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14 Abstract: Matrix Metaloproteinase-2 (MMP-2) is an extracellular Zn?* protease specific to type I and IV

15 collagens. Its expression is associated with several inflammatory, degenerative, and malignant diseases.
16 Conformational properties, domain movements, and interactions between MMP-2 and its associated
17 metal ions were characterized using a 1.0 pus molecular dynamics simulation. Dihedral principle
18 component analysis revealed 10 families of conformations with the greatest degree of variability
19 occurring in the link region connecting the catalytic and hemopexin domains. Dynamics cross
20 correlation analysis indicated domain movements corresponding to opening and closing of the
21 hemopexin domain in relation to the fibronectin and catalytic domains facilitated by the link region.
22 Interaction energies were calculated using the MMPBSA -interaction entropy analysis method and
23 revealed strong binding energies for the catalytic Zn? ion 1, Ca?* ion 1, and Ca?* ion 3 with significant
24 conformational stability at the binding sites of Zn?* ion 1 and Ca?* ion 1. Ca?* ion 2 diffuses freely away
25 from its crystallographically defined binding site. Zn?* ion 2 plays a minor role in conformational
26 stability of the catalytic domain while Ca?* ion 3 is strongly attracted to the highly electronegative
27 sidechains of the Asp residues around the central $-sheet core of the hemopexin domain.

28 Keywords: molecular dynamics; matrix metalloproteinase; domain movement; zinc binding protein;
29 calcium binding protein.

30

31 1. Introduction

32 Matrix Metaloproteinase-2 (MMP-2) is a 550 amino acid residue extracellular Zn?* protease that
33  degrades type I and IV collagens [1,2]. It is related to a family of 24 known endopeptidases with an active
34 site Zn? jon. On the basis of evolutionary relationships and the structure of their domains, the family is
35  divided into 4 subfamilies [3-5]. MMP-2 expression is associated with normal physiology as well as
36  several inflammatory, degenerative, and malignant diseases [6-12]. As shown in Figure 1; MMP-2 has
37  three domains, catalytic (Cat), fibronectin (Fib), and hemopexin (Hpx) and five crystallographically
38  assigned divalent cations (two Zn? and three Ca?") [13]. The Cat domain (Tyr!® through Tyr) is a
39  conserved matrixin fold consisting of five B-sheets and three a-helices. The Fib domain (Glu??” through
40  GIn®3) is inserted within the catalytic domain between the B5-sheet and a2-helix and contains three type
41 I fibronectin fingers consisting of two antiparallel B-sheets connected by a short a-helix forming a three
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42  prong treble hook-like arrangement. This domain and its arrangement may play a crucial role in substrate
43  binding and presentation to the catalytic site. The Hpx domain (Leu“!-Cys®®) is a four bladed propeller
44 fold that is partially oriented toward the catalytic domain. This domain binds an endogenous inhibitor
45 TIMP-2, however, its role in enzymatic function is unknown. The Hpx and Cat domains are connected
46 by a 16 amino acid proline rich Lnk region (Gly#¢ through Thr®) which is unresolved in the 1CK7 X-ray
47  crystal structure and has been shown to be highly flexible in other molecular dynamics investigations

48 [14,15].
Hemopexin
Fibronectin
Domain
’I ibronectin 2 ¥

49
50 Figure 1. The ribbon diagram of the X-ray crystal structure of 1CK7. The pro-peptide (Pro®-GIn'®) region
51 is removed and the unresolved link (Asp*°-Thr#?) connecting the Cat and Hpx domains built with
52 YASARA [16]. Domains, subdomains, and secondary structural features of the catalytic domain are labeled
53 accordingly (blue, a-helix; red, B-sheet; green, B-turn/bend; and aqua, coil) (A). The associated ions are
54 shown as van der Waals radii with Zn?* pink and Ca?* yellow. The catalytic Zn?* ion 1 is bound to His®3,
55 Glu**, His*”, His*3, and catalytic water (B). Zn?* ion 2 is bound to His!”, Asp'®, His'?, and His?¢ (C). Ca**
56 ion 1 is bound to Asp'®, Gly'®, Asp'®, Leu'®, Asp®®, and Glu?'! (D). Ca* ion 2 is bound to Glu'¢¢, Ala'¥’,
57 Asp'e, Gly?®, Gly*?, and Asp?* (E). Ca ?*ion 3 is bound to Asp #76, Asp>?!, Asp>®, and Asp®!® (F).
58 Table 1. Distances between ions and the interacting MMP-2 residue atoms and associated binding geometry
59 identified from the 1CK7 X-ray crystal structure. Binding geometries were determined for those peptide

60 atoms within 0.35 nm of the divalent cation.b<


https://doi.org/10.20944/preprints201907.0085.v1
https://doi.org/10.3390/ijms20174194

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 July 2019 d0i:10.20944/preprints201907.0085.v1

