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ABSTRACT: cis peptide bonds in proteins are often rate-limiting steps in protein folding or conformational
change and are frequently stabilized by metal ions. In the collagen-binding domain of Clostridium histolyticum
collagenase, the binding of calcium ions triggers the formation of a cis peptide bond. We present free energy
simulations of the formation of this cis peptide bond using a combined quantum mechanics/molecular
mechanics approach together with adaptive umbrella sampling. From these simulations, we have determined
that the calcium ions not only stabilize the cis peptide bond thermodynamically but also catalyze its
formation; the free energy barrier to the formation of the cis peptide bond decreases from 21.4 kcal/mol in the
absence of calcium ions to 10.3 kcal/mol in their presence. Two principal factors contribute to this reduction in
the energy barrier. The calcium ions electrostatically stabilize the lone pair on the nitrogen atom that forms
during the isomerization. In addition, their attraction to acidic amino acid side chains and formation of a
hydrogen bond network constrain the peptide backbone in a way that makes it easier for the nitrogen to

pyramidalize. Factors that explain the observed cooperativity of calcium binding are discussed.

Almost all peptide bonds in proteins are found to be in the
trans conformation. This is especially true of peptide bonds that
do not involve proline. In a survey of protein structures, 5.21% of
peptide bonds to prolines and 0.029% of non-prolyl peptide
bonds were found in the cis configuration (/). In another survey,
merely 49 cis non-prolyl peptide bonds were found in a set of 747
protein structures (2). cis peptide bonds often have important
functional or structural roles (3, 4). For example, cis—trans
isomerization acts as a conformational switch in signaling
cascades (4—6) and is used as a timer for cellular processes (7).

Because of the partial double bond character of the peptide
bond, cis—trans isomerization is characterized by a large energy
barrier (§—13). Because of this barrier, cis—trans isomerization is
often a rate-limiting step in protein folding (14, 15). In vivo, the
isomerization of proline-containing peptide bonds is accelerated
by peptidyl prolyl cis—trans isomerases or rotamases (2, 16, 17).
These ubiquitous enzymes are found in all cellular compartments
and all organisms. While many prolyl isomerases have been iden-
tified, only one protein that accelerates the isomerization of non-
prolyl peptide bonds has been found (18, 19). In addition to its
other functions as a chaperone (20, 21), DnaK from Escherichia
coli modestly enhances the isomerization of Ala—Xaa peptide
bonds, where Xaa is Met, Ala, Ser, Glu, Leu, Ile, Gly, or Lys (18).

Apart from enzymes, certain metals like rhenium (22), cad-
mium (23, 24), zinc (24), and lithium (3) have been shown to
accelerate cis—trans isomerization and/or stabilize the cis con-
former in peptide analogues. A survey of the Protein Data Bank
showed that cis peptide bonds are frequently stabilized by
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calcium ions. For example, calcium binding induces a trans—cis
prolyl peptide isomerization in bovine prothrombin (25), rat liver
mannose binding protein (26), and the C-terminal domain of
human BM-40 (27). In addition, calcium induces a trans—cis
isomerization of a non-prolyl peptide bond in concanavalin A
(28) and the collagen-binding domain of Clostridium histolyticum
collagenase 1 (29). It is unclear how calcium stabilizes the cis
states, and if and how calcium catalyzes the isomerization. For
example, kinetic studies of rat liver mannose binding protein (26)
showed no effect of calcium on the rate of isomerization, but the
replacement of calcium with manganese ions significantly decel-
erated the cis—trans isomerization of concanavalin A (30).
Molecular dynamics studies of the cis and trans prolyl peptide
bond states in calcium-bound bovine prothrombin (37, 32)
showed little structural difference between the cis and trans
protein; since only the end states of the isomerization and no
free energies were calculated, the role of calcium for the trans—cis
isomerization in bovine prothrombin remained unclear.

