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Abstract

Matrix metalloproteinase (MMP) is a class of metalloenzyme that cleaves peptide bonds in

extracellular matrices. Their functions are important in both health and disease of animals.

Here using quantum mechanics simulations of the MMP8 protein, the coordination chemis-

try of different metal cofactors is examined. Structural comparisons reveal that Jhan-Teller

effects induced by Cu(II) coordination distorts the wild-type MMP8 active site corresponding

to a significant reduction in activity observed in previous experiments. In addition, further

analysis suggests that a histidine to glutamine mutation at residue number 197 can poten-

tially allow the MMP8 protein to utilize Cu(II) in reactions. Simulations also demonstrates the

requirement of a conformational change in the ligand before enzymatic cleavage. The

insights provided here will assist future protein engineering efforts utilizing the MMP8

protein.

Introduction

Matrix metalloproteinase (MMP) is a class of proteins whose native functions involves the pro-

cessing of extracellular matrix and cytokines [1,2]. As a result they are essential for the signal

transduction pathway in immune cells signaling. MMPs have been used in anti-cancer clinical

trials[3], however, their functions and involvements in cancer has not been fully understood.

Despite recent setbacks in clinical efforts, MMPs are still considered viable targets in cancer

therapies, but the focus has been given to the targeting specificity of highly analogous MMPs

[4]. One of the poorly understood areas for the MMP proteins is the structure-function rela-

tionship between their active site metal selectivity and ligand selectivity. Better understanding

of MMP protein metal selectivity can thus help to elucidate the behaviors of these proteins in

healthy tissues as well as disease environments. The aim of this work is to use computational

methods to provide insights into the metal selectivity of the MMPs to assist future efforts to

engineer MMPs that may serve therapeutic functions.

All MMPs contain three important domains, the pro-domain, catalytic domain and hemo-

pexin like domain. The catalytic domain of MMPs are sufficient for their enzymatic cleavage

[1]. It is known that Zn(II) bound to MMPs catalytic domain can be substituted by Cu(II), Co

(II), Mg(II), and Mn(II). In addition, activities of MMPs varies with different metals as well as
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their concentration [5]. These previously published results are tabulated in Table 1. The varia-

tion in MMP catalytic activities not only show that the cofactor dependent chemistry is not

unique to Zn(II) ions, but that the activities are highly biased in MMPs favoring certain metal

ions. In experimental data, Mg(II) has slightly lower activities compared to Zn(II), in contrast,

Cu(II) demonstrates almost no activity at the concentration of 10 mM. Because 10 mM is still

higher than physiologically relevant metal concentration in the body [6,7], it is reasonable to

expect more dramatic differences in vivo.

In MMPs, selectivity of divalent metals is not evident from the coordination site structures,

for similar coordination chemistry can be found in proteins harboring different divalent metal

ions [8,9]. Experimental data suggests that there is physiological relevance of MMP proteins

utilizing Cu(II) as a cofactor, this is despite Cu(II) MMP seem to demonstrate no collagenase

activities under normal conditions. In fact, it was shown that MMPs can process new ligands

in the presence of Cu(II) [10–12], this suggests that changing metal cofactors in MMPs alters

ligand selectivity as well. Interestingly, there exist a variant metalloproteinase favoring Cu(II)

instead of Zn(II), which can serve as a comparison to the MMPs.

The discovery and characterization of a new family of metalloproteinase in the green algea

Volvox carteri named the VMP3 reveal a similar metal coordination motif of

QEXXHXXGXXH instead of the HEXXHXXGXXH in the MMPs, and the discovery that this

motif favors the utilization of copper in catalysis [13] suggests that a similar mutation in the

MMPs can alter Zn(II) and Cu(II) selectivity in the MMP catalytic site metal binding pocket.

Comparing the coordination chemistry of the two proteins might reveal the mechanism

behind metal selectivity of MMPs and VMP3. However, there are currently no experimental

structures available for VMP3. Since VMP3 shares only about 20% homologies to MMPs,

direct modeling of the VMP3 based on existing MMP structures is not possible. Instead, a

homology model was generated for the apo VMP3 using IntFold based on homologies of

VMP3 domains with other analogous proteins and strcutrual domains available in the protein

crystal structure database[14]. The structure of the predicted VMP3 protein is shown in Fig

1A. The QEXXHXXGXXH motif is shown arranged spatially similar to that of MMP8 (Fig

1B). Compared to VMP proteins, MMP proteins has been studied extensively, and many struc-

tures exist for MMPs.

