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Abstract. Molecular dynamics (MD) simulation methods 
were applied to the study of the structural and dynamic 
fluctuation properties of the potato carboxypeptidase A in- 
hibitor protein (PCI) immersed in a bath of 1259 water 
molecules. A trajectory of 200 ps was generated at con- 
stant temperature and pressure. The crystallographic struc- 
ture of PCI, as found in its complex with bovine carboxy- 
peptidase A (CPA), was used to seed the MD simulation. 
Analyses show that the structure of the PCI core is fairly 
rigid and stable in itself, and that little deformation is 
caused by the protein-protein interactions found in the 
PCI-CPA complex. The N-terminal tail fluctuates to ap- 
proach the core structure and appears as a relatively dis- 
ordered region. In contrast, the conformations of the C- 
terminal tail, which is involved in the inhibitory mecha- 
nism, fluctuates in the neighborhood of the X-ray struc- 
ture in orientations which facilitate CPA binding. Com- 
parison with the structural entries for PCI in water obtained 
from both 2D-NMR experiments and X-ray data shows 
that important features of the MD structural results fluc- 
tuates between the initial crystal values and those obtained 
from the NMR solution structure. This fluctuation is not 
uniform; minor regions move away from the X-ray con- 
formation while they do not approach the NMR confor- 
mation. The results reported suggest that the trajectory is 
long enough to show a behavior that is consistent with the 
conformational space available to the protein in solution. 
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1. Introduction 

Potato carboxypeptidase inhibitor (PCI) is a protein of 
39 residues involved in defense mechanisms in vegetables 
(Hass and Ryan 1981). It may have biotechnological ap- 
plications in relation to this biological function as well as 
biomedical uses (Ryan 1989). The X-ray crystal structure 
of a PCI complex with carboxypeptidase-A (Rees and Lip- 
scomb 1982) and the NMR structure of PCI alone in wa- 
ter (Clore et al. 1987) are known. Potato carboxypeptidase 
inhibitor is one of the smallest globular proteins known 
and a particularly suitable system for studies combining 
computer simulation of mutants and site-directed muta- 
genesis. Molecular dynamics studies of PCI using an im- 
plicit solvent representation (NIS model) were previously 
carried out to explore the possibilities offered by this tech- 
nique as a tool to help design mutants (Oliva et al. 1991 a, 
b). In spite of the relative success in identifying structural 
determinants using these quasi- in-vacuum simulations, a 
systematic and more realistic approach is required to check 
the effects that explicit water and counterions may have 
on the structure and fluctuation patterns. In addition, and 
in a more technical vein, such detailed simulations may 
help as a benchmark to improve simple solvation models. 
Here, a 200ps molecular dynamics trajectory has been 
studied for PCI in a box with 1259 water molecules and 
8 counterions. The main objectives are threefold: (1) to 
characterize this protein in detail with a more realistic 
model; (2) to compare its structural features with those de- 
rived from X-ray and 2D-NMR; and (3) to check the reli- 
ability of the NIS-MD methodology in simulating protein 
conformations and fluctuations patterns. 

Several methods have been used in the past to repre- 
sent aqueous solvent effects in protein simulations (Kar= 
plus and Petsko 1990; van Gunsteren and Mark 1992; Be- 
rendsen et al. 1984; Aqvist et al. 1985; Straatsma and 
McCammon 1990; van Gunsteren and Berendsen 1990). 
The most rigorous approach - the direct inclusion of wa- 
ter molecules around the protein - is highly time-consum- 
ing and has been limited to its use with small peptides/pro- 
teins or by research teams with large computing facilities. 
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Fig. 1. Three-dimensional structure of the PCI-CPA complex. A rib- 
bon-like representation of the complex was derived from the crys- 
tallographic coordinates. The main characteristic regions of PCI are 
indicated. Residues 1 and 39 (Glu and Gly, respectively) were not 
taken into account in the MD-analyses presented in this work 

tached to the core through a proline residue. The core con- 
tains a 31o helix (residues 14-18), generated by two con- 
secutive type III reverse turns, as visualized by X-ray crys- 
tallography (Rees and Lipscomb 1982), whilst the NMR 
studies (Clore et al. 1987) position this helix in a slightly 
shifted region (residues 16-21). Moreover, the core 
is structured by five other reverse turns. The core also 
contains the secondary binding region to CPA, residues 
His-15 and Cys-27 to Set-30 (Rees and Lipscomb 1982). 

The N-tail does not seem to be involved in the PCI func- 
tion, although it is involved in the crystal structure through 
the contacts that Gln-2 establishes with Arg-2 of a CPA 
molecule that belongs to a neighbouring symmetric cell 
(Rees and Lipscomb 1982). The C-tail (residues 35-39) is 
the primary binding region to CPA (Hass and Ryan 1981; 
Rees and Lipscomb 1982). The inhibitory mechanism of 
PCI acts through strongly competitive binding to the en- 
zyme. Inhibitor binding constant to CPA (Ki) is in the nM 
range (Hass and Ryan 1981, Rees and Lipscomb 1982). 
The functional importance of the primary and secondary 
contact sites to the CPA enzyme have been experimentally 
proved by chemical modification studies (Hass and Ryan 
1981), as well as by X-ray crystallography (Rees and Lip- 
scomb 1982). 

