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ABSTRACT 

Matrix metalloproteinase (MMP-12) is associated with many costly, life-

threatening diseases, such as atherosclerosis, pulmonary emphysema, asthma, 

and multiple sclerosis. Therefore, macrophage secreted MMP-12 is likely found in 

many parts of the body likely interacting with extracellular components as have 

been shown and previously investigated by in vitro studies.  MMP-12 is capable 

of cleaving elastin and may biologically cleave other extracellular components, 

such as collagen.  This article seeks to investigate interactions of MMP-12 with a 

collagen-mimicking triple helical peptide (THP).  The methods employed for this 

study involved paramagnetic relaxation enhancement (PRE). A THP 

paramagnetically labeled with the artificial amino acid TOAC was used to 

investigate the interaction between MMP-12 and a THP.   This study aims to 

answer the question of how a THP binds to MMP-12. Preliminary structures of the 

complex presented here have partly converged.  The THP binds to MMP-12 in a 

specific manner in one type of angle of inclination.   Whereby, the orientations of 

the THP appear to have the N-terminus along the unprimed side of MMP-12. 

These results may also further hint at a secondary binding site.  
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Some diseases associated with MMP-12 are respiratory diseases (1), such as 

emphysema (2-4), COPD (5), and asthma (6).  In addition, MMP-12 has been 

implicated to worsen many inflammatory cardiovascular diseases, such as 

atherosclerosis (7).  It also implicated in the worsening of abdominal aortic aneurysm (8, 

9). 

Humans are known to have at least 24 homologous MMP enzymes. MMPs differ 

by having different structures and cleavage of different substrates.   All MMPs contain a 

signal peptide, a propeptide domain, and a catalytic domain. MMPs may differ by having 

additional structural elements such as a fibronectin type II domain, a vitronectin-like 

domain, a linker domain, a furin recognition sequence, and a hemopexin-like domain. In 

the case of membrane-tethered matrix metalloproteinases (MT-MMPs), a membrane-

tethering domain and a cytoplasmic domain are also found (10).  

 Substrates of MMPs can be many different matrix components.  Traditionally, 

MMPs have been classified by the types of substrates that a particular enzyme can 

cleave.  In this regard, MMPs can be either classified as a collagenase, gelatinase, or 

stromelysin.  These classifications are largely accurate yet exceptions do exist.  For 

example, MMP-12 is able to cleave elastin, gelatin (2), and collagen (11); thus, strictly 

speaking MMP-12 appears to have both gelatinase and collagenase activity.  Reasons 

for these exceptions are believed to be explained structurally.   

MMPs also differ by their catalytic efficiency of cleavage of substrates.  For 

instance, the MMP-12 catalytic domain has a sequence identity of 48% to 60% with 

other MMPs (12).  Hence, a reasonable hypothesis would say with such overlapping 
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structures there will be overlapping functions, yet from analysis of just in vitro studies it 

has been shown that many MMPs are able to cleave similar substrates, but with 

differing kinetic efficacy and cleavage locations of the peptide bond (13, 14).  Despite 

similarities in substrates, structural studies thus far have suggested a subtle means by 

which MMP-12 may bind to collagen differently than other MMPs (14).  Thus, the 

hypothesis is a triple helical peptide (THP) binds to MMP-12 in a specific manner.  This 

manner of binding may differ in the manner of binding for other metalloenzymes.  The 

residues that make contact in the structure may be similar to residues that cause a 

functional/catalytic change of the enzyme as shown by mutational studies (14, 15).   

Once the knowledge is gleaned, improvements can be made to develop specific 

inhibitors of MMP-12.  The structure of the complex will aid in rational drug design.  For 

examples, one may be able to improve the affinity and thermodynamic stability of the 

complex by altering charge complementarities between residues, optimization of steric 

interactions, and choice of a possible chelator.  The improvements could be optimized 

via in-silico programs, such as methods that were pioneered by the development of cox-

2 inhibitor  (16), HIV protease inhibitors (17, 18), and influenza inhibitors (19) among 

others.   