In humans, there are at least 10 MMP proteins: MMP1, MMP2, MMP3, MMP7, MMP8,

MMP9, MMP10, MMP11, MMP20, and MMP26. MMP8 or neutrophil metalloproteinase is

expressed on neutrophils to remodel the extracellular matrix allowing immune cell infiltrate

tissues. It is believed to possess anti-cancer effects by allowing immune cell penetration into

the cancer microenvironments. MMP8 itself is involved in tumor survival and mobility, its

expression is associated with both pro and anti-tumor effects in different types of tumor envi-

ronments [15]. Understandings of the functional metal coordination of the MMP catalytic

sites can help to elucidate the effects of divalent metals as well as mutations over the ligand

selectivity of the MMP proteins in different disease environments. Because of the importance

of MMP8 in disease, it is used as a representative MMP protein for simulations. In addition,

Table 1. Results for metal activities against collagen [5].

Metal Ion Species Activity (100 mM Ion) Activity (10 mM Ion)

Zn(II) 98.5% 32.3%

Cu(II) 41.5% 0%

Mg(II) 100% 23%

Co(II) 89.2% 15.4%

Mn(II) 90.8% 7.7%

https://doi.org/10.1371/journal.pone.0243321.t001
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due to the disease relevance of Cu(II) in cancer where it is found that the concentration of Cu

(II) is elevated in tumor tissues [7, 16,17], focus has also been given to the effects of Cu(II)

cofactor on the structures of the MMP8 protein.

The MMP8 protein contains two Zn(II) binding sites. Site I has four residues of H147, D149,

H162, and H175 forming a tetrahedral coordination site with the zinc ion. Site II has three resi-

dues H197, H201, and H207 forming a zinc binding site with the motif HEXXHXXGXXH. Site

II is the catalytic site in MMP8 where peptide bond cleavage takes place. The motif in site II is

not just found in other MMPs but also common to a family of enzymes named metzinsins [18].

Because of the conserved catalytic site structures across different MMPs, the chemistry of

MMPs can be readily modeled base on the coordination sites around the metal center, and the

results can be readily applied to other proteins within the class.

Close examination of the crystal structure of inhibitor bound MMP8 reveals that the zinc

ion in the catalytic site is coordinated by three histidine residues and one catechol inhibitor N-

(3,4-dihydroxyphenyl)-4-diphenylsulfonamide [19]. This crystal structure of MMP8 is shown

in Fig 1A. In the coordination center highlighted in the boxed area, Zn(II) is stabilized by the

addition of coordinating inhibitors. In the absence of the inhibitors or ligands, the coordina-

tion site is believed to be satisfied by a water molecule which can be polarized by the adjacent

glutamate residue next to one of the coordinating histidine residues. This has been demon-

strated in the inhibitor-free MMP-12 structure [20] and in MMP-3 [21–23] previously. These

knowledge forms the basis of the modeling performed in this work on MMP8, because the

structures of the catalytic sites of all MMPs are conserved, metal coordination chemistry is

believed to be conserved for all MMPs [1].

MMP ligand interactions has been studied using x-ray crystallography and nuclear mag-

netic resonance spectroscopy [24,25]. Using these structural information, the direction of the

ligand-MMP interactions can be identified. In addition, previous simulations have suggested

that the ligand coordination likely occurs in a bi-dentate fashion [21]. These prior knowledge

enables the correct modeling of the ligand structure at the MMP8 catalytic site.