The analyses of trypsin inhibitors using an empirical sol- 
ration model are examples (Chiche et al. 1989; Vila et al. 
1991). Developing efficient algorithms to simulate the 
presence of water in a simple and rapid fashion is there- 
fore one of the challenges in this field. Examples of such 
algorithms are the following: stochastic dynamics (Yun- 
yu et al. 1988), hydrophobic potentials (Casari and Sippl 
1992; von Freyberg and Braun 1993), solvation force (Gil- 
son and Honig 1988; Wesson and Eisenberg 1992, Stouten 
et al. 1993) and hydration prediction (Roe and Teeter 
1992). The development of simpler methods, however, re- 
quires prior knowledge of the behaviour of proteins in full 
solvent representation and the selection of proteins of a 
size and composition suitable for the comparative studies 
of the different approaches. 

The protein here analyzed, PCI, fulfils these require- 
ments and, at the same time, provides an interesting model 
for MD simulations given its low percentage of regular 
secondary structures, high percentage of cysteines, and 
folding in three regions of different physico-chemical 
properties. The recent finding that this protein is represen- 
tative of a structural folding module in small cysteine-rich 
domains, identified in several distinct protein families 
(Holm and Sander 1993), increases the biological interest 
of this study. 

Description of PCI structure 
and functional determinants 

Structurally, PCI can be divided into three parts: the core 
(residues 8-34), the N-terminal tail (residues 2-7) and the 
C-terminal tail (residues 35-38; see Fig. 1). The core is 
constrained by three disulphide bridges: Cs-8 to Cys-24, 
Cys-12 to Cys-27 and Cys-18 to Cys-34. Both tails are at~ 

2. Methods  

Computational details 

The MD-simulations were performed with the GROMOS 
package (van Gunsteren and Berendsen 1987). Initial co- 
ordinates for the simulations were taken from the X-ray 
structure of the PCI-IIa isoform in the complex with CPA. 
Two residues were removed from the model: Glu-1 in the 
N-terminus and Gly-39 in the C-terminus (see Fig. 1). The 
former is located at some distance from the inhibitory re- 
gion, is not well refined in the X-ray structure, and is lack- 
ing in certain isoforms. The latter is severed from PCI by 
CPA; it is not required for inhibition, and is lacking in ho- 
mologous forms. The protein model contains 349 atoms. 
The total potential energy for the uncomplexed PCI from 
the crystallographic structure is large (positive) in the 
GROMOS NIS force field (Oliva et al. 1991 a, b). This is 
to be expected because stabilizing electrostatic interac- 
tions between the inhibitor and the carboxypeptidase have 
been removed. Similar problems were found by Clore et al. 
(1987) in their NMR study of PCI in aqueous solution. 

Special care was exercised to obtain a low-energy in- 
itial conformation for the uncomplexed PCI before start- 
ing simulations in water. First, the isolated protein was 
cooled by steepest descent energy optimization (1800 
steps; NIS field; no SHAKE). The potential energy de- 
creased by 4000 kJ/mol, with no significant structural 
changes, and reached a negtive value. Water molecules 
were placed around the PCI to fill a rectangular box of 
30.4 Ax32.2 ,~x43.6 A. The number of solvent mole- 
cules within the box, after the removal of those with oxy- 
gen atoms within 2.3 A of a non-hydrogen protein atom, 
was 1259. At this point the solvent was energy-optimized 
using 300 steps of steepest descent minimization and with 
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Fig. 2a, b. Time series of the energetic terms in the MD simulation 
of PCI. a Total potential energy with respect to the time of the PCI 
molecule; 4 Na, 4 C1 and 1259 water molecules were included as 
solvent, and Potential energy of the PCI molecule only. b Potential 
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energy of the nonbonded interaction (electrostatic and Lennard- 
Jones) and Potential energy of the bonded interactions of the 
protein (bond angles, proper and improper dihedrals) 

the protein atoms constrained. Counterions, 4 Na + and 
4 C1-, were added by substituting 8 water molecules to ob- 
tain electroneutrality. The solvent conformation was re- 
laxed again using 300 steps of steepest descent minimiza- 
tion with the protein atoms constrained. The resulting 
system was used to seed the MD simulation. 

The original GROMOS C4 force field parameters (van 
Gunsteren and Berendsen 1987), and the new ones recently 
modified by Berendsen and coworkers (van Buuren et al. 
1993), were used for the simulations in water. Here we re- 
port only the results obtained with the new set of param- 
eters, whilst the comparison with the old ones will be re- 
ported elsewhere. In both cases, ionizable residues are 
given net charges o f -1  and +1 (-1 for the carboxylic group 
of the aspartates, the glutamates and the C-terminal; +1 
for the ammonium group of the lysines, guanidinium group 
of the arginines and ammonium group of the N-terminal) 
while partial charges are given for each atom. In contrast, 
the GROMOS D4 force field in the NIS model, used in 
previous studies (Oliva et al. 1991 a, b) gives only partial 
charges for each atom while it keeps the complete chem- 
ical groups electroneutral. In the new parameter set, the 
charges on water were those of the SPC/E model (van 
Buuren et al. 1993). The Lennard-Jones interactions 
between the oxygen of water with carbon atoms have been 
modified to better describe hydrophobic effects. 