Collagen. Collagen, a critical component of the ECM (extracellular matrix), 

makes up   30 % of the total dry protein mass in the body (20). MMP expression levels 

are positively correlated with tumor progression (21), and as collagen is found as a 

major component of basement membranes, research has focused on how MMP levels, 

collagen hydrolysis, and metastasis interplay. In particular, MMP-12 has been shown to 

interact with and cleave collagen types I, III (11), IV (2), and V (14). Like elastin 



5 

 

fragments, collagen fragments (22) and collagen cleavage sites (23) are known to have 

their own biological responses. The binding of MMP-12 to collagen has been explored 

mechanistically with the use of synthetic THPs (14). 

Paramagnetic relaxation enhancement (PRE).  The fundamental method comes 

from seminal papers written in the 1950s (24) , and the method’s most-used equation is 

a modified version of the Solomon-Bloembergen equation, which has been applied 

extensively in the use of biomolecular interactions (see Equation 4 in methods).  The Γ2 

value (the PRE) is critical for the structural calculations because of its strong 

relationship with the distance (r) between the spin radical label (on the THP) and the 

hydrogen atom monitored on the protein (MMP-12). Γ2 is proportional to 1/r6 (25).   

  Thus, the question remains as how does MMP-12 bind to collagen?  This study 

aims at identifying the specific binding site with the use of THPs.  A THP is a triple 

helical peptide small collagen mimic.  This studies aims to further scientific knowledge 

because thus far no structural model has been made for MMP-12 binding to a THP.  For 

instance, it is presumed that a large peptide substrate may bind in the same orientation 

as that of the linear peptide, but this orientation has not been verified.  Further structural 

knowledge is needed on complex formation between MMP-12 and the THP.  The 

objective is to identify specific contacting residues between the proteins.  Thus, the 

hypothesis is THP binds to MMP-12 in a specific manner.  This manner of binding may 

differ in the manner of binding for other metalloenzymes.   
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MATERIALS AND METHODS 

Materials.  All chemical reagents were purchased from Fisher Scientific or from 

Sigma-Aldrich.  Electrophoresis reagents and chromatography resins were purchased 

from BioRad.   

MMP-12 Expression.  A recombinant MMP-12, inactivated by an E219A 

mutation, was expressed and purified as previously described (14).  Briefly, uniformly 

15N-labeled MMP-12(E219A) was expressed in E. coli BL21 (DE3) cells that were grown 

in M9 minimal media.  The concentration of MMP12 (E219A) in the NMR samples was 

kept from 175µM to 200 µM in order to minimize self association.  The NMR buffer 

contained 20 mM imidazole at pH 6.6, 10 mM calcium chloride, 20 µM zinc chloride, 

0.02 % sodium azide, and 10 % D2O in water. 

NMR titrations of MMP-12 with TOAC labeled α1(V) THP.  Concentrated stock 

solutions of α1(V) THP were dissolved to desired concentrations by suspending in NMR 

buffer and adjusting  pH to 6.6.  THP concentrations were verified by quantitative amino 

acid analysis.  Each titration was done with 33 %, 66 %, and 99 % and 150 % molar 

equivalents of THP relative to the working NMR solution of MMP-12 (E219A).  The peak 

reduction at 0.99:1 equivalents (THP: MMP-12) were used for the PRE calculations.  

Overlapping or peaks broadened beyond detection were removed from structural 

calculations.  

First TOAC. 1024 points were collected for the proton dimension for each 

spectrum, and 240 points were collected for the indirect dimension (nitrogen).  

The sequence of the first TOAC THP was (C6-(GPO)4GPPGVVGE—

~QGE(TOAC)(GPO)4 -NH2).   
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Second TOAC.1024 points were collected for the proton dimension for 

each spectrum, and 128 points were collected for the indirect dimension 

(nitrogen).  The sequence of the second peptide was (C6-

(GPO)3GP(TOAC)GPPGVVGE—~QGEQGPP(GPO)4 -NH2). 