To investigate the role of calcium in the cis—trans isomeriza-
tion of a peptide bond, we performed combined quantum
mechanical/molecular mechanical free energy simulations of
the collagen-binding domain (CBD)' of C. histolyticum collage-
nase class I. C. histolyticum is a Gram-positive bacterium, which
causes gas gangrene (33). It produces two types of collagenases,
which hydrolyze insoluble collagen fibrils, resulting in the
extensive tissue destruction associated with the disease (33).
Collagenase class 1 contains two CBDs, while collagenase class
IT has one; the three CBDs are homologous to each other (34—37).

'Abbreviations: QM, quantum mechanics; MM, molecular me-
chanics; DFT, density functional theory; SCCDFTB, self-consistent
charge density functional tight binding; CBD, collagen-binding domain;
NMR, nuclear magnetic resonance.
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The CBD of collagenase class I has been extensively studied by
X-ray and NMR (29, 38, 39). Binding of calcium increases the
affinity of the collagen-binding domain for collagen (40) and
induces large conformational changes in the CBD, by refolding the
N-terminal o-helical linker into a 5-sheet (29). In collagenase I, the
linker connects the CBDs; it is thought that the S-sheet rigidifies
the protein, which increases the affinity for collagen (29, 41).

In addition to the refolding, calcium binding also induces a
non-prolyl cis peptide bond between E901 and N902. Since no
enzyme is known to accelerate the isomerization of a Glu—Asn
peptide bond, we decided to study this intriguing isomerization.
Because the calcium binding pocket does not exist in the o-helical
state, and since the barriers for refolding of the small linker are
estimated to be much smaller than the barriers for isomerization,
it is likely that refolding occurs before isomerization. Therefore,
we focused on the isomerization reaction in the [-sheet con-
formation and will study the coupled refolding—isomerization
transition in future work.

Our simulations show that calcium significantly decreases the
free energy barrier for the trans—cis isomerization. While CBD
binds two calcium ions, our results indicate that most of the
reduction is obtained by the binding of the first calcium ion. Our
structural analyses of the transition and end states explain how
calcium stabilizes both the cis and transition states.

MATERIALS AND METHODS

The initial structure of the holoprotein was obtained from the
Protein Data Bank [entry INQD (29)]. There are two calcium
ions bound in the holo form, and the binding site involves the
carboxyl groups of E§99, E901, D904, D927, and D930, together
with the backbone carbonyl groups of $922 and R929, the side
chain amide oxygen of N903, and a crystallographic water
molecule. The two binding sites are designated Cal and Ca2,
with Ca2 being the binding site that is closer to the carbonyl
oxygen of S902 and the carboxyl group of E899. A total of four
systems were studied: the holoprotein with both calcium ions, the
apoprotein with both calcium ions removed, and systems with
one calcium bound in either the Cal or Ca2 pocket. The initial
conformations of these systems were built from the holoprotein.

To better model the differences in energies and dipole moments
between the cis and trans isomers, we treated the area around the
E901—N902 peptide bond consisting of residues E901 and N902
and parts of K900 and N903 by quantum mechanics (QM). We
used the SCCDFTB method (42, 43) with a hydrogen bonding
enhancement (44) for the QM calculations, because this method
showed good agreement with higher-level methods and experi-
ments for the cis—trans isomerization of cyclophilin A (45). To
further test the quality of the SCCDFTB quantum mechanical
method for our system, a Glu-Asn dipeptide was constructed and
optimized in both cis and trans states at the BILYP/6-31+g(d,p)
and SCCDFTB levels. The peptide was blocked with an acety-
lated N-terminus, a C-terminal N-methylamide, and the Glu side
chain was ionized. We used an ultrafine grid for the numerical
integration of the exchange-correlation functional using the
Gaussian software package (46).