30f19
Distance / nm
Protein Atom Geometry Zn? ion 1 Zn? ion 2 Ca?*ion 1 Ca?+ion 2 Ca?ion 3

His*03:Ne2 tetrahedral 0.23

His*7:Ne2 tetrahedral 0.22

His*13:Ne2 tetrahedral 0.25

Water:O tetrahedral 0.25

Glut4:0¢el 0.83

Glu#4:0g2 0.76

His!78:Ne2 trigonal planar 0.21

Asp!80:081 0.35

Asp180:082 trigonal planar 0.23

His206:N&1 trigonal planar 0.21

His!%3:Ne2 trigonal planar 0.21

Asp18:C=0 octahedral 0.29

Asp!85:081 0.38

Asp!85:082 0.61

Gly'86:C=0 octahedral 0.24

Asp18:C=0 octahedral 0.26

Leu'®8:C=0 octahedral 0.25

Asp208:081 0.44

Asp208:082 octahedral 0.25

Glu1:0¢l 0.49

Glu1:0g2 octahedral 0.27

Glu¢:0el 0.42

Glue6:0g2 pentagonal pyramidal 0.32

Ala'e7:C=0 pentagonal pyramidal 0.29

Asp!68:C=0 pentagonal pyramidal 0.29

Gly200:C=0 pentagonal pyramidal 0.27

Gly202:C=0 pentagonal pyramidal 0.34

Asp204:081 pentagonal pyramidal 0.35

Asp204:082 0.40

Asp?76:C=0 seesaw 0.25

Asp521:C=0 seesaw 0.28

Asp69:C=0 seesaw 0.27

Asp©18:C=0 seesaw 0.27
61 aZn?*ion 1 is the catalytic ion.
62 b Glu#™ is critical to catalytic activity.
63 ¢ Location and orientation of the catalytic water was derived from the sidechain of Cys'® and the X-ray crystal
64 structure of MMP-13 (PDB ID: 1XUD).
65 Expanded views of the bound divalent cations to MMP-2 residues are shown in Figures 1B through

66  1F with the X-ray crystal structure 1CK7 coordination geometry and interatomic metal cation to MMP-2
67  residue distances given in Table 1 [13,17]. The catalytic Zn? ion 1 is bound by the conserved MMP
68  extended zinc binding motif [5]:

HExxHxxGxxHD 1)

69  consisting of the sidechains of His#® and His” from the a2-helix, and His*3 from the Q-loop (Figure 1B).
70  The structural Zn? ion 2 is bound in a tetrahedral arrangement involving the sidechains of His!% and
71 His®s from the B5- and B4-sheets respectively and Asp!$0 and His!” of the long S-loop of the Cat domain
72 which is a conserved motif in the MMP family (Figure 1C). Two of the Ca?* ions are bound near the Cat
73 domain with Ca?* ion 1 bound by the sidechains of Asp2 and Glu2!! of the interim loop connecting the

74 Cat and Fib domains and the carbonyl oxygens of Asps5, Gly!s6, Asp!ss, and Leu'* of the loop connecting
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75  the B3- and B5-sheets (Figure 1D). Ca? ion 2 is bound by the sidechains of Glu'®® and carbonyl oxygens
76 of Alal’ and Asp!® arising from the loop connecting the B1- and B3-sheets, the carbonyl oxygen of Gly2%0
77 of the loop connecting B5- and B4-sheets, and the sidechain of Asp2* arising from the B4-sheet, Figure
78  1E. The third structural Ca?* ion 3, is bound by the carbonyl oxygens of Asp#6, Asp!, Asp>®, and Asp61s
79  at the edge of the central cavity of the Hpx domain (Figure 1F).

80 In the present study we examine the domain movements within MMP-2 and evaluate the structural
81  stability of the bound (2 Zn2* and 3 Ca?*) divalent ions using 1.0 ps NPT MD simulations. Protein-metal
82  cation distances and MMPBSA-interaction entropy binding energies (AG) were calculated, metal cation
83  hydration evaluated and the sampled conformational space analyzed with dihedral Principle
84  Component Analysis (dPCA) and Dynamic Cross-Correlation Matrix (DCCM) analysis.

85 2. Results and Discussion

86 2.1 System Equilibration and Conformational Stability.