Diamagnetic Control Spectra.  1024 points were collected for the proton 

dimension for each spectrum  240 points were collected for the indirect 

dimension (nitrogen).  The sequence of the control THP was (C6-

(GPO)4GPPGVVGE—~QGEQ(GPO)4 -NH2) 

PRE Determination.  The PRE was determined using the same pulse sequence 

as previously described (25, 26).   Briefly, the “two-point method” was employed to 

measure the transverse 1H relaxation rate within the INEPT delay of the pulse sequence 

as shown in Figure 1. The delay period reduces the signal intensity of the peak via a 

single exponential decay process: 

)exp()0()( ,2 TRITI diadiadia  .                                   Equation 1 

Idia is the intensity of the peaks in the diamagnetic spectra, t is a time constant, and R2,dia  

is diamagnetic relaxation rate constant. Two time points, a short delay and a long delay, 

are taken so that the R2,dia relaxation rate (diamagnetic relaxation) can be approximated. 

Similarly, two times are taken to approximate R2,para (Eq. 2): 

})(exp{)0()( 2,2 TRITI diaparapara  .                              Equation 2 

Ipara is the intensity of the peaks in the paramagnetic spectra, and Γ2 (the PRE) is the 

increase in the relaxation rate as a result of the paramagnetic probe.  By simple 

subtraction, Γ2 can be calculated (Γ2 = R2,para - R2dia), so by combining and rearranging 

Eqs. 1 and 2, the equation takes the form as shown in Equation 3. 
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The estimated transverse relaxation rate for the diagrammatic control (R2dia) was 

subtracted from the transverse relaxation for the experimental paramagnetic spectra 

(R2,para).  This is done using Equation 3 below. A delay of 10 ms was used (TN). The 

increased relaxation rate of the paramagnetic state, or the PRE (Γ), was used to 

calculate distance based from the modified Solomon and Bloembergen equation 

(Equation 4).  The pulse sequence used is shown in Figure 1.  The calculated distance 

were given an error value of +/- 5.0 A. 

 

 
   

   Nparadia

paraNdia

N TITI

TITI

TT
=Γ

0

0

0

2 ln
1


                                                                          

Equation 3 

Idia(TN) is the intensity of the peaks in the long delay of the diamagnetic spectra 

(10 ms), Idia(T0) is the intensity of the peaks in short delay (0 ms) of the diamagnetic 

spectra, Ipara(TN) is the intensity of peaks in the long delay (10 ms) of the paramagnetic 

specta, and Ipara(T0) is the intensity of the peaks in the paramagnetic spectra with a 

short delay. 

 
 
 

                                     

Equation 4 

 
 

 The r term is distance in cm, K is a collection of physical constants, τ is rotational 

correlation time, ω is the Larmor frequency, and Γ2 (the term that defines the 

paramagnetic relaxation enhancement) is the additional transverse relaxation caused by 

the free radical. 
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Structural Calculations.   The HADDOCK calculations were done via the 

HADDOCK webserver.  Many different parameters were tried, but the default 

parameters were chosen as best because the structures generated had the best 

agreement with the experimental results (27).  The total number of structures calculated 

for the default parameters is 1000 structures.   The VMD program was used to evaluate 

the structures for contacts.   

RESULTS 

The resulting PREs derived from the two differently labeled THP is shown Figure 

2.  The PREs were converted to distances using equation 4 and distances are shown 

in Figure 3.  Only values between 14.5 Å and 25 Å were used.    Generally the 

distances have an inverse relationship.  In this regard, where one TOAC label appears 

to close to the MMP-12, the other type of TOAC label is further away and vice-versa 

(see methods for labeling strategy in terms of THP sequence).  Some notable 

exceptions may be residue 140-150 and residue 220-230.  These points may represent 

approximations of the encounter complex, or may be anomalous for other reasons.  At 

this time, these sites may represent alternative binding modes, but further data would 

need to be collected to thoroughly conclude on an alternative binding mode.   