While the area around the E901—N902 peptide bond was
treated by QM, the rest of the system was treated by molecular
mechanics (MM) (Figure 1). We used the CHARMM 22 force
field (47) and CMAP enhancement (48) for the MM region, while
covalent bonds between the QM and MM region were treated by
the generalized hybrid orbital method (49, 50). The protein was
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FIGURE 1: QM region used in this simulation.
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Fi1GURE 2: Definition of the w and 77’ angles. w is given by the dihedral
angle involving E901 Ca, E901 C, N902 N, and N902 Ca; # is given
by the improper dihedral angle involving E901 C, N902 Ca, N902 N,
and N902 HN. 7’ has the same sign as 5 and is related to 5 by the
equation |5'| = 180 — |7/|.

surrounded by explicit water (5/) in a 61 A x 65 A x 53 A box
with a chloride ion for neutrality and periodic boundary condi-
tions and the particle mesh Ewald method (52) in effect. A
separate Ewald method was used to handle the QM/MM
electrostatic interactions; for this, the x value was set to 0.34
and k vectors with up to 6 components and magnitudes of up to
700 were used. A switching function between 8 and 12 A was used
for the van der Waals interactions. After minimization, the water
was equilibrated while the protein was kept fixed. Calcium ions
were then deleted for the apo and single-calcium simulations,
with sodium ions added as necessary to achieve neutrality. After
minimization, each system was heated to 300 K over 150 ps in the
NPT ensemble with harmonlc constraints on the MM protein
backbone of 1.0 keal mol ™' A™". Once each system reached 300 K,
the harmonic constraints were gradually removed in five steps over
50 ps, and the system was equilibrated in the NVT ensemble for an
additional 50 ps. A constant temperature was maintained with the
Berendsen thermostat (53), and all simulations were performed
with CHARMM (54).

For each system, the relative free energies and barriers for the
cis—trans interconversion of the E901—N902 peptide bond were
determined by two-dimensional adaptive umbrella sampling
simulations (55) using the @ and #' angles as coordinates
(Figure 2). The w reaction coordinate indicates the degree of
peptide bond torsion, while the #' reaction coordinate indicates
the degree of peptide nitrogen pyramidalization (/3); these angles
have been shown to be good reaction coordinates for peptide
cis—trans isomerizations (/3). The umbrella potential was read-
justed every 100 ps using the negative of the potential of mean
force calculated from all histograms from all runs using the
weighted histogram analysis method (56). The umbrella biasing
potential was expanded in an eighth-order trigonometric potential,
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Table 1: Comparison of Charge Distributions and Isomerization Energies of a Capped Glu-Asn Dipeptide Calculated Using CHARMM, SCCDFTB,

and DFT
quantity B3LYP cis SCCDFTB cis CHARMM cis B3LYP trans SCCDFTB trans CHARMM trans
dipole moment of peptide bond (D) 3.47 2.17 1.61 5.39 4.54 4.21
Mulliken charge for peptide C 0.19 0.48 0.51 0.33 0.47 0.51
Mulliken charge for peptide O —0.49 —0.52 —0.51 —0.50 —0.56 —0.51
Mulliken charge for peptide N —0.20 —0.30 —0.47 —0.13 —0.26 —0.47
Mulliken charge for peptide H 0.33 0.20 0.31 0.34 0.23 0.31
AE(trans — cis) (kcal/mol) 8.68 8.23 15.69
Table 2: Isomerization and Binding Free Energies of the Four QM/MM
Simulations Performed in This Study”
AG(trans — cis) AAGying convergence
simulation (kcal/mol) (kcal/mol) (kcal/mol)
[}
@
g, both calcium ions -3.8 —15.7 0.01
ﬁ no calcium ions 11.9 0.0 0.40
% 60 60 Cal only —1.6 —13.5 0.24
< Ca2 only —34 —15.3 0.01
= 0 “AAGy;ng values are relative to the state without calcium ions. Conver-
gence refers to the maximum absolute deviation between free energies
\ calculated on the last two runs.
-60- JNE -60