87 In order to evaluate convergence of the trajectory, the configurational entropy of MMP-2 together
88  with the associated divalent ions was calculated as a function of time (Figure S1) [18-20]. After a sharp
89  rise in the configurational entropy over the first 100 ns, the value plateaus prior to 200 ns. Based on these
90  results, we used the 200 ns to 1000 ns portion of the trajectory for our analysis with a sampling frequency
91  of 0.1 ns. The radius of gyration (Rg) and inter-domain center-of mass (COM) distances: Cat-Hpx and Fib-
92  Hpx, were analyzed with k-means clustering and the associated means and standard deviations of each
93  population calculated (Figures S2 and S3) [21,22]. Five different distributions of protein conformation
94 were identified with Rg: 2.65+0.02 nm, 2.70+0.06 nm, 2.80.+0.05 nm, 2.83+0.04 nm, and 3.09+0.13 nm. The
95  COM distances mirror the Rg results, identifying five distributions of Cat-Hpx COM distances: 3.55+0.10
96  nm, 3.70+0.17 nm, 3.79+0.06 nm, 3.86+0.13 nm, and 4.20+0.23 nm. Five distributions of Fib-Hpx COM
97 distances: 3.70+0.06 nm, 3.84+0.18 nm, 4.32+0.22 nm, 4.48+0.18 nm, and 5.52+0.48 nm, were also identified.
98 The Rz and COM distance data are consistent with inter-domain motions between Cat/Fib and Hpx and
99  the presence of inter-domain motions and the sampling of more extended conformations of MMP-2 in
100  solution compared to the more compact X-ray crystal structure (PDB ID: 1CK7) which has Rg: 2.77 nm,
101  Cat-Hpx COM distance: 3.81 nm, and Fib-Hpx COM distance: 2.00 nm [13-15].

102 Table 2. Average RMSD of the Ca-trace of MMP-2 as a whole and divided into its individual domains:
103 Cat, Fib, and Hpx with the Lnk region
All Cat w/ Fib Fib Cat w/o Fib Hpx Lnk
RMSD / nm 3.20+0.14 3.34+0.02 3.69+0.03 0.50+0.03 0.34+0.04 0.54+0.08
104 The average Co-trace RMSD data for MMP-2 as a whole and divided into its individual domains are

105  given in Table 2. The Ca-trace RMSF with the >50% sampled secondary structure assigned by the DSSP
106  method are shown in Figure 2 [23]. Those regions with defined rigid secondary structure (B-sheets and
107  o-helices) have lower RMSF values compared to more flexible -turn/bend and coil regions. The greatest
108  degree of conformational variability occurs within the Fib domain while the most stable regions of the
109  protein are within the Cat and Hpx domains. The stability of the Cat and Hpx domains is most likely
110  secondary to the presence of the three long o-helices of the Cat domain and the prominent B-sheets and
111  ordered arrangement of the Hpx domain. Although ordered secondary structure is present within the
112 Fib domain, it consists of three separate subdomains with significant portion of the fold consisting of
113  flexible B-turn/bend and coils. Flexibility within the treble hook arrangement of the Fib domain may play
114  animportant role in collagen binding and unraveling [24-27].
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116 Figure 2. The Ca-trace RMSF. The DSSP assigned secondary structure (sampled >50%) is shown at the top
117 of the graph (blue, a-helix; red, -sheet; green, B-turn/bend; and aqua, coil). The Cat, Fib and Hpx domains
118 and Lnk regions are demarcated with dotted lines.
119 2.2 Conformational Analysis.
120 The free energy landscape created by the first two dihedral principle components (dPC) is shown in

121  Figure 3 with the corresponding lowest energy centroid conformations as determined by k-means
122  clustering. The most conformationally stable region is the Cat domain in which the active site Zn?* ion 1
123 isbound by His residues of the al-helix and the Q-loop (Figures 3 and 4). The structure around Ca?* ion
124 1 also is stable with the cation bound within a pocket created by the distal portion of the S-loop and the
125  interim loop connecting the Cat and Fib domains. This stability is also confirmed by the low RMSD and
126 RMSEF values for the Cat domain and those of Zn?* ion 1 and Ca?* ion1 with both ions staying closely
127  associated with the Cat domain of the protein and approximate to their crystallographically defined
128  positions during simulation (Tables 2 and 3 and Figure 3 and 4). The other associated metal ions of the
129  Cat domain do not share this degree of stability (Table 3). Zn? ion 2 remains associated with the S-loop
130  butloses contact with the crystallographically demonstrated interactions with the His residues on the B4-
131  and B5-sheets. This may not be unexpected since conformational flexibility within the S-loop region, as
132 was reported previously [28] and may allow for changes in the binding pocket conformation necessary
133 for substrate recognition. Ca2* ion 2 does not remain in close contact with the B1-33-loop and diffuses out
134 of the binding pocket (Figures 3 and 4). The Hpx associated Ca? ion 3 remains close to its
135  crystallographically observed binding site (Figures 3 and 4) with a relatively low RMSF (Table 3) but to
136  alower degree that either Zn?* ion 1 or Ca2ion 1.
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137