There is no crystal structure for copper bound MMP proteins but similar copper proteins

exist. Plastocyanins contain a type I copper center [26] which is formed by two histidine resi-

dues, one cysteine, and one methionine into a distorted tetrahedral coordination center

Fig 1. (A) Homology modeled apo VMP3 structure predicted using IntFold [14]. (B) Inhibited form of the MMP8 catalytic domain crystal structure

(5h8x) [19], the rectangular box highlights the catalytic site in MMP8 with the Zn(II) ion. The rectangular box highlights the catalytic site in VMP3

without any metal ion.

https://doi.org/10.1371/journal.pone.0243321.g001
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around the Cu(II) ion. The three histidine coordination for Cu(II) typically has pyramidal

coordination involving a second Cu(II) nearby bonding to each other through the tips (type

III copper center) [26]. For proteins like plastocyanin, metal requirements are also non-exclu-

sive [27]. In azurins for example, Zn(II) occupied active site instead of the native Cu(II)

remains functional, however, a geometry distortion was observed in the Zn(II) occupied pro-

tein [28]. These results suggest that in proteins utilizing divalent metals as cofactors, the metal

species are often times non-exclusive but the presence of non-native metal ions is still disrup-

tive to the coordination geometry.

Using computational simulations, it is possible to understand the behaviors of MMPs and

make predictions of effects due to changes in the coordination centers. These approaches

have been instrumental for studies of metal coordination chemistry within proteins. Metal

coordination chemistry requires the use of quantum mechanics (QM) simulations, for the tra-

ditional force fields have not been able to completely address the chemistry around these

metal co-factors [29]. Previous study has identified the presence/absence of metal binding

selectivity in various type of divalent metal metalloproteins using molecular dynamics simula-

tions, this approach, however, does not provide enough accuracy in comparisons of structural

differences induced by different divalent metal cofactors [30]. Density functional theory

(DFT) has been applied to the studies of protein, which provides sufficient computational effi-

ciency as well as accuracy. But compared to molecular dynamics simulations, only part of the

protein can be simulated efficiently and thus this general approach is applied here to only sim-

ulate around the first coordination shell around the metal coordination center [31]. The QM

approach undertaken here is beneficial for the close examination of the local coordination

chemistry, however, it largely misses the other protein-protein interactions important for

ligand selectivity as well as complex stability, thus the scope of this work is limited to the

events around the coordination center, and a more sophisticated approach using the QM/

MM methods has to be utilized to understand the behavior of the MMPs systematically [32].

Materials and methods

Catalytic site modeling is performed in PyMol. Computations were performed with a Linux

system equipped with a NVidia Tesla K10 GPU. DFT Geometry optimization were performed

with B3LYP/LANL2DZ level of theory as previously [21] in Gaussian 09 [33] to obtain better

computational efficiency. Canonical molecular orbitals calculated with the same levels of the-

ory were visualized in GaussView 5.0 [34] using B3PW91/6-311G++3df,3dp methods. All the

related data files have been submitted to: https://doi.org/10.7910/DVN/KNHVVX.

Structural modeling was carried out starting from the Zn(II) catalytic site for MMP8 in

crystal structure [19] and the position of the water molecule was modeled in before geometry

optimization based on the previous structures and structural models [20, 25]. At the edge of

the computational boundary, the Cα atoms of the amino acid residues are replaced by methyl

groups, and the carbon atom is frozen in calculation to prevent forbidden backbone angles

without the contextual restraints. This approach is chosen based on the observation that there

are no separate conformations for apo and ligand bound/inhibited form of the MMP protein

[19, 25]. Ligand modeling was based on the crystal structure of the collagen III derived pep-

tides [35] which contain known cleavage sites for MMP8 and structural models of MMP colla-

gen interactions [25].

Results and discussion

To understand the differential activities of divalent metal ions, computational methods were

used to elucidate the molecular mechanism of the metal biases. First, coordination geometries
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of different metals in the catalytic site was examined after performing a series of geometry opti-

mizations. Initial guesses of these calculations were all modeled based on the MMP8 crystal

structure containing the Zn(II) cofactor (Fig 2). Two major types of coordination geometries

resulted from the simulations can be identified in the catalytic site in the absence of E198 or

ligands. Co(II), Cu(II) and Ni(II) coordination geometries are similar to square planner while

Ca(II), Zn(II), Mg(II) and Mo(II) geometries are similar to tetrahedral. Mn(II) coordination

geometry, however, resides between the two cases.