The quality of the lowest energy structure (cluster 1_4) was analyzed by means a 

Ramachandran plot.  The Ramachandran plot is of good quality with only 3 residues in 

the highly disfavored region.   These residues are Phe 171, Ala 173 of MMP-12, and 

Pro 58 of the THP.  

In Figures 5, 6, and 7, which represent figures of the orientations of cluster 1, the 

leading strand comes in contact with different regions of MMP-12.  In Figure 5, the THP 
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makes contacts along the lower portion of the unprimed subsites of MMP-12 region 

then making contacts along the primed subsites of MMP-12.  In Figure 6, the THP 

makes very little contact to the unprimed subsites of MMP-12, but makes contacts 

along the lower portion of primed subsites of MMP-12.  In Figure 7, the THP makes 

contacts to the upper portion of MMP-12 while making little contacts with the primed 

subsites of MMP-12.  Residues within 3.5 Å of MMP-12 between the THP and MMP-12 

were recorded, and these residues are displayed in Figure 7.  The residues shown in 

Figure 8 are shown in structural representation in Figure 9.  Despite the uncertainty of 

rotational orientation of the THP, similar residues of MMP-12 were found to make 

contacts with the THP.   

 The lowest energy structures were analyzed for contacts.  From the output, the 

most interesting clusters were cluster 1 (lowest energy) and cluster 4 (higher energy). 

Of the lowest energy group, cluster 1, three families of structures were found that have 

rotational uncertainty of the THP relative to MMP-12.  Possible orientations of cluster 1 

are shown in Figures 5, 6, and 7.  When residues of the three orientations of the lowest 

energy cluster (cluster 1) are analyzed for residues that come within 3.5 Å of each 

other, nine residues are similar in these structures.  These residues are Asp 170, His 

172, Ile 180, His 183, Phe 185, Gly 186, Pro 187, Pro 238, and Thr 239.    

Cluster 1 has the lowest energy, the best convergence of structures, and the 

lowest HADDOCK score, a weighted sum of van der Waals, electrostatics, desolvation, 

and restraint energy violations. The HADDOCK score for cluster 1 is -97.6.  There are 

142 structures in cluster 1. The percent convergence of structures of cluster 1 is 14.2 

%.    The other cluster analyzed was cluster 4.  The HADDOCK score for cluster 4 is 
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62.5 % (-61) of cluster 1 and only has a percent convergence of 0.6 %, with only 6 

structures generated.           

The orientation of the THP is different than the orientation of a linear peptide. If 

MMP-12 is in the standard orientation than the THP runs across the active site of 

MMP-12 with the N-terminus of the THP comes in close to the structural zinc of MMP-

12. As the THP descends from the upper part of the MMP-12, the scissile bond of the 

THP approaches the active site zinc.  The C-terminus of the THP makes contacts with 

residues Thr 239 and Pro 238 of MMP-12.  The Ramachandran plot of the lowest 

energy structure is shown in Figure 4.  

 
 

DISCUSSION 

Most residues of contact agree with previously published mutational results (15) .  

There is also a striking similarity to the recent structure published by Dr. Fields in JACS 

(28).  When overlaid, the structures have similar angle of inclination as shown Figure 

10.  However, the lowest energy structure of the Dr. Fields et al. has only the leading 

strand making contacts with the catalytic domain while the leading and middle strand 

have contacts to the hemopexin-like domain.  In the generated structures below Figures 

5-7, there are at least two strands touching the catalytic domain in contrast to the results 

published by Fields et al.  One might presume that a structure with only the catalytic 

domain would have to have more contacts with the THP (two strands of the THP in 

contact with the catalytic domain instead of one strand) because there is no hemopexin-

like domain to position the THP in a specific orientation.  Thus, the catalytic domain 
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itself must make more contacts to the THP than when the catalytic domain is not 

attached to the hemopexin-like domain.  Alternate binding modes, if present, may also 

need more contacts with a lone catalytic domain (ie. a catalytic domain that does not 

contain a hemopexin-like domain).   