138 Figure 3. Free energy landscape (k] mol?) as a function of dPC1 and dPC2; the lowest energy conformations of each family as identified by k-means clustering are shown.
139 Secondary structural motifs and ions are shown (blue, a-helix; red, B-sheet; green, B-turn/bend; aqua, coil; pink, Zn?'; and yellow, Ca?).
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Ca2 L i
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140
141 Figure 4. Overlay of 10 cluster centroid structures from the cluster analysis of dPC1 and dPC2.
142 Secondary structural motifs and ions are shown (blue, a-helix; red, B-sheet; green, B-turn/bend; aqua,
143 coil; pink, Zn?; and yellow, Ca%).
144 Table 3. Average RMSF of the associated divalent cations to the Ca-trace of MMP-2
Zn? jon 1* Zn? ion 2 Ca?*ion1 Ca?* ion 2 Ca?"ion 3
RMSF / nm 0.593 0.882 0.571 2.906 1.062
145 The majority of the conformational fluctuations within MMP-2 are within the Fib domain

146  (Figures 3 and 4 and Table 2). The three type II Fib subdomains are highly flexible due in part to the
147  large amount of B-turn/bend and coil structure within the subdomains. This degree of flexibility may
148  be important for interactions between MMP-2 and its collagen substrates [24-27]. There is also clearly
149  an inter-domain interaction that occurs between Hpx and the Cat and Fib domains mediated by the
150  Lnkregion. The Lnk region acts as a complex hinge allowing the COM distance between the Cat/Fib
151  and Hpx domains to open and close while changing the orientation of the Hpx domain from an edge
152  view to an end on view (Figure 3).

153 The catalytic Zn? ion 1 is hydrated with a single water molecule within 0.5 nm (Table 4). This is
154 consistent with its catalytic function and prior computational studies [29,30]. Ca? ion 1 is the most
155 solvent sequestered of the bound divalent cations. The remaining divalent cations (Zn2* ion 2, Ca?
156  ion 2 and Ca? ion 3) have increased solvent accessibility (Table 4).

157


https://doi.org/10.20944/preprints201907.0085.v1
https://doi.org/10.3390/ijms20174194

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 July 2019 d0i:10.20944/preprints201907.0085.v1

8 0of 19
158 Table 4. Probability (p) of a water molecule within 0.5 nm of the associated divalent cations.
Zn2+ion 1 Zn2+ion 2 Ca2+ion1 Ca2+ion 2 Ca2+ion 3
o(g(r) 0.056 0.071 0.035 0.063 0.067
159 2.3 Domain Movement Analysis.
160 DCCM (Figure 5) demonstrated that motions within Cat, Fib and Hpx domains and Lnk region

161  are for the most part highly correlated with a few exceptions. The first five principle components (PC)
162  account for total of 93.7% of the total domain motions (Figure 6). The plots of the Ca-trace RMSF of
163  the projection of the trajectory onto the first five eigenvectors are shown (Figure S4). For PC1, the
164  majority of the contributions arises from the first two subdomains of Fib, the Hpx domains and Lnk
165  region. PC2, has significant motions in the third subdomain of Fib and Hpx. There are also anti-
166  correlated motions with the Cat domain involving the al-helix and B1- through B5-sheets that contain
167  the active site. Motions along PC3 through PC5 represent minor fluctuations within the domains and
168  global conformation. The distal portion of the Cat domain which contains the active site has
169  correlated motions with the first and third subdomains of the Fib domain and the first and second
170  blades of the Hpx domain. There are also anti-correlated motions between the active site on the Cat
171  domain and the second subdomain of the Fib domain and the third and fourth blades of the Hpx

172  domain.
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174 Figure 5. Dynamic Cross Correlation Matrix. Values range from -1 (complete anti-correlation) to +1
175 (complete correlation). The Cat, Fib, and Hpx domains and Lnk regions are demarcated with dashed

176 lines.
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PC1-PC5

177

178 Figure 6. Ca-trace of PC1 through PC5 and an overlay of all principle components PC1-PC5. Correlated domain movements are indicated in blue and anti-correlated are in