Periodic boundary conditions (PBC) were used. The 
pressure was kept constant at 105 Pa with a relaxation time 
of 0.05 ps. The temperature was kept constant at 293 K, 
with independent thermal baths for the protein ('c = 0.1 ps) 
and the solvent ('c = 0.1 ps). Electrostatic forces were eval- 
uated using a clean twin2range cut-off technique. All non- 
bonded forces within 8 A were evaluated with ever j  sim- 
ulation step. Electrostatic forces at distances 8-13 A were 
reevaluated every 10 steps. The integration time was 2 fs. 
Bonds were constrained using SHAKE (van Gunsteren and 
Berendsen 1987). 

3. Results 

a. Energies 

Energy entries. Time series showing the quality of the MD 
simulation in water are briefly presented. Energy entries 
illustrate its behaviour during the trajectory. After 10 ps 
the total potential energy of the whole system reaches equi- 
librium at an average o f - 6 6  MJ/mol with fluctuations of  
+ 1 M J/tool (Fig. 2 a). 

The potential energy of the protein alone is depicted in 
Fig. 2 a. The fluctuations along the trajectory show that 
this is an open system exchanging energy with the sur- 
rounding water molecules. The Lennard-Jones energy is 
fairly well stabilized (Fig. 2b). Not surprisingly, it is the 
protein internal electrostatic interaction term that under- 
goes the greatest changes. On the other hand, bond and di- 
hedral angles of the protein are also equilibrated after a 
flew picoseconds (not shown). 

The results indicate a (stochastic) energy exchange 
between the protein and the solvent due to solvent colli- 
sions. These results also indicate that, within a cut-off of  
8 A, local changes are small. As the electrostatic forces 
have a cut-off of 13 A, they are able to sense energy fluc- 
tuations that most likely come from interactions between 
the protein and the counterions. No attempts were made 
to sense the effect of periodic boundary conditions. The 
shortest box-side being larger than the electrostatic cut- 
off, the protein images do not interact among themselves. 

b. Structural fluctuations 

Time series of  moments of  inertia. The principal moments 
of inertia (pmi), calculated by the diagonalization of the 
tensor of the moments of inertia for all the atoms of PCI 
(where the polar hydrogens are included and the mass of 
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the apolar hydrogens is added to the carbon atom to which 
they are bonded), yield information on the overall shape 
behaviour of the protein as a function of time. For instance, 
the presence of one small and two large, similar pmi 's  is 
associated with a more or less cylindric distribution of mat- 
ter, e.g. a helix. The changes in shape during the MD tra- 
jectory for all atoms and the three regions defined for this 
molecule are reported in Fig. 3. 

The time evolution of the principal moments of inertia 
for the whole molecule show some minor changes in the 
overall shape. The structure is always more or less elon- 
gated. Between the time points 40 ps and 80 ps the struc- 
ture is quasi cylindrical. The system has one invariant axis 
along the first principal moment  of inertia. According to 
the present results, the core of PCI is stable. Once the time 
span between 0 and 30 ps is exceeded, the structure of the 
core persists, with small fluctuations in the CcCs. Despite 
these fluctuations, it preserves its shape along the 200 ps 
MD trajectory. In contrast, the N-tail is apparently com- 
pressed along the MD trajectory, but still keeps its elon- 
gated shape. Observation of the structure using computer 
graphics shows that this tail approaches the core along the 
trajectory. Interestingly, the C-tail preserves its shape dur- 
ing the trajectory, but with relatively large fluctuations. 

c. Comparisons with X-ray data 

Overall structural displacements. Since the structure of 
PCI used to seed the MD simulation is obtained from the 
crystallographic complex of PCI with CPA, one would ex- 
pect differences in structure and fluctuation patterns for 
the isolated inhibitor, given that the system in water is not 
constrained by zinc-binding, protein-protein or crystal 
forces. Despite this fact, the r.m.s, for all C a ' s  of the MD 
structures (taken in steps of 2 ps), superimposed on the 
PCI crystallographic structure by fitting the C a ' s  of the 
cystines, is found to be approximately 2 A, while for all 
atoms it is under 3 A (not shown). The fluctuation pattern 
and time-dependent structure for the core appear to be fair- 
ly stable, reaching a r.m.s, value for its Ct~'s of 
1.15 +_0.2 ,X,. In constrast, the N-tail shows a much great- 
er pattern of change, with average r.m.s, values for its Ccgs 
of 3.9 +_ 1.3 A. The C-tail shows an intermediate behavi- 
our, with values around 1.6 + 0.6 A. 

r.m.s, deviations in Co~'s residue. A comparison between 
C(z atoms of the MD average structure (20-200 ps) and the 
X-ray crystal structure (Fig. 4) shows that most of the PCI 
residues within the core remain in a configuration topo- 
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logically similar to that found in the experimental com- 
plex, with displacement differences under 2 A. Interest- 
ingly, the in-water simulation results are similar to the in- 
pseudo-vacuum (NIS) simulation results (Oliva et al. 1991 
a, b). However, the drifts in the tails, and mainly in the N- 
terminal tail, are smaller in the model with explicit water 
molecules than in the NIS simulations. This result is prob- 
ably due to solvent inertial effects and collisions that pre- 
clude large displacements. 