In light of previous results from paramagnetic protection data (14), cluster 4 

appears to explain anomalous protection resulting from a secondary binding site. 

Because the protection experiments were done at saturating concentration of THP 

relative to MMP-12 (1.5:1), the protection data may include protection from a secondary 

binding site.  Structures from cluster 4 might approximate the binding that might occur 

as a result of a secondary binding site.  At this time, the results from these studies, 

however, cannot firmly conclude the assertion that structures within cluster 4 

approximate the encounter complex.  The statistics clearly point to cluster 1 being the 

specific binding mode as seen Table 1.  A comparison of output of all the structures of 

cluster 4 and the best output structures of cluster 1 are shown in Table 2.  Table 2 

compares the total energy of structures within cluster 1 and cluster 4.  Figure 11 shows 

an overlay of the lowest-energy structures from cluster 1 and cluster 4.    

 The orientation of the large peptide differs from the orientation of a linear peptide.  

With this in mind, different strategies of targeting other structural motifs may be a 

suitable objective at this time.  For instance, engineering charged groups along the N-

terminus side of a chelator/transition state analog of a  THPi (an inhibitor based THP 

with a chelator/transition state analog at the active site) might be considered appropriate 

so that favorable contacts can be made with the charged groups of MMP-12 (Asp-170 

and His-172) predicted to interact with the N-terminus of the THP.          
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TABLES 

Table 1:  Overall statistics of clusters discussed 

Overall statistics of clusters discussed 

Cluster 1 value 
error 
(+/-) 

HADDOCK score -97.6 2.3 

Cluster size 142 
RMSD from the overall  
lowest-energy  
structure 2.1 1.6 

Van der Walls energy 2.1 8.7 

Electrostatic energy -88 32.9 

Desolvation energy -41 4.7 
Restraints 
 violation energy 250.2 37.75 

Buried Surface Area 1780.6 82.5 

Cluster 4 value 
error 
(+/-) 

 
 
HADDOCK score -61 4.3 

Cluster size 6 
RMSD from the  
overall lowest-energy  
structure 9.2 0.6 

Van der Walls energy -35.6 4.8 

Electrostatic energy -189.9 64.8 

Desolvation energy -19.3 4.1 
Restraints violation 
energy 318.1 81.77 

Buried Surface Area 1243.9 29.5 
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Table 2: Comparison of cluster 4 and cluster 1.  

Cluster Structure 
Total 
energy 

4 189 125.3 

4 128 52.4 

4 102 412.6 

4 96 230.1 

4 80 209.1 

4 74 237.1 

1 1 141.2 

1 2 121.9 

1 3 121.6 

1 4 7.7 
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FIGURE LEGEND 

Figure 1:  Pulse sequence used for PRE measurements (25).  

Figure 2: PRE vs. residue number for each of the differently labeled THPs.  

Figure 3: Distance vs. residue number for each of the differently labeled THPs. 

Figure 4: Ramachandran plot of the lowest energy complex as a result of this study 

between MMP-12 and the THP. 

Figure 5: This figure represents one type of possible orientation of the THP binding to 

MMP-12.  The leading strand of the THP is colored blue, and the other strands are 

colored red. 

Figure 6: This figure represents one type of possible orientation of the THP binding to 

MMP-12.  The leading strand of the THP is colored blue, and the other strands are 

colored red. 

Figure 7: This figure represents one type of possible orientation of the THP binding to 

MMP-12.  The leading strand of the THP is colored blue, and the other strands are 

colored red. 

Figure 8:  Venn Diagram detailing overlapping residues of contact between structural 

clusters represented in Figure 4, Figure 5, and Figure 6.   Residues of MMP-12 within 

3.5 A of the THP were recorded by means of VMD, and the resulting overlapping 

residues of MMP-12 between the structures are displayed. 
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Figure 9: This figure is a structural representation of the overlapping residues detailed 

in Figure 7.  