In the calculations, the catalytic site was simplified such that calculations are efficient but still

representative of the coordination chemistry around the metal center. In the modeling, the

alpha carbons were converted to methyl groups to prevent unrealistic destabilization at the sim-

ulation boundaries. In addition, restraints were added to the system to prevent the residues

from deviating from their natural orientations. The observation that different metal ions all have

distinctive geometries in the simulations is expected and suggests ligand selectivity is dictated to

some levels by the coordination chemistry of the metals and such differences might be correlated

with the functional differences demonstrated by these metals. Geometric differences around the

coordination sites are observed while the Cα atoms of the amino acid residues are fixed, indicat-

ing that these rearrangements can be accommodated by local side-chain conformational rear-

rangements and thus does not necessarily require backbone movements. These fixed atoms are

also important for they can prevent unrealistic geometries which may require sterically for-

bidden backbone conformations, and it is especially important for subsequent calculations

where additional residues are included which can further complicate the energy landscape.

In the ligand-free protein, the effects of the H197Q mutation is examined to determine if

the mutation is structurally viable. Simulations show that this mutation can fit within the cata-

lytic site of MMP8 without requiring protein backbone changes (Fig 3). Simulations of the

H197Q mutants also show that coordination geometries around Cu(II) and Zn(II) are changed

due to changed coordinating chemical groups. In Fig 3 it can be seen that, compare to the

wild-type protein (Fig 2A–2D), H197Q mutant has distortion of the coordination geometry of

the Zn(II) or Cu(II) cofactors due to the way Q197 approaches the metal center. These differ-

ences are consistent with observations when ligand is included in the simulations.

Inclusion of E198 in the calculations distorts both the wild-type and mutant coordination

geometries (Fig 4). In the wild-type protein, E198 side-chain draws the water molecule closer

to itself, thus changing the coordination angles (Fig 4A–4D). Similar effects are seen in H197Q

mutant with Cu(II) center (Fig 4G and 4H). The distortions caused by E198 reduces the coor-

dination geometries differences between wild-type or H197Q mutant catalytic site. However,

after including E198 in simulations, the coordination geometries of Zn(II) occupied MMP8

H197Q catalytic site produces an additional hydrogen bond formed between E198 carbonyl

oxygen atom and Q197 side-chain ε amino group (Fig 4E and 4F). This hydrogen bond

changes the relative positions of residue H207 to residue 197. In contrast, hydrogen bonding

interactions are absent when Cu(II) is present in the mutant catalytic site (Fig 4G and 4H).

Such inter-residue hydrogen bonding interactions are also absent in wild-type MMP8 catalytic

site with Cu(II) or Zn(II) occupancy.

In addition to the inclusion of E198, ligand binding further alters the coordination geome-

try (Fig 5A–5D). The coordination of the ligand in the native Zn(II) occupied MMP8 catalytic

site forms a distorted octahedral geometry which involves bidentate coordination from two

adjacent ligand carbonyl groups. From the two types of coordination geometries observed in

the ligand-free simulations (Fig 2), additional metal ions Mg(II) and Co(II) (Fig 5E–5H) were

selected as comparisons to Zn(II) and Cu(II) (Fig 5A–5D). Results show that similar to the

ligand-free simulations, the coordination geometry of Mg(II)-MMP-ligand complex is similar

to that of the Zn(II)-MMP8-ligand geometry while Co(II)-MMP8-ligand geometry resembling
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that of the Cu(II)-MMP8-ligand geometry. From the geometry of the Cu(II)-MMP8-ligand

structure, the coordination of the ligand is somewhat incompatible with the coordination site,

because the i-1 ligand does not seem to be able to get close to the metal. In the Cu(II) occupied

wild-type MMP8 catalytic site, the coordination bond between Cu(II) and carbonyl oxygen

atom of the ligand at i position extends to 3.35 Å which is significantly larger than the regular

Fig 2. Effects of divalent metal occupancy on the MMP8 catalytic center without E198 or ligand. (A-B) Zn(II). (C-D) Cu(II). (E-F) Ca(II). (G-H)

Mo(II). (I-J) Mg(II). (K-L) Ni(II). (M-N) Mn(II). (O-P) Co(II). (A), (C), (E), (G), (I), (K), (M), and (O) are the full coordination shell. (B), (D), (F), (H),

(J), (L), (N) and (P) contain simplified depictions showing only atoms directly coordinated with the metals, as well as tables for the angles and distances

of the coordination center.

https://doi.org/10.1371/journal.pone.0243321.g002
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coordination bonds in the range of 2.00–2.50 Å distance range measured in structures contain-

ing other metal ions.