Temperature B-factors. The simulation in water gives rise 
to a well-defined average structure in the 20-200 ps time 
window and atomic fluctuations along the three main ax- 
es of the fluctuation were calculated for this time average. 
The MD B-factors derived from the matrix of  the atomic 
fluctuations were also calculated, using the equation B- 
factor=8 rc2llr.m.s. 112/3 (Fig. 5). 

The values obtained are fairly comparable to those 
found in the PCI-CPA complex crystal structure (Rees and 
Lipsc0mb 1982). The differences correlate with the crys- 
tal contacts and CPA-PCI contacts. 

The PCI core Co(s in the MD simulation show the 
smallest temperature factor values, comparable to X-ray 
values and all below 40 Ae. Only at the border with the 
tails and at the loop formed by residues 20-26 (between 
the 31o helix and the secondary binding site) are the core 
MD-temperature factors greater than those derived from 
the PCI-CPA crystal structure. The largest differences, 
with respect to the fluctuations in the crystal complex, are 
found at the N- and C-terminal tails. The large fluctuations 
of the N-terminus (with MD-B factors around 160 A2) are 
indicative of important disorder. On the other hand, the 
intermediate value of the MD-B factors for the C-tail 
(reaching 80 A 2) indicates that this tail is also disordered 
although to a lesser degree than the N-tail. 

160.0 2rYbs lrYbs 

140.0 

120.0 

100.0 
;{ 

8 
"O 

, M D  

80.0i XLay,x~ 60.0 

40.0 

20.0 
C tad 

O.O , ~ I 

0 5 I0 15 20 25 30 35 40 

b residue number 

Fig. 5a, b. MDr.m.s.fluctuationsandtemperatureB-factorsofPCI. 
a Ellipsoid representation of the anisotropic r.m.s, fluctuation of the 
Ca atoms of PCI in the (20-200 ps) MD averaged structure of PCI. 
b C c~ temperature B-factors of the PCI molecule. The thin line shows 
the crystallographic temperature B-factors of PCI in the crystal of 
CPA-PCI complex. The thick line shows the temperature B-factors 
obtained in the MD simulation with solvent. The main structural fea- 
tures are also indicated: primary binding site (1 w bs), secondary 
binding site (2 ry bs), N-tail, 31o helix and C-tail 

The lower values of the X-ray derived B factors at the 
N- and C-tails with respect to the MD-derived factors are 
worthy of comment. Crystal contacts, e.g. the electrostatic 
interaction found for the Gln-2 of PCI with the Arg-2 of 
the CPA in the neighboring symmetric cell, may be suffi- 
cient to stabilize mobile parts, such as loops or tails, and 
this may decrease the values of  these crystallographic B- 
factors at the N-tail. In contrast, the low values of this fac- 
tor at the C-tail are better explained by the fact that the tail 
motion is dampened by its coordination with zinc in the 
PCI-CPA complex in a larger extent as the water cage does 
in isolated PCI. 

d. Comparisons with NMR data 

r. m.s. deviations per residue from the X-ray structure. Al- 
though the structure reported by Clore et al. (1987) is 
somewhat old, the comparisons with our MD results are 
still useful since both structures are independent. The 



NMR structure revealed 11 converged structures, referred 
to as DG structures, obtained from restriction geometry 
calculations using the program DISGEO (Havel and 
Wtithrich 1985). Refinement was carried out in two stag- 
es. In the first, restrained energy optimization generated 
the so-called DGm structures. In the second, a restrained 
MD was used to obtain the final structures referred to as 
RDDG. In addition, the mean structures DG, DGm, RDDG 
of each class were calculated. For the sake of comparison, 
the data,reported have been retrieved and used in conjunc- 
tion with our own data. 

The r.m.s, difference between the RDDG structure and 
the X-ray structure of PCI and the r.m.s, difference 
between the average (20-200 ps) of the MD aqueous sim- 
ulation of PCI and the experimental structures: X-ray 
structure and NMR structure (RDDG), are reported in 
Fig. 4. The shapes and values shown for the two confor- 
mations (RDDG and (20-200 p s ) M D  average) with re- 
spect to the crystallographic structure show a remarkable 
similarity, with the exception of the residues at the tails 
and the above-mentioned loop between residues 20-26. It 
is worth noting the coincidence of high r.m.s, difference 
values at residue 19 in both MD- and NMR (RDDG) struc- 
tures, although this difference is also present for the r.m.s. 
of the MD averaged structure with respect to the NMR 
structure, this shows the digression for the three structures 
around this residue. On the whole, the comparison between 
the RDDG structure and the average structure of the MD 
simulation in aqueous solution shows that the PCI struc- 
tural backbone deviates from the X-ray and from the NMR 
structure holding the features of both. 

r.m.s, differences. The atomic r.m.s, differences presented 
in Table 1 show that the MD average structure between 
20 ps and 200 ps has a well-defined conformation. The 
r.m.s, differences obtained for each 10 ps from 20-200 ps 
(in the set of 18 MD conformations) is smaller than any of 
those obtained in the sets reported by Clore et al. (1987). 
On the other hand, the comparison between the MD set of 
these 18 conformations and the X-ray conformation shows 
a small r.m.s, of about 1.1 A for the backbone atoms of the 
2 to 38 residues and of about 1.6 A for the heavy atoms. 
The r.m.s, differences in the MD set versus the X-ray con- 
formation shows that the MD conformations deviate from 
the X-ray structure as do the RDDG reported set of  con- 
formations. 