Figure 10: Overlay of recently published structural prediction from Dr. Gregg Fields et 

al. and the lowest energy structure as a result of the work. Dr. Fields structure is shown 

in dark blue and the cyan colored structure is the lowest energy structure of cluster 1.  

Figure 11: A comparison of the best structures of cluster 1 and cluster 4.  This figure 

illustrates the change in the angle of inclination and proximity of THP between the two 

clusters.  Cluster 1 is illustrated in blue, and cluster 4 is illustrated in orange.  
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Figure 7 
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Figure 9 
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ABSTRACT 

The inhibition of MMP-12 by a natural polyphenol, (−)-Epigallocatechin gallate (EGCG) 

was investigated.  Also, structural information concerning the binding sites of EGCG to 

MMP-12 was obtained.  The methods employed involve paramagnetic relaxation 

enhancement, inhibition of enzyme activity, and stability by urea denaturation.  A 

paramagnetic ECG, an analog of EGCG, was generated by incubating briefly in the 

presence of peroxide and horse radish peroxidase.  The radical was used in an attempt 

to characterize the interaction between EGCG and MMP-12. The initial NMR 

investigations involving paramagnetic relaxation enhancement (PRE) or/and NOE 

experiments with EGCG suggest two to three binding sites on MMP-12, including one 

near a calcium binding site.  Inhibition of enzyme kinetics and denaturation melts were 

also carried out with MMP-12 in the presence of EGCG to better ascertain the most 

significant binding site of EGCG to MMP-12.  The kinetic experiments indicate that 

inhibition appears to be non-competitive, and there is a calcium dependence for the 

EGCG inhibition of MMP-12.  The calcium dependent inhibition suggests that the 

calcium site (C2 site or Ca 403) indicated in the PRE and NOE experiments could be 

the key site of allosteric inhibition of MMP-12 by EGCG.   
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As mentioned in Chapter 1, MMPs are involved in a variety of different disease 

pathogeneses.  However, there is only one disease condition, periodontal disease, 

treated by the only FDA approved MMP inhibitor, Periostat (1). Therefore, many people 

have attempted to inhibit these enzymes in order to treat patients that have the 

aforementioned diseases.  Initial attempts to inhibit MMP activity were stymied by lack 

of selectivity of the inhibitor (for review see ref ((2-5)). For instance, marimastat, a 

potential MMP inhibitor for the treatment of colorectal cancer, failed to pass clinical trials 

because patients developed the painful musculosketetal syndrome (MSS) (6). The 

precise cause of the MSS is not known (5), but inhibition of anti-target MMPs, inhibition 

of a structurally related enzymes (shedases) (7), or general metal chealation ((8, 9)) 

have been proposed as causes of MSS.  Regardless, it would seem apparant that a 

higher degree of specificity is needed.  Thus, there still needs to be more advances in 

development of safe, clinical inhibitors for MMPs.  

Since then, more efforts have been made to develop an inhibitor that targets a 

specific MMP or only targets a few MMPs.  For example, some recent success in 

identifying specific inhibitors has come from NMR studies aided by computation 

methods (10).  For instance, ABT-518 a more specific inhibitor for MMP-9 and MMP-2 is 

in clinical investigation (11). In terms of MMP-12 inhibitors, specific inhibitors have been 

developed to target the deep, hydrophilic S1’ specificity pocket of MMP-12 (12-14).  For 

example, MMP-408, a partially selective inhibitor of MMP-12, has a low nanomolar 

affinity for MMP-12. Nonetheless, this inhibitor still showed a 120 nM IC50 inhibition 

value for MMP-13 (15).  Thus, inhibitors that target the highly flexible S1’ site in these 
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MMPs are likely to inhibit both MMPs ((13, 16, 17)).  Thus, attempts to develop a safe, 

effective, selective inhibitor for MMP-12 have been riddled with biological complexities.   