The differences in coordination geometry due to histidine to glutamine mutation is

expected because the two amino acids contain sidechains that are very different in coordina-

tion properties. Strong Jahn-Teller effect, indicated by the distortion of Cu(II)–ligandi bond

Fig 3. Effects of H197Q mutation on the coordination geometry of the MMP8 catalytic site without E198 or ligand. (A-B) Zn(II). (C-D) Cu(II). (A)

and (C) are the full coordination shell. (B) and (D) contain simplified depictions showing only atoms directly coordinated with the metals, as well as

tables for the angles and distances of the coordination center.

https://doi.org/10.1371/journal.pone.0243321.g003
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and the elongation of the Cu(II)–ligandi-1 bond (Fig 5C and 5D) is observed in Cu(II) occu-

pied wild-type MMP8 active site. Similar Jahn-Teller effect is observed in Co(II) occupied

wild-type MMP catalytic site although to a lesser extent. Jahn-Teller effect in Cu(II) occupied

H197Q MMP8 mutant (Fig 6C and 6D) on the other hand is reflected in the elongation of the

Cu(II)–ligandi and Cu(II)–H201 bonds. Distortion is also observed in Zn(II) occupied H197Q

mutant in the presence of the ligand, this is due to the formation of a hydrogen bond between

the side-chain NH2 group with the ligand carbonyl oxygen at position i. These distortions con-

stitute the metal selectivity of the MMP protein catalytic site.

The consequences of the distortions in the Cu(II) occupied protein is significant. Compared

to the H197Q mutant, wild-type catalytic site contains ligand coordination bond that stretches

to 3.35 Å. This prevents the orbital hybridization between the orbitals of the Cu(II) ion with

the orbitals of the carbonyl oxygen atom. This is demonstrated in S1 Fig where the molecular

orbitals containing all the bonding orbitals between the Cu(II) and ligand atoms are shown,

Cu(II) in wild-type MMP8 catalytic site has no bonding electron density between Cu(II) and

the carbonyl oxygen atom at ligand position i-1. As a result, this complex can be expected to be

less stable. Thus, it can be suggested here that the Jahn-Teller distortions in Cu(II) bound

MMP8 may destabilize the coordination center. The effect of the hydrogen bonding in Zn(II)

occupied H197Q mutant also elongates the metal–ligand bond to 2.77 Å which still allows

orbital hybridization revealed by similar molecular orbital analysis, although the bonding

molecular orbitals reduces from twelve in wild-type MMP8 to seven in the H197Q mutant. As

a result, conclusion cannot be drawn about the effect of the mutation on the stability of the Zn

(II) bound MMP8 H197Q.

Close examination of the distances between the water oxygen atom and the ligand carbonyl

carbon atom at ligand position i where cleavage takes place, shows that this distance is around

Fig 4. Effects of E198 on the MMP8 catalytic center without ligand. (A-B) Zn(II) occupied wild-type MMP8. (C-D) Cu(II) occupied wild-type

MMP8. (E-F) Zn(II) occupied MMP8 H197Q mutant. (G-H) Cu(II) occupied MMP8 H197Q mutant. (A), (C), (E), and (G) are the full coordination

shell. (B), (D), (F), and (H) contain simplified depictions showing only atoms directly coordinated with the metals, as well as tables for the angles and

distances of the coordination center.

https://doi.org/10.1371/journal.pone.0243321.g004
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2.8–2.9 Å in all of the calculated structures (S1 Table). Mutations and metal induced changes

does not change this distance significantly. As a result, no implications can be made to the

reaction rate based on the simulations. Furthermore, due to the lack of information about the

mechanisms of the induced transition state, i.e. whether it is due to dynamic changes in the

MMP protein or due to changes in ligand orientation, a confident prediction of the transition

state structure was not sought here using simulations.