NMR inter-proton distances versus MD average structure. 
A more accurate structural characterization can be ob- 
tained by calculating the interproton distances of the at- 
oms with an upper limit distance smaller than the one found 
in the crystal (Rees and Lipscomb 1982). These are repro- 
duced in Table 2, and include the values found for the 
(20-200 ps) MD averaged structure in aqueous solution. 
The interproton distances of the structure in the crystal 
complex of PCI with CPA are compared with the result of 
a minimization using distance restraints of the crystallo- 
graphic structure, and both are compared with the NMR 
data. Taking the difference between the column A2 and Ab 
from the X-ray RM reported by Clore et al. (1987), and re- 
produced in Table 2, the absolute difference in interatom- 

Table 1. Atomic r.m.s, differences (A) between the structures of 
PCI 

atomic r.m.s, differences (A) 

residues 2-39 residues 5-36 

COMPARISON backbone all atoms backbone all atoms 
(MD)vs(MD) 1.05+_0.29 1.52+_0.39 0.85+_0.21 1.30+0.32 
(MD}vsX-ray 1.61+0.25 2.36+-0.23 1.45+0.22 2.09+0.20 
(RDDG)vs 2.10+0.40 2.80_+0.40 1.30+0.20 2.00_+0.30 
(RDDG)" 
(RDDG)vsX-ray ~ 2.10+_0.20 3.00+_0.30 1.50_+0.20 2.40+_0.30 

RDDG=molecular dynamics of the 11 DGm conformations using 
the NOE distance restraints 
MD = molecular dynamics simulation of PCI in aqueous solution 
(A) = indicates the set of A structures 
a As reported by Clore et al. (1987) [6] 

ic distance between the upper limit distance and our MD 
in water simulation is obtained. 

Agreement with short-range inter-residue distances is 
remarkably good. With regard to NH(i ) -NH(i+I ) ,  the 
greatest difference (1.5 A) is found for G20-A21, while all 
other pairs reported have differences under 1 ,~. In these 
case of NH(i)-NH(i+2), the difference amounts to 0.3 A. 
The agreement for the C~H(i) -NH(i+I)  case is also fairly 
good. Not surprisingly, the long-range inter-residue dis- 
tances present larger differences than the short-range ones. 
The greatest difference between the upper limit and the 
interatomic distance in the (20-200 p s ) M D  averaged 
structure (5 A) concerns the proton pair F23 (Cb'I-I)- 
DS(C/~). 

e. Shape changes from X-ray to solution structure 

Radius of  gyration of  PCI. If  the PCI conformation chang- 
es its shape from the crystallographic structure to the struc- 
ture in solution during the simulation, then this should be 
clearly detectable from the radius of gyration of the whole 
molecule calculated for all the atoms (defined as the r.m.s. 
of the radii of gyration in the main axes of the normalized 
inertial tensor). This can also be calculated using the equa- 
tion: 

RG =(• ri z mi/~ mi)1/2 

Figure 6 shows the time series of the radius of gyration. 
The upper limit value for the radius of gyration is taken 
from that obtained from the average of the 11 DG NMR 
conformations that were obtained experimentally without 
further refinements (Clore et al. 1987). This is considered 
as the upper limit value because distance geometry calcu- 
lations with the program DISGEO (Havel and Wtithrich 
1985) performed on tails, tend to elongate the structures 
(Billeter M., personal communication). The small NIS val- 
ues for the radius of gyration are due to the contracting ef- 
fect of simulations without water molecules (Oliva et al. 
1991 a, b), so that these can be considered to be the lower 
limit values. The accuracy of the simulation with explicit 
water as compared with experimental NMR data is most 



Table 2. Difference between the experimentally derived upper limit interproton distance restraints in solution and the interproton distances 
derived from the X-ray structure of PCI ~ 

Atoms related type int b X-ray b Aa b X-ray-RM b A b MD A1 A2 

Short range (li-j I < 5) Inter-residue 
NH(i)-NH(i+I) 

C18, S19 b s 3.5 -0.8 2.8 -0.1 3.3 -0 .2  +0.5 
$19, G20 a s 4.0 -1.3 3.0 -0.3 2.7 -1.3 -0.3 
G20, A21 c s 3.4 -0.7 2.2 0.0 3.7 +0.3 +1.5 
W22, F23 c s 3.6 -0.9 2.8 -0.1 3.9 +0.3 +1.1 
R32, T33 b s 3.8 -1.1 2.9 -0 .2  3.4 -0.4 +0.5 

NH(i)-NH(i+2) 

W22, C24 a w 5.9 -0.9 4.4 0.0 4.7 -1.2 +0.3 

C~H(i)-NH(i+I)  