179 red.
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180 2.4 Protein-Metal lon Interaction Energies.
181 MMP-2 has a high affinity for the bound divalent cations (Table 5) with major contribution from
182  the electrostatic interactions. The solvation term AGpotar is unfavorable particularly for the catalytic
183  Zn? ion 1, the structural Ca2* ion 1, and Ca?* ion 3 and the AGnon-polar is only weakly favorable. For the
184  weakly bound Zn? ion 2 and the freely diffusing Ca2* ion 2, the AGpolar is significantly smaller. The
185  entropic contributions to MMP-2 divalent cation interaction energies are very small but positive
186  indicating decreased system entropy with binding of the metal ions to the peptide. The entropic term
187  is lowest for those ions that for those metal ions (Ca? ion 2 and Ca?* ion 3) that either diffuse freely
188  away from their crystallographically determined binding sites or do not form close associations and
189  stable binding geometries with the electronegative backbone and sidechain atoms of MMP-2 [31].
190 Table 5. Binding energies between MMP-2 and the associated divalent cations as determined by the
191 MMPBSA and interaction entropy methods with its associated components.
Mean * standard deviation / k] mol!
Ion(s) AEvdaw AEelec AGpolar AGnon-polar -TAS AEbinding AGbinding
All ions 95.04+292  -9264.45+19434  314258+81.6 -3.95+0.13 6.77 -6020.73 £116.75  -6013.96 + 116.75
Zn?*ion 1 25.41+0.77 -2427.66 +72.19 1291.3+£42.75 -0.88 £0.04 0.63 -1114.16 £ 27.12 -1113.51 £27.12
Zn?*ion 2 13.79 £ 0.96 -799.35 + 63.45 188.73 £35.14  -0.47 +£0.04 0.52 -598.61 +29.09 -598.09 +29.09
Ca?ion 1 38.15+1.90 -1796.42 + 89.21 605.84 £30.55 -1.14+0.07 1.03 -1154.73 + 56.65 -1153.69 = 56.65
Ca2+ion 2 6.52 £0.58 -367.21 + 36.96 73.71£9.94 -0.35+0.05 0.18 -289.24 + 27.33 -298.07 +27.33
Ca2+jon 3 14.94 £ 0.57 -1480.59 +42.61 320.38+11.31  -1.32+0.05 0.23 -1147.96 + 30.78 -1147.73 +30.78
192 Residue contribution to the binding energy with their associated interatomic distances and
193  geometries are given in Table 6. The catalytic Zn?* ion1 maintains interactions with His#%3, His%7, and
194  His#s similar to what is observed in the x-ray crystal structure. The Glu** sidechain Og atoms are in
195  closer proximity than what is observed in the crystal structure. The binding geometry for the bound
196  His residues is trigonal pyramidal however, if a coordinated hydration water is considered, this
197  geometry would be tetrahedral. Other important interactions are also noted between Zn?* ion 1 and
198  Asp and Glu residues within the Cat domain. These residues contribute significantly to MMP-2 to
199  Zn? ion 1 interaction energy despite being outside what is considered to be the normal coordination
200  sphere of the ion. Zn?* ion 2 loses contact with His!78, His!3, and His?® shifting to a more linear
201  coordination geometry that is depended on a strong interaction with the O8 atoms of Asp!®.
202 Ca? ion 1 has strong interactions with the adjacent O3 atoms of Asp and Og atoms of Glu of
203  adjacent residues. There is a shift from the divalent cation to backbone carbonyl oxygen interactions
204  that are observed in the crystal structure to interactions dominated by the acidic sidechain groups.
205  The coordination geometry changes from pentagonal pyramidal to a seesaw geometry. The strong
206  interaction and coordination with these sidechains is expected and has been previously observed for
207  other systems [32]. In general the favorability of interaction is Glu>Asp with the difference attributed
208  to increased flexibility of the Glu residue secondary to presence of the extra methyl group. The
209  binding of this ion is also similar to that of the catalytic Zn? ion 1 in that adjacent but non-coordinated
210 electronegative Asp and Glu residues make significant contributions to its binding energy. Ca2" ion 2
211 freely diffuses out of its binding site and although it has strong interactions with several electrostatic
212 sidechains, these interactions are mostly transient. Ca?*ion 3 is more stable in its RMSF compared to
213  Ca? ion 2 (Table 3) however, it is still much more variable that the other associated ions. The
214 interaction energies and geometry are again dominated by the electronegative sidechains of Asp
215  residues surrounding the central core of the Hpx domain.

216
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Table 6. Distances of ions to the interacting protein residue atoms identified from the 1CK7 X-ray
crystal. Statistically significant protein residue atoms as identified by outlier analysis with the
associated per residue interaction energies and binding geometry. 1CK7 identified interactions are
marked with a dagger (1), statistically significant interactions are marked with an asterisk (*), and
binding geometries were determined for those atoms within 0.35 nm. Distance are given in nm and
energies in kJ mol-1.2»