Compared to the functional data shown in Table 1 which shows that the activities of Mg(II)

is slightly lowered than Zn(II) at 10 mM concentration, simulation shows Mg(II) demonstrates

very similar coordination geometry in MMP8. In contrast, Cu(II) has no activities against col-

lagen at 10 mM concentration. Simulation shows that Cu(II) significantly alters the ligand-

metal-MMP8 complex. In experiments, Co(II) has higher activities than Cu(II) against colla-

gen but much lower activities than Mg(II) or Zn(II), this is compared to the simulations where

the Co(II) bound MMP8 experiences less distortion effect compared to Cu(II) bound protein.

Active site mutants of the MMP protein has been made experimentally. The mutation in

the active site motif from HEXXHXXGXXH to HQXXHXXGXXH has been studied. This is a

loss-of-function mutation that diminishes the catalytic activities of the MMP proteins, and the

structure of the mutant is comparable to that of the wild-type protein [36]. In contrast experi-

mental results for QEXXHXXGXXH mutations does not exist, so functional comparisons can

only be made with the VMP3 protein which harbors a naturally functional QEXXHXXGXXH

Fig 5. Effects of divalent metal occupancy on the ligand bound MMP8 catalytic center. (A-B) Zn(II). (C-D) Cu(II). (E-F) Mg(II). (G-H) Co(II). (A),

(C), (E), and (G) are the full coordination shell. (B), (D), (F), and (H) contain simplified depictions showing only atoms directly coordinated with the

metals, as well as tables for the angles and distances of the coordination center.

https://doi.org/10.1371/journal.pone.0243321.g005
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Fig 6. Effects of H197Q mutations on the ligand bound MMP8 catalytic center. (A-B) Zn(II). (C-D) Cu(II). (A) and (C) are

the full coordination shell. (B) and (D) contain simplified depictions showing only atoms directly coordinated with the metals, as

well as tables for the angles and distances of the coordination center.

https://doi.org/10.1371/journal.pone.0243321.g006
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motif favoring Cu(II). The observation that in the H197Q mutant, which is analogues to

VMP3, Cu(II) induces a more stable coordination structure than in wild-type MMP8 by allow-

ing an additional ligand coordination bond suggest that the H197Q might demonstrate similar

metal selectivity to VMP3 where Cu(II) will have much better utilization.

The computations also suggest that favorable ligand torsion angles for metal coordination

deviates from that measured in collagen crystal structures. These torsion angle changes are

measured and shown in S2 Table showing comparisons of the angles found in geometry opti-

mized structures to the starting structure of collagen III. Previous studies hypothesize that

partial refolding of the collagen might occur leading to collagen cleavage [24], this matches

previous results showing that the torsion angles of the bound ligand changes significantly.

Ligand binding to the active site metal can potentially induce structural changes in MMPs as

well. However, based on the simulations, large domain conformational changes might not be

required, for side-chain rearrangements can be sufficient to accommodate these local

changes.

Evidence suggest Cu(II) does lead to additional substrate proteolysis in MMPs compared to

Zn(II) [11] these effects are reflected in the selectivity of torsion angles for different ligands,

limited modeling capabilities of the QM simulations likely means that simulating larger seg-

ments of the MMP proteins complexed with a more contextual ligand will remain difficult.

This can potentially be overcome using novel potential energy functions in MM simulations

and QM/MM methods [37].

Conclusions

Computational analysis provides insights into the behaviors of MMP8 protein in the presence

of different metal cofactors. In particular, the coordination geometries of the Zn(II) and Cu(II)

occupied MMP8 are predicted and examined. It is found that Jhan-Teller effects alter the Cu

(II) occupied MMP8 by changing ligand binding from a bi-dentate to a mono-dentate fashion.

In addition, simulations predict that H197Q is likely going to be able to utilize Cu(II) in cata-

lytic reactions. In simulations, favorable ligand torsion angles at the enzyme cleavage position

are predicted, and the optimized angles were found to differ from those measured in the crystal

structure of collagen ligand, suggesting that a ligand conformational change is required before

MMP8 cleavage can take place. The insights provided by these simulations provides directions

for future protein engineering efforts based on the MMP8 protein.
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