1090, EZ il
-180 90 0 90 180 -180 -90 0O 90 180
 angle (degrees)

F1GURE 3: Two-dimensional contour plots of the potential of mean
force as a function of w and 7’ for the four binding states: (a) with
both calcium ions, (b) without calcium ions, (¢) with Cal only, and (d)
with Ca2 only. Free energies shown are relative to the frans state of
each peptide bond.

and the bin size of the histograms was 15°. Simulations were
deemed converged when the maximum unsigned deviations
between the binned free energies of the last two runs were within
0.40 kcal/mol, resulting in QM/MM adaptive umbrella sam-
pling runs with 50—100 iterations, or a total duration between 5
and 10 ns. The locations of the transition states were identified
as the lowest-energy saddle points on the final potential of mean
force maps. To characterize each transition state structurally,
we isolated the frames in each trajectory which had w and %'
values within 20° of the transition state for a separate examina-
tion. Each of these frames was analyzed for hydrogen bonds
using a distance cutoff of 3.0 A and an angle cutoff of 20°.

RESULTS

A comparison of the dipole moments and isomerization
energies of the blocked Glu-Asn peptide showed a large improve-
ment in SCCDFTB over the purely classical CHARMM poten-
tial (Table 1). The dipole moments of the cis and trans states are
more enhanced in SCCDFTB and closer to the B3LYP values.
Most notable is the drastic improvement of the isomerization
energy, reducing the energy difference with B3LYP from 7.0 kcal/
mol when using CHARMM to 0.4 kcal/mol when using
SCCDFTB.

We used free energy QM/MM simulations at the SCCDFTB
level to study the isomerization in the protein. Figure 3 shows the
potentials of mean force for the cis—trans isomerization of the
E901—N902 peptide bond as a function of the w and % angles
(defined in Figure 1), and Table 2 lists the free energies of
isomerization. By using a thermodynamic cycle involving calcium
binding in the cis and trans states, as well as interconversion

Table 3: Approximate Locations and Heights of Free Energy Barriers
Relative to the trans State for All Transition States Identified”

simulation transition state (w,) AG*
both calcium ions anti/endo (—117°,49°) 11.2
anti/exo not observed N/A
syn/endo (68°,50°) 10.3
syn/exo (129°,—49°) 11.8
no calcium ions anti/endo (—80°,45°) 24.5
anti/exo (—68°,—8°) 22.5
syn/endo not observed N/A
syn/exo (81°,—35°) 21.4
Cal only anti/endo (—99°,55°) 14.4
anti/exo (—78°,—46°) 19.8
syn/endo (85°,33°) 14.5
syn/exo (125°,—63°) 15.1
Ca2 only anti/endo (—117°,46°) 15.2
anti/exo (—57°,—40°) 18.6
syn/endo (94°,36°) 17.9
syn/exo (109°,—67°) 13.1

“The lowest-energy transition state for each simulation is highlighted
in bold.

between these states, we also obtained the difference in binding
free energies of calcium ions between the cis and trans states
(Table 2). When both calcium ions were removed, the trans state
of the peptide bond was much more thermodynamically stable
than the cis state, consistent with the crystallographic finding that
the cis peptide bond occurs only in the holoprotein (29). The
presence of at least one calcium ion in the binding site caused the
cis state to become more thermodynamically stable, however.
During the isomerization of an amide, the 7 bond between
nitrogen and carbon is disrupted; as a consequence, the nitrogen
becomes sp® hybridized with a pyramidal geometry, and there are
in principle four possible transition states (/3). Most of the
possible transition states of the cis—trans isomerization could
be identified as saddle points in the potentials of mean force.
Their locations and heights are listed in Table 3. The presence
of calcium ions significantly reduced the activation energy for