Protein Atom AEbinding Geometry Zn?*lon1 Zn?%'ion 2 Ca?*ion 1 Ca2* ion 2 Ca2* ion 3
H*Glut04:0¢l -154.8223 0.46 +0.05
1t*Glu04:0¢2 0.48 +0.06
*Glu#12:0el -88.9662 0.96+0.13
*Glu#12:0e2 0.96 +0.13
*Asp!88:081 -73.8901 146 +0.18
*Asp!88:062 1.47+£0.18
PHisWNg2 721511 trigonal 0.21+0.01
pyramidal
*Asp*7:081 -67.5468 1.29+0.11
*Asp*7:062 1.29+0.11
*Asp!85:081 -66.7783 1.65+0.20
*Asp185:062 1.68 £0.16
PHisONe2  -66.3450 trigonal 0.21+0.01
pyramidal
*Asp208:081 -65.6438 1.60 £0.12
*Asp208:062 1.49 £0.09
*Glu211:0¢l -64.0824 1.57+£0.13
*Glu211:0€2 1.58 £0.11
+Hist%Ne2  -61.5998 trigonal 0.21+0.01
pyramidal
*Asp*16:081 -61.3612 1.52£0.05
*Asp#16:062 1.52£0.05
1*Asp180:051 -92.3424 linear 0.19+0.01
1*Asp180:062 linear 0.19+0.01
*Glu'77:0¢l -42.684 0.71+0.27
*Glu77:0€2 0.71+0.27
1THis!78:Ne2 -1.1803 1.13£0.17
THis?06:N51 -1.0497 1.00 £ 0.42
THis!?3:Ne2 -0.2562 1.34+0.51
1*Asp185:C=0 -167.499 0.70 +£0.09
1*Asp185:051 seesaw 0.29+0.16
1*Asp185:062 seesaw 0.28+0.16
t*Glu1:0¢el -147.6924 seesaw 0.33+0.11
tGlu?11:0e2 seesaw 0.35+0.10
1*Asp208:051 -142.7074 seesaw 0.34+0.09
1*Asp208:062 seesaw 0.24 +0.02
*Asp210:081 -112.8532 seesaw 0.33+0.14
*Asp210:062 seesaw 0.35+0.14
*Asp209:081 -61.7053 0.77 £0.16
*Asp209:062 0.76 +0.14
1*Asp188:C=0 -57.9066 0.98 +0.14
*Asp!88:081 1.27 +0.19
*Asp!88:082 1.27 £0.19
*Glu*4:0¢l -50.3849 1.37+0.14
*Glu04:0e2 1.38+0.15
*Asp13:0051 -49.6054 1.19+0.13
*Asp134:082 1.19+0.14
*Asp*2:061 -49.3403 1.37+0.17
*Asp*2:082 1.36+0.17
*Asp!80:051 -46.489 1.50+£0.25
*Asp180:082 1.51+0.25
tGly8:C=0 -7.1579 0.75+0.17
tLeu!®s:C=0 -0.4421 2.68+0.17

aZn?*jon 1 is the catalytic ion.

b Glu** is critical to catalytic activity.
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225 Table 6 Continued. Distances of ions to the interacting protein residue atoms identified from the
226 1CK7 X-ray crystal. Statistically significant protein residue atoms as identified by outlier analysis
227 with the associated per residue interaction energies and binding geometry. 1CK7 identified
228 interactions are marked with a dagger (1), statistically significant interactions are marked with an
229 asterisk (*), and binding geometries were determined for those atoms within 0.35 nm. Distance are
230 given in nm and energies in k] mol.2?
Protein Atom  AEbinding Geometry Zn?*ion1 Zn?**ion2 Ca%ion1 Ca2* ion 2 Ca2* ion 3
T*Glul66:0¢gl -59.5996 248+2.14
T*Glul66:0g2 248 +2.14
tAsp204:081 -31.9972 2.61+1.65
tAsp204:082 2.61+1.66
tAsp!68:C=0 -31.2060 2.51+1.60
Asp!68:081 2.57 +1.59
Asp!68:082 254 +1.60
tAlal67:C=0 -1.3321 252+1.75
1Gly200.C=0 0.3799 2.57+1.70
1Gly202:C=0 -1.0605 2.55+1.56
*Asp321:062 0.98 £0.16
1*Asp09:C=0 -79.0260 0.71+£0.18
*Asp569:081 0.92 £0.15
*Asp599:062 0.91+£0.15
*Asp#0:081 -69.0106 1.19+0.11
*Asp0:062 1.19+0.11
*Aspo15:081 -68.1150 1.29+0.14
*Asp©15:062 1.30+0.14
*Asp!53:081 -63.3125 2.52+0.96
*Asp153:062 2.51+0.95
*Asp*72:081 -54.3377 1.54£0.15
*Asp*72:062 1.54£0.15
231 aZn?*ion 1 is the catalytic ion.
232 b Glu*® is critical to catalytic activity.
233 3. Materials and Methods
234 3.1 Matrix Metalloprotease-2 Starting Conformation.
235 Initial coordinates were obtained from the X-ray I structure of the Glu‘* to Ala** mutant of the

236  human MMP-2 (PDB ID: 1CK7) [13]. Crystallographically resolved waters and sulfate ions were
237 removed while the protein bound Zn?, Ca?, Na*, and CI- ions where retained. Residues 31-109 were
238  removed as in the biologically active form of the enzyme. The crystallography non-resolved loop
239  from residues Asp®-Thr#0 was build using the homology modelling script of YASARA [16]. The
240  coordinates for the sidechain of Glu‘* and the Zn?* coordinated water molecule that replaces Cys12
241  at the enzyme active site were derived from the MMP-13 crystal structure (PDB ID: 1XUD) by a least
242 squares fitting of the backbone and Zn?* atoms of both x-ray structures [33]. Sidechain protonation
243  states of the Zn?* associated His residues were assigned based on the 1CK7 crystal structure as
244 follows: HNDI1 for His'7s8, His%3, His!®3, His47, His#3, and HNE2 for His2%. The remaining Histidine
245  residues (His!®®, His¢, and His®») were assigned automatically with HNE2 atoms using the pdb2gmx
246  module of GROMACS version 5.1.2 [34,35]. The protonation state and charges of all other residues
247  within the protein were set to correspond to a pH of 7.0.