A21, W22 a s 3.4 -0.7 3.1 -0 .4  2.6 -0.8 -0.5 

CaH(i)-CflH(i+3) 

D16, S19 a w 7.6 -2.6 5.3 -0.3 4.8 -2.8 -0.5 
C18, A21 b w 6.3 -1.3 5.1 -0.1 5.2 -1.1 +0.1 

CflH(i)-NH(i+I) 

C12, K13 b s 3.8 -1.1 3.0 -0.3 3.5 -0.2 +0.5 
K13, T14 a s 3.4 -0.7 2.7 0.0 2.9 -0.5 +0.2 
A21, W22 a m 4.2 -0.7 3.3 0.0 3.5 -0.7 +0.2 
A31, R32 b s 4.4 -1.2 3.4 -0 .2  3,9 -0.5 +0.5 
T33, C34 a s 4.6 -1.9 2.9 -0 .2  3.2 -1.4 +0.3 

others 

A21 (CflH)-Q25(Cc~H) c s 4.3 -1.6 3.0 -0.3 4,6 +0.3 +1.5 
I7(C6H-C8(NH) a w 6.3 +0.8 5.5 0.0 5,5 -0.8 0.0 
I7(C6H)-K10(Co%I) a s 5.4 -2.2 3.8 0.0 4,1 -0.1 +0.3 
T33(CTH)-C34(NH) c s 3.9 -0.7 2.3 0.0 4.0 0.1 +1.7 

Long range (li-j l>5) Inter-residue 

C8(C~H)-A21 (CflH) c m 4.9 -1.1 4.2 -0 .4  5.5 +0.6 +1.3 
N 9 ( C a H ) - T 3 3 ( C a H )  d m 4.1 -0.8 3.9 -0.6 5.8 +1.7 +1.9 
Ng(Cc~H)-T33(C]3H) c s 4.2 -1.5 3.3 -0.6 5.1 +0.9 +1.8 
P1 l (CaH)-T33(CTH) b s 5.6 -2 .4  2.9 0.0 4.1 - l . 4  +1.2 
C12(NH)-T33(C7H) a m 6.3 -2.5 4.1 -0.3 4.4 -1.8 +0.3 
A21 (NH)-17(CTH) b m 5.1 -1.3 3.8 0.0 4.9 -0.1 +0.1 
A21(NH)-17(CSH) d m 4.7 -0.9 4.1 -0.3 6.9 +2.2 +2.8 
A2 I(C/3H)-17(CTH ) b s 4.6 -0.9 2.9 0.0 3.7 -0.8 +0.8 
F23(CSH)-D5(C/3H) d s 3.7 -1 .0  3.1 -0 .4  8.1 +4.4 +5.0 
F23(CSH)-P36(CTH) c m 4.4 -1.1 3.5 -0.2 4.6 +0.2 +1.2 
W28 (NH)-C34(C a l l )  d m 4.1 -0.8 3.4 -0.1 6.0 +2.0 +2.7 
W28(CS1H)-G35(NH) d m 4.0 -0.7 3.3 0.0 7.3 +3.3 +4.1 
T33(Cc~H)-17(CSH) c w 11.2 -5.7 7.0 -1.5 11.0 - l . 7  +4.0 
C34(NH)-N9(Cc~H) c m 4.3 -1.0 2.9 0.0 4.4 +0.1 +1.5 
C34(NH)-P11 (C~H) c m 4.0 -0.7 3.7 -0.4 4.4 +0.4 +0.7 

Aa: difference between the NOE upper limit distance and the X-ray structure 
Ab: difference between the NOE upper limit distance and the X-ray optimized structure with distance restraints 
AI: difference between the MD averaged structure and the X-ray structure 
A2: difference between the MD averaged structure and the X-ray optimized structure with distance restraints 
a The NOE intensities ( intt)  are classified into strong (s), medium (m), and weak (w) and are taken to correspond to distance ranges of 
1.8-2.7, 1.8-3.3, and 1.8-5.0 ,~, respectively. An additional 0.5 ]~ per methyl group is added to the upper distance limit to account for the 
higher intensity of methyl resonances. The types of interproton distances are classified in four types, (a, b, c and d) depending on the MD 
simulation (see the text) 
X-ray? is the X-ray structure of the PCI in the complex with carboxypeptidase [5] 
b As reported by Clore et al. (1987) 
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Fig. 6. Radius of gyration of PCI. Radius of gyration values along 
the trajectory of the whole PCI molecule in the MD simulation, in 
aqueous solution and in the NIS model MD simulation. Comparison 
with the experimental results 

satisfactory in the sense that the MD-fluctuations are 
bounded by the two experimentally obtained gyration ra- 
dii (RDDG) and (DG). X-ray values also lie between these 
latter two values. 

Time series for selected interproton distances. It is also of 
interest to analyze the interproton distances in relation to 
the polar hydrogen of the nitrogen in the peptide bonds. 
Thirty-three interproton distances were analyzed and de- 
picted as time series. The results are classified in four 
types: 

a) the interproton distance that begins with the value of 
the crystal structure and moves to within the NOE upper 
limit distance; 
b) the interatomic distance that varies between the values 
corresponding to the crystal structure and the NOE upper 
limit values; 
c) the interatomic distance that remains close to the orig- 
inal X-ray values; 
d) the interatomic distance that increases and remains 
greater than in the crystal structure. 