Article

Biochemistry, Vol. 49, No. 25, 2010 5317

Table 4: Averages and Standard Deviations of Mulliken Charges on Several Atoms of the QM Region in the Transition State

simulation no. of frames charge on peptide nitrogen charge on E901 CD charge on E901 OE1 charge on E901 OE2
both calcium ions 143 —0.40 £0.02 0.71+ 0.02 —0.78 £0.05 —0.93 £0.05
no calcium ions 71 —0.38 £0.06 0.68 £ 0.02 —0.81 £0.04 —0.80 £0.04
Cal only 177 —0.40 £0.03 0.66 £ 0.02 —0.77 £0.04 —0.89 +0.03
Ca2 only 102 —0.41 £0.02 0.73 £0.02 —0.88 £0.05 —0.78 £0.06

Table 5: Manner in Which Calcium Ions Are Bound in the Different
Simulations”

amino acid both calcium ions Cal only Ca2 only
E899 binds Ca2 binds Ca2
with two with two
E901 binds Cal and binds Cal with two binds Ca2
Ca2 with two with one
N903 binds Cal binds Cal
D904 binds Cal binds Cal with one
with one
S922 binds Ca2 binds Ca2
D927 binds Cal and binds Cal with one binds Ca2
Ca2 with two with one
R929 binds Cal
D930 binds Ca2 alternates between binds Ca2
with two binding with one and with two

binding with two

“Two refers to both carboxylate atoms, and one refers to one of the
carboxylate atoms.

the formation of the cis peptide bond and also stabilized the
cis state. When both calcium ions were bound in the active site,
the barrier decreased to 10.3 kcal/mol. When only one calcium
ion was present, the barrier assumed an intermediate value of
13—14 kcal/mol.

In addition to lowering the barrier, calcium also changed the
mechanism of isomerization. Without calcium ions, the transi-
tion state peptide was in the exo configuration. When only Ca2
was present, the transition state was also in the exo configuration,
but when Cal was present (either by itself or with Ca2), the
transition state peptide nitrogen configuration changed from the
exo to the endo configuration. The position of the lone pair in the
transition state was affected by the electrostatic attraction of the
calcium ions as well as repulsion by the carbonyl oxygen of K900.
When only one calcium ion was present, the lone pair was on the
side of the nitrogen closer to the calcium ions. When both calcium
ions were present, the carbonyl oxygen of K900 occupied this
space, forcing the lone pair to the opposite side of the nitrogen
atom. Consequently, the change in mechanism from exo to endo
was due to a combination of attraction of the lone pair on the
peptide nitrogen to the calcium ions and its repulsion by the
carbonyl oxygen of K900. Because of the attraction of this lone
pair by the calcium ions, the Mulliken charge on the nitrogen
atom in the transition state became more negative when either
calcium ion was bound (Table 4). Only Ca2 was able to increase
the polarization of the carboxyl group on E901. Therefore, the
ability of Cal to polarize the peptide bond must be due to
attraction to the electron density on the peptide nitrogen through
space, rather than to a transfer of electron density through bonds
from the peptide nitrogen to the carboxyl group.

When only one of the two calcium ions was present, the
structure of the binding site changed to reflect this. These changes
are summarized in Table 5. When only one ion was present, many
of the acidic amino acids switch to binding the calcium ions with

only one carboxylate oxygen atom, and as a result, their
interactions with the calcium ions were weakened. These observa-
tions suggest that the calcium ions play important energetic and
structural roles. They electrostatically stabilize the amino acids
around them, forcing them into positions that maximize their
interactions with the calcium ions, while at the same time
restraining the position of the peptide backbone near the cis
peptide bond. The side chain conformation of Glu901 in the
transition state reflects this coupling among backbone, side chain,
and calcium ions’ electrostatic effects (Table 6). The (y1,y2) angle
switched from the (gauche™,anti) apo state to the (anti,gauche™)
fully bound state; for the singly bound Cal and Ca2 ions, the
angles were (gauche ™ ,gauche™) and (gauche " ,anti), respectively.
Such correlations between the side chain and backbone confor-
mation have been found in other systems as well (57—61).