248 4.2 Molecular Dynamics.

249 Simulations were performed using the CHARMM36m force field with modified TIP3Pm water
250  model and the CM model of divalent metal cation parameters of Li ef al. as implemented in

251  GROMACS version 5.1.2 [Zn?* (c = 0.226466454151 nm, € = 0.01381916624 k] emol') and Ca?* (c =
252 0.293818397243 nm, & = 0.44320568080 k] #*mol)] [36-41]. The CM model attempts to balance
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hydration free energy by optimizing the ion-oxygen distance in the first solvation shell. The metal
ions are represented with a standard Lennard-Jones and coulomb potential energy function [42]:

ul O:: 12 o 6 N q:9;
E; =Z4£-- (J) _<J> +Z#
ton - Y [ Ty Ty - 4megry; ()

where,
(0; +a;)
oy = % ®)
and
&y = ; (fi ° £j) @

and i and j are atom indices. The system was solvated in a truncated dodecahedron with 45105
TIP3Pm water molecules. The minimal distance of the protein to the edge of the dodecahedron was
1.4 nm. The system was neutralized with 141 and 132, Na* and CI- ions, respectively, so that the final
concentration of the NaCl was set to 150 mM; the initially retained protein bound Zn?*, Ca?*, Na*, and
Cl ions are not included. . The system was subjected to 5000 steps of steepest descent energy
minimization allowing all bond distances and angles to relax. This was followed with 10 ns of NVT
simulation at 310 K so that the position of the protein heavy atoms and retained Zn?*, Ca?, Na*, and
CI- ions and catalytic Zn?* associated water were constrained to their energy -minimized coordinates
with force constant of 1000 kJemol-l. The solvent and non-restrained Na+ and CI- ions were then
subjected to 10 ns of NPT simulation at 310 K and 101.325 kPa using Berendsen temperature and
pressure scaling with a relaxation constant of 0.1 ps and 4.5 x 10> bar! isothermal compressibility
[43]. The heavy atom restraints were then removed and the entire system was subjected to 10 ns of
NPT at 310 K and 101.325 kPa using the stochastic velocity-rescaling method of Bussi and Berendsen
pressure coupling with a relaxation constant of 1.0 ps and 4.5 x 10-5 bar! isothermal compressibility
[44]. The production run consisted of 1.0 ps NPT simulation at 310 K and 101.325 kPa. The integration
step was 2 fs, the LINCS algorithm was used to constrain all bonds to their correct length, with a
warning angle of 30° [45,46]. The long-range electrostatic interactions were calculated using the PME
method with 1.2 nm cutoff distance and 0.15 nm Fourier spacing [47]. For the calculations of Van der
Waals interactions the short-range and long-range cutoff, respectively, was 1.0 and 1.2 nm. The
protein and solvent with ions were separately coupled to a 1 bar Parrinello-Rahman barostat and the
temperature was maintained by the velocity-rescaling method [44,48].

4.3 Biophysical Properties

The Ca-trace root mean square deviation (RMSD) and per-residue root mean square fluctuation
(RMSF) from the average sampled peptide conformation were calculated with the g_rmsd and g_rmsf
utilities of GROMACS, respectively [35]. The >50% sampled per-residue DSSP assigned [23]
secondary structure (o-helix, B-sheet, -bend/turn, and coil) were determined using the do_dssp utility
of GROMACS and an in house perl script to calculate sampling statistics. The hydration of the Zn
and Ca? was determined by calculating the radial distribution function for the oxygen atom of the
surrounding water molecules using the g_rdf utility in GROMACS [35]. The integral of the radial
distribution function is equal to the probability of finding water molecules within the defined radius
(0.5 nm for the first hydration shell) [49,50].

d0i:10.20944/preprints201907.0085.v1
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4.4 Conformational Analysis.

The time-dependent ¢/y dihedral angles from residues 111 to 659 of the protein were extracted
from the trajectories using the g_rama utility of GROMACS. An in-house python script was used to
transform the data for the input to the dPCA program provided by Dr. Yuguang Mu [51,52]. Lowest
energy conformations were identified by projecting the trajectories of the first two principal
components (dPC1 and dPC2) onto a two-dimensional free energy (AG) landscape:

AG=-R-T In2x @)

pmax

where R is the universal gas constant, T is the temperature, x and y are the first two dihedral
principal components from the trajectory. The free energy (AG) landscape was calculated by
dividing the dPC1-dPC2 subspace into grids creating a 2D histogram of the sampled phase space
and calculating the probability pxy where pmax corresponds to the grid with the maximum
probability of occurrence. Results were visualized using the scatterplot3D, akima, and latticeExtra
packages in the R software environment with conformations and secondary structural elements
rendered using YASARA [16,21,53-55]. Families of low energy conformations were identified using
k-means clustering as implemented in the cluster package in R and the identified lowest energy
conformations extracted for further analysis [21,22]. The optimal number of clusters was
determined by visual inspection, sum of squared error (SSE), average silhouette width (Savc),
silhouette coefficient (5C) and distribution plots [56-59].

