chain heavy atoms of the central residue. 



residues. For all but three residues the crystal structure values fall within or very near the range 
of values covered by the 20 NMR conformers. The three exceptions are Va117, Thr 51 and A s p  66, 

where the ZI range for residues 17 and 51 is very wide and thus hardly defined in the NMR struc- 
ture. In Fig. 3, the comparison has been extended to all amino acid side chains. In this presenta- 
tion, average displacements, D, of the side chain heavy atoms after local superposition of the 
backbone atoms N, C a and C' of tripeptide segments are plotted for comparisons of the 20 NMR 
conformers (black squares), and comparisons of the 20 NMR conformers with the crystal struc- 
ture (open squares). Therefore, significant structural differences are indicated for those residues 
where the open square is well above the black square. Overall, this figure shows that there is good 
agreement also for numerous side chains located outside of the core of the protein domain, 
although differences exceeding 0.5 ,~. are implicated for the residues 17, 24, 26, 33, 35, 66 and 74, 
where A r g  33 is, however, very poorly defined in both the NMR and the X-ray structure. 

CONCLUSIONS 

In contrast to the comparisons between corresponding protein structures in solution and in 
crystals mentioned in the Introduction, the main interest of the present work is focused on the 
structure and function of the different species encountered in the carboxypeptidase B system rath- 
er than on the different methods used for the structure determinations. In this resioect it is of keen 
interest that the isolated activation domain forms a stable three-dimensional structure of which 

Fig. 4. Stereo plot showing the contacts of the activation domain B with the enzyme domain in the structure of pro- 
carboxypeptidase B. The polypeptide backbone of the mean of the 20 conformers used to represent the ADB solution con- 
formation is drawn with a blue line, except that the less well-defined regions of residues 32-35, 39-43 and 56--61 are drawn 
in magenta. The crystal structure of the ADB in the proenzyme is drawn in yellow and the contact region of the enzyme 
domain is represented with green lines. Some residues are labeled with the one-letter amino acid code and the sequence po- 
sition, where blue labels refer to residues of the ADB and green labels to residues of the enzyme domain. 
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the backbone fold and the core side chains are virtually identical to the ADB in the intact procar- 
boxypeptidase B. 

Figure 4 shows the contacts of the ADB and the enzyme domain in the intact procarboxypepti- 
dase B. One of the less well-defined loops in the solution structure of ADB, residues 39-43, is in 
contact with the enzyme domain of the zymogen and Asp 41 forms a salt bridge with Arg j45 in the 
carboxypeptidase B domain. This interaction, which tightens the conformation of the side chain 
of Asp 4t, was considered to be an explanation for the complete lack of activity of the zymogen 
versus small molecular weight substrates (Coil et al., 1991), since Arg 145 binds the C-terminal car- 
boxyl group of substrates in the active carboxypeptidase. It is further seen that none of the 25 
best-defined core side chains of the ADB solution structure listed in a footnote to Table 1 is in- 
volved in the contacts with the enzyme domain, which confirms again that the ADB forms a self- 
contained protein domain. Overall, in concert with the observations by Coil et al. (1991), Fig. 4 
indicates that the contacts between the two domains are not very tight. Although the ADB shields 
the active site from access of substrates, it does not bind tightly to it or even penetrate the other 
domain. Actually, several water molecules in the domain-domain interface mediate intermolecu- 
lar side chain-side chain interactions (Coil et al., 1991). This observation then also provides a 
plausible explanation for the finding that although its three-dimensional structure is preserved 
after proteolytic cleavage of the procarboxypeptidase B, the isolated ADB is inefficient as an inhi- 
bitor of carboxypeptidase B (Burgos et al., 1991). Most contacts between the activation domain 
and the enzyme are indeed provided by the connecting segment 82-95, which is absent in the free 
ADB (Coil et al., 1991). This segment, which in contrast to the ADB is susceptible to proteolysis, 
se~ms to be required for proper binding of the activation segment 1-95 and the inhibition of the 
procarboxypeptidase. 
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