The calcium-induced rearrangement of residues has large
effects on the number and identity of hydrogen bonds in the
binding site in the transition state (Table 6 and Figure 4). An
analysis of these hydrogen bonding patterns suggests that the
hydrogen bonds play a key role in stabilizing the transition state.
The hydrogen bonds (in particular the one between E899 and
N903) stabilized several amino acids that were near in sequence
to the E901—N902 peptide bond, such as E899, N903, and D904.
When Ca2 was present, the hydrogen bond between E899 and
N903, together with the attraction between the side chains of
E899, E901, and N903 and Ca2, forces the carbonyl carbon of
E901 and the a-carbon of N903 closer together, helping the
peptide nitrogen of N902 to pyramidalize. As a result, the
transition state angle around the peptide nitrogen of N902 comes
closer to the ideal value of 109.5° for an sp® hybridized atom
when Ca2 is present. In addition, the peptide backbone con-
formation fluctuates less in this region in the transition state, as
indicated by the lower values for the root-mean-square fluctua-
tion (rmsf) for o-carbons shown in Figure 5.

Several other factors may contribute to the stabilization of the
calcium ion binding site. Ca2 can also polarize the carboxyl group
on E901, strengthening the electrostatic attraction, and while this
study could not examine polarization in the other carboxyl
groups, it is likely that they can be polarized similarly by the
calcium ions. The presence of one calcium ion in the binding site
also positioned and organized several amino acids around it,
including those involved in binding both calcium ions. This
reduces the entropic cost of binding the other calcium ion, which
may explain the experimentally observed mild cooperativity in
calcium binding (41).

The crystal structure of the apo form of the collagen-binding
domain was found to have a larger hydrodynamic radius (29) and
contain more and larger cavities than the holo form. This might
be due to the electrostatic repulsion of the many carboxylates in
the binding site, although part of the repulsion is relieved through
conformational reorganization. For example, the side chains of
E901 and D904 point toward the solvent in the apo state, and
E899 forms a salt bridge with K900. The increase in the number
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Table 6: Structural Characteristics of the Transition States”

important

simulation no. of frames hydrogen bonds

E901 C—N902 N—N902
CA peptide bond angle (deg) CA distance (A) CA distance (A)

E901 CA—N902  E901 C—N902

E901 %,  E901

both calcium ions 143 T910 OG1—N903 NH2
T910 OG1—K900 HN
E899 COO—N903 NH2
E899 COO—S922 HN
N902 OD1-D904 HN
D930 COO—-Y1002 OH
Y1002 OH—-Y932 OH
D930 COO—N903 NH2
N903 O—Y931 HN
Y931 O—T910 HN
E899 COO—E899 HN
N903 O—Y931 HN
D904 COO—N903 HN
Y931 O—T910 HN
E899 COO—E899 HN
Y932 OH-Y1002 OH
N903 OD1-T910 HG1
N903 OD1-T910 HN
Y931 O—T910 HGI
K900 O—N903 NH2
E899 COO—N903 NH2
E899 COO—-S922 HN
Y1002 OH-Y932 OH

no calcium ions 77

Cal only 177

Ca2 only 102

117.7+ 3.9

122.4+4.4

122.1+£4.4

1153439

3240.1 2.5+0.1 anti gauche ™

34+£0.1 2.540.1 gauche™ anti

3.6+£0.1 2.6+ 0.1 gauche™  gauche™

3.6£0.1 2.540.1 gauche™ anti

“Important hydrogen bonds and averages and standard deviations of angles and distances involving the peptide nitrogen and conformations of the E901 side

chain in the transition state.