Figure 7 shows four of the most illustrative cases. Among 
thirty-three interproton distances, ten cases of (a), eight 
cases of (b), ten cases of (c), and five interproton-distanc- 
es of (d) were found (cf. Table 2). Thus, 85% of the inter- 
proton distances (cases "a + b + c") evolve towards an end 
point that is in between the crystal value and the upper lim- 
it NOE distance, and 30% of the distances (case "a") ap- 
proach the latter, Why 15% of the distances (case "d") 
evolve away from the X-ray and upper limit values is not 
explained. Most of the latter involve interactions between 
side-chains with a main-chain hydrogen atom or two side- 
chain hydrogen atoms. What is clear is that the crystal al- 
so contains a large amount of water which may explain 
cases (c). 

Cases (a) and (b) show a conformational reshaping dur- 
ing the 200 ps. Such dynamics behaviour also suggests that 
the MD simulation method is accurate enough to trans- 
form the crystal conformational structure bringing it closer 
to the structure found in aqueous solution. 

f Hydrogen bonds 

Protein-protein hydrogen bonds in PCI. Comparisons of 
PCI NMR and MD data showed that the MD-simulated 
structure of PCI most likely represents the structure that it 
may have in water. To complete these analyses it is advis- 
able to compare hydrogen bonding patterns. Table 3 shows 
a comparison of the H-bonding pattern found in the X-ray 
structure and in the MD simulation. A change in the H- 
bond pattern of these two structures is apparent. From this 
Table it follows that some hydrogen bonds are present in 
the complex, but not in the MD model. Others still appear, 
but at a reduced occurrence rate; yet others exchange their 
interaction partners locally without any large structural 
change. This is partly because in the water model the sol- 
vent molecules compete with protein groups for hydrogen 
bonding. It is also conceivable that the release of PCI from 
CPA allows for some conformational changes; such chang- 
es would facilitate alterations in the hydrogen bonding pat- 
tern. 

The higher percentage of occurrence of hydrogen bonds 
appears to be functionally and structurally related to the 
surrounding of the secondary binding site and of the C- 
terminal tail region, from residues 26 to 35. In this respect, 
Gly-35 may play an important role since it appears to con- 
stitute the connection residue between the C-terminal tail 
and the core of PCI by establishing two hydrogens bonds 
with Ala-26. This is corroborated by the observation that 
one of the best conserved hydrogen bonds is Gly35NH- 
Ala26CO. This fact may be related to the inhibitory func- 
tion. Such interactions are probably responsible for keep- 
ing the original position of the C-terminal tail. 

Interestingly, the H-bonds corresponding to the 3 lo-he- 
lix appear in the simulation but they are not properly de- 
scribed in the X-ray structure (they are not within accepted 
structural boundaries): 17D(N)-14T(O) and 18C(N)- 
15H(O) (see Table 3). This region is also one where the 
old set of potential function parameters used in GROMOS 
fails to properly represent the H-bond interactions as com- 
pared to the new set of parameters (see Discussion). 

Table 3. Hydrogen bonds pattern in PCI 

Donor Acceptor X-RAY MD 
atom atom occurrence occurrence (%) 

8 CYS N 5 ASP O + 
9 ASN N 34 CYS O + 55 

10 LYS N 7 ILE O + 64 
12 CYS N 32 A R G O  + 89 
17 ASP N 14 THR O - 72 
18 CYS N 15 HIS O - 63 
23 PHE N 21 ALA O + 44 
26 A L A N  35 GLY O + 
28 TRP N 31 ALA O - 55 
30 SER N 28 TRP O + 
33 THR N 31 ALA O - 80 
34 CYS N 10 LYS O + 94 
35 GLY N 26 ALA O + 93 

+ indicates the appearance in the crystallographic structure. - Indi- 
cates that either the hydrogen bond does not appear in the crystallo- 
graphic structure or that the occurrence in the MD simulation is less 
than the 50% 
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Fig, 7a-d. Time series of the interproton distances in PCI along 
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(NH); and d 28 W(NH)-34 C(CaH). These are case examples of the 
interproton distances (a), (b), (e) and (d) mentioned in the text 

4. Discussion 

The GROMOS MD-simulations of potato carboxypepti- 
dase inhibitor protein in water, including counterions, pro- 
vide a fairly complete picture of the shape and conforma- 
tional fluctuations experienced by the protein in a medium- 
range trajectory span (20-200 ps). The deviation of the 
MD-derived structural values for PCI alone from those 
taken from the X-ray structure of the PCI-CPA complex is 
small for the core region and for the C-tail and high for 
the N-tail. The fact that this relatively short trajectory 
yields an average structure and fluctuation patterns that re- 
semble the behaviour of PCI in aqueous solution as meas- 
ured by 2D-NMR suggests that the simulation is reason- 
ably meaningful. 