4.5 Dynamic Cross-Correlation Matrix.

Correlated motions within and between domains were evaluated by calculating dynamic cross
correlation matrices (DCCM) from the principal components of the Ca-trace covariance matrix
using the GeoStaS method as implemented in the Bio3D package written in R [60-62]. The results are
displayed as a color coded matrix of Pearson correlation coefficients with a value of -1 indicated
completely anti-correlated motions and a value of +1 indicating completely correlated motions
[63,64].

4.6 Interaction Energy.

The free energy of binding between the metal cations and protein was calculated using the
g_mmpbsa program [65]. The polar component of the solvation energy was calculated using the
Poisson-Boltzmann equation and non-polar component calculated from the solvent-accessible
surface area approximation [66,67]. Dielectric constants for the solute and water were 4 and 80,
respectively. The entropic contribution to the binding energy was determined using the interaction
entropy method of Zhang and coworkers [31,68]. The trajectory was sampled every 0.1 ns for the
equilibrium phase (200 ns to 1000 ns). A bootstrap analysis (n = 5000) was performed to obtain
standard errors and the residue contributions to the binding energy were also calculated.

The residue contributions to binding were deconvoluted. To determine the most significant
residue interactions between MMP-2 and the divalent cations, an outlier analysis was performed to
identify statistically significant interactions. The distribution of interaction energies were not
Gaussian (normal). In the setting of non-normal distributions, the method of Tukey’s fences can be
used to identify those observations that are outside of the expected fluctuations within the data [69].
Tukey’s fences defines minimum and maximum values of the interaction energy:

[MinimumValue, MaximumV alue) (6)

such that measurements less than or equal to the minimum value or greater than or equal to the
maximum value are considered statistical outliers. The respective minimum and maximum values of
the fences, are defines as:

d0i:10.20944/preprints201907.0085.v1
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[Ql - k(Q3 - Ql)' Q3 + k(QS - Ql)] (7)

330 where Q1, (s are the interquartile values, and k is the constant that defines the outlier range (k = 1.5
331  is an outlier, k = 3.0 is an extreme outlier) [69].

332 5. Conclusions

333 Here, we report a microsecond scale molecular dynamics analysis of the full biologically active
334  protein (Cat, Fib, and Hpx domains with Lnk region) with its crystallographically associated
335  (structural) divalent metal ions (Zn2? and Ca?*). So far, most of the simulations were done on the
336  truncated structure of MMP-2 protein [28-30]. Diaz et al. had previously investigated the role of the
337  structural metal ions using a truncated version of the protein with the AMBER force field, a non-
338  bonded model of Ca?* and a bonded tetrahedral model of Zn?* using 10 ns simulations [29]. Their
339  results are in agreement with ours: the Zn? in 1 (catalytic ion) and Ca?* ion 1 demonstrate the lowest
340  RMSFs and are tightly bound within their crystallographically defined pockets. Zn2* ion 2 was more
341  flexible and associated with the S-loop which has demonstrated increased flexibility in both prior
342  simulations and our own however, the use of short simulation time (10 ns) and a bonded potential
343  representing the interaction between the Zn?* ion and the associated His and Asp/Glu residues may
344 have artificially stabilized the protein-Zn2* ion 2 interaction. This is an important point since prior
345  investigators have identified variations in the stoichiometry of the MMP-2-Zn?* interaction that are
346  strongly dependent on the purification procedure used [70]. The current non-bonded model of Li et
347  al. with the CHARMMB36m force field appears to be a reasonable model of protein metal cation
348  interactions and is in agreement with prior studies [71,72].

349 Dihedral principle component analysis demonstrates that only minor structural fluctuations
350 occur within the Cat domain. There is increased fluctuations within the Fib domain however, this is
351  expected given the large number of B-turn/loop structures connecting the individual subdomains.
352  The three lowest energy populations of conformations from differ predominantly in the orientation
353  of the Hpx domain in relation to the Cat and Fib domains. This is confirmed by the DCCM analysis
354  where the difference in orientation of the Hpx to the Cat and Fib domains comprises the first two
355  principle components. These inter domain movements are facilitated by the flexible linker region
356  Gly#e through Asp#¢ and may play and important role in collagen substrate binding, unravelling and
357  subsequent catalysis [24-27].
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MMP-2 Matrix Metalloproteinase-2

PDB Protein Databank

RMSD Root Mean Square Deviation
RMSF Root Mean Square Fluctuation
SASA Solvent Exposed surface Area
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