E901-N902 peptide bond K900

T910 peptide bond

FIGURE 4: Transition states from the four simulations with impor-
tant hydrogen bonds illustrated. The cis peptide bond is colored
black: (a) with both calcium ions, (b) without calcium ions, (c) with
Cal only, and (d) with Ca2 only.

and size of cavities is thought to destabilize the apo form of the
protein compared to the holo form (47). Consequently, the ability
of calcium ions to affect the number and size of cavities was
examined. Measurements of the radii of gyration and measure-
ments of the cavities of the protein (Table 7) indicate that the
protein is less well packed when only one calcium ion was present
than when no calcium ions or both calcium ions were present. In
particular, when only one calcium ion is present, there was often a
large pocket corresponding to the binding site of the other
calcium ion, which may be maintained through electrostatic
repulsion of the carboxylate groups not bound to calcium. The
presence of this preformed binding site for the absent calcium ion

No calcium ions.
~

{

Both calcium ions

Calcium ion
binding site Ca only

891 910 930 950 970 990 1009
residue number

Root mean square fluctuation (A)
N

FIGURE 5: Root-mean-square fluctuation of a-carbons in the transi-
tion states.

provides a second explanation for the observed cooperativity of
calcium binding (41).

DISCUSSION

While the particular calcium-binding motif in this protein is
novel (29), there are many other known examples of proteins with
two divalent ions coordinated close to one another. Although it
does not have a cis peptide bond, the C, domain found in
synaptotagmin and protein kinase C (62) shows many structural
similarities to the collagen-binding domain considered here. Like
the collagen-binding domain, the C, domain consists mostly of a
p-barrel and also has a binding site that accommodates two
calcium ions with coordination similar to that of the collagen-
binding domain. Several other proteins are known to contain two
magnesium ions coordinated to two aspartate residues, such as
DNA polymerase (63, 64) and fructose 1,6-bisphosphatase (6.5).
In each case, the electrostatic repulsion between the two divalent
ions is overcome by the negative charges that surround them.
Similarly, in C. histolyticum collagenase, the two calcium ions are
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Table 7: Averages and Standard Deviations of Radii of Gyration and Numbers, Total Surface Areas, and Total Volumes of Cavities for Each Simulation

o

total surface area of cavities (Az)

total volume of cavities (A3)

simulation radius of gyration (A) no. of cavities
both calcium ions 13.75+£0.03 18.0£3.2
no calcium ions 13.80 £ 0.06 17.7£0.7
Ca2 only 13.73+£0.03 23.4+0.7
Cal only 13.924+0.09 20.8+4.2

793 +£226 750 £+ 263
1062 £ 194 931+315
1111 +£98 955+133
1294 £ 105 1188 +39

probably stabilized by the negative charges on all the residues
surrounding them.

One of the potential functions of metal ions is stabilizing cis
peptide bonds, such as those in bovine prothrombin (25), rat liver
mannose binding protein (26), the C-terminal domain of human
BM-40 (27), and concanavalin A (28). In C. histolyticum col-
lagenase, we have established that the calcium ions reduce the
activation barrier to the formation of the cis peptide bond
between E901 and N902 in addition to stabilizing it thermo-
dynamically, and we have examined some of the structural
reasons for this.

The bound calcium ions catalyze the formation of the cis
peptide bond through a combination of direct electrostatic effects
on the atoms involved, as well as through their structural
influence on the nearby peptide backbone. Each calcium ion
performs a distinct role. Cal attracts this lone pair through space,
changing the mechanism of isomerization. Ca2 stabilizes this lone
pair by polarizing the bonds of E901 and also restrains E899 and
E901 while forming hydrogen bonds involving the neighboring
amino acids. This stabilizes the peptide backbone in a conforma-
tion in which it is easier for the peptide nitrogen of N902 to
pyramidalize. Together, these effects result in a significant reduc-
tion in the free energy of activation of approximately 10 kcal/mol.
The presence of one ion helps in the formation of the binding
pocket for the second ion, which might explain the observed
cooperativity of binding.

The observed stabilization of the ground and transition states
might be important for other calcium-induced trans—cis isomer-
izations in proteins and may help explain the preference of
calcium near cis peptide bonds.
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