The structure of the PCI in water is well-defined by sim- 
ulation (Table l). The atomic r.m.s, difference of the back- 
bone of 18 MD conformations (one each 10 ps from 20 ps 
to 200 ps) is about 1.05 A, a lower value than the result 
obtained for the 11 conformations reported by NMR by 
Clore et al. (1987). The comparison of the X-ray structure 
with the (20 ps-200 ps) MD averaged structure gives sim- 
ilar differences for each residue to those found with the 
NMR (RDDG) structure (Clore et al. 1987) (Fig. 4). The 
atomic r.m.s, difference for the set of the 18 MD confor- 

mations is also similar to the set of 11 NMR conforma- 
tions (Table 1). In addition, the radius of gyration (Fig. 6) 
and some of the interproton distances (Fig. 7 and Table 2) 
show that the PCI modeled by MD is in-between the crys- 
tallographic structure and the upper limits defined by NMR 
data. 

The core of PCI is largely preserved at both the MD 
model and the NMR structure with respect to the X-ray 
structure (Fig. 4). The coincidence of high r.m.s, differ- 
ence values at residue 19 for both solution structures when 
compared with the X-ray structure is probably due to the 
shift in two residues position for the 31o helix when re- 
ported by NMR or by X-ray. From this point of view, and 
given the preservation of correct stereochemistry and H- 
bonding (see below), it seems that the MD-simulation is 
more able to define this helical structure in solution than 
X-ray. It is difficult to conclude whether these differences 
between MD- and X-ray structures at the helix are genu- 
ine or are derived from the structural constrictions to which 
PCI is submitted in the latter. On the other hand, compar- 
isons between the MD model and the NMR structure at the 
tails confirm their mobile character, particularly the N-tail. 

The hydrogen bonding pattern of the MD model shows 
the loss of some bonds that appear in the crystallographic 
structure (Table 2), even at the core. This can be attributed 
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to the interaction with water molecules, an important ef- 
fector in a protein such as PCI with little regular secon- 
dary structure, and is in agreement with the large hydro- 
gen exchange observed by NMR (Clore et al. 1987). In 
contrast, it is found that the stereochemistry of the 3 lo he- 
lix is better defined in the MD- than in the X-ray structure. 
Moreover, two important hydrogen bonds for the defini- 
tion of the 31o helix (T14-D 17 and H15-C18) appear in the 
MD-simulation but not in the X-ray structure. It is also re- 
markable that amongst the best preserved hydrogen bonds 
are those established between carbonyl and imino groups 
of Ala26-Gly35 and Lys10-Cys34. These internal hydro- 
gen bonds may be related to the orientation of the C-tail 
to interact with the CPA. 

The MD-simulation of the C-tail behaviour is interest- 
ing. Although this tail largely fluctuates, it does so around 
a relatively well-defined average conformation, which has 
the correct orientation allowing it to form a complex with 
the carboxypeptidase molecule. The latter is one of the sig- 
nificant characteristics derived from our work, an issue 
that has been further explored by the combined use of site- 
directed mutagenesis and MD simulation in our laboratory 
(Molina et al. 1994, Tapia et al  1992). That is, the MD 
studies indicate that the C-tail fo PCI is much less mobile 
than can be expected by being outside the central globu- 
lar core. Besides the reported hydrogen bonds between the 
residues of the C-tail and the residues of the PCI core in 
the crystal structure (van Gunsteren and Mark 1992), the 
overall analyses of the MD results point to the occurrence 
of the previously mentioned stable hydrogen bonds 
between Ala26 and Gly35 (Table 3). All these bonds prob- 
ably have a significant effect on the inhibitory capacity of 
PCI by restricting the fluctuation pattern of the C-tail 
and facilitating a definite orientation to bind CPA. 

Previous MD results obtained with a pseudo in vacuum 
(NIS) model are mostly validated by the present work 
(Oliva et al. 1991 a). The use of the NIS model as a rapid 
means of detecting mutation effects on the fluctuations and 
structure yielded, in that case, significant results (Tapia 
et al. 1992). However, the present work has also shown 
that a representation of the surrounding medium is required 
when a detailed picture of the fluctuations of PCI and an 
accurate representation of its behaviour in solution is 
sought. The NIS model must be supplemented with sol- 
vent collision effects using for instance information on sol- 
vent accessibility surface. 

A more realistic representation of the PCI MD-struc- 
ture and dynamics has also been obtained by the use of the 
recently derived new set of GROMOS parameters (see 
Methods). An overall comparison of the results obtained 
with the old and new set of parameters indicates that the 
latter gives structures closer to the experimental ones (as 
show by smaller r.m.s, differences and B factors). Besides, 
the new parameters identify H-bonds with a higher occur- 
rence probability. Differences in detail will be discussed 
elsewhere. 

In conclusion, the MD-simulation of PCI in explicit wa- 
ter provides a view of the structural features and behavi- 
our of this molecule complementary to those obtained by 
X-ray and by NMR. The MD study is particularly useful 
to show that the active conformation of the C-tail is not 

the result of the interactions with the receptor molecule. 
Also to show that the core fold is very stable in water, de- 
spite its low content in regular secondary structures. Ex- 
tension of similar MD work on proteins which have re- 
cently been found to share a similar fold with the PCI core 
- such as trypsin "squash" inhibitors, erabutoxin, wheat 
germ agglutinin, and neurophysin (Hom and Sander 1993) 
- may provide an explanation for the occurrence and func- 
tion of such a fold. 
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