In contrast, epigallocatechin gallate (EGCG), a safe antioxidant found in green 

tea, has shown to be an inhibitor of MMP-12.  EGCG, in the form of green tea, has been 

consumed safely for over 5000 years (18). EGCG, Figure 1, has been shown to have a 

myriad of beneficial health effects, such as potentially protecting against atherosclerosis 

(19), myocardial infarction (20), inhibiting metastatic potential of lung cancer (21), skin 

cancer (22), and prostate cancer (23). It is not certain how EGCG exerts all its positive 

health effects, but one may assert that selective inhibition of just a few MMPs may be 

reason for EGCG healthful effects.  A comparison of the affinities of EGCG has for 

metalloproteases may be seen in Table 2, and one can attain an effective dose for 

inhibition of MMP-12 by only consuming 3-4 cups of tea/day (24).  This study attempts 

to access where EGCG binds on MMP-12 and how EGCG inhibits MMP-12.   

MATERIALS AND METHODS 

Materials.  All chemical reagents were purchased from Fisher Scientific or from 

Sigma-Aldrich.  Electrophoresis reagents and chromatography columns were purchased 

from BioRad.   

MMP-12 Expression.  A recombinant MMP-12, inactivated by an E219A 

mutation, was expressed and purified as previously described (13).  Briefly, uniformly 

15N-labeled MMP-12(E219A) was expressed in E. coli BL21 (DE3) cells that were grown 

in M9 minimal media. The NMR buffer contained 20 mM imidazole at pH 6.6, 10 mM 

calcium chloride, 20 µM zinc chloride, 0.02 % sodium azide, and 10 % D2O in water.    
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   Calcium dependent kinetics: Kinetic protocols were derived from previously 

published protocols with a thiopeptolide (22). Inhibition experiments were done at either 

calcium concentrations of 5 mM, 10 mM, or 30 mM in the buffer at pH 7.5 while 

maintaining a constant ionic strength.  The 5 mM calcium chloride enzyme buffer 

solution contained 100 µM zinc chloride, 100 mM Tris, 115 mM sodium chloride.  The 

10 mM calcium chloride enzyme buffer contained 100 mM sodium chloride, 100 mM 

Tris, 100 µM zinc chloride.  The 30 mM calcium chloride enzyme buffer contained 40 

mM sodium chloride, 100 mM Tris, and 100 µM zinc chloride.  A substrate concentration 

of 128 µM thiopeptolide was used for the enzyme kinetics.  A concentration of 1 mM 

(>99%) DTNB was used as a co-substrate. 

Dixon plots.  Enzyme experiments were conducted to determine the mode of 

inhibition of EGCG of MMP-12.   The type of Dixon plot that was used derived from this 

article (25).  The enzyme experiments were carried out in 10 mM calcium chloride, 100 

mM Tris-chloride, 100 mM sodium chloride and 100 µM zinc chloride at pH 7.5.  The 

substrate concentration of the thiopeptolide was either 83 µM, 166 µM, or 322 µM.  The 

concentration of DTNB was 1 mM.     

Denaturation in the presence of EGCG.  The denaturation experiments were 

carried in enzyme buffer of 20 mM Tris-chloride pH=7.5, 10 mM calcium chloride, 100 

mM sodium chloride, and 100 µM zinc chloride.  The EGCG was kept at 300 nM for the 

experimental data set.   A stock solution of urea was made by mixing enough urea to 

make a 12 M stock of urea into stirring solution of water kept at 37.0 oC and mixed until 

clear. The concentration of urea was varied from 10.5 M to 0 M (no urea).  The intrinsic 

fluorescence of the protein was excited at 278 nM and monitored at 316 nM while the 
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solution was temperature was maintained at 37 oC. The protein concentration of MMP-

12 (E219A) mutant in the experiments was maintained at 1.3 µM.  

Generation of radicalized Epicatechin gallate (ECG).  ECG was used as 

paramagnetic regent, Figure 2.  ECG differs from EGCG by having one less hydroxyl 

group on the B-ring.   ECG, and 247 µM of (E219A) MMP-12 was incubated with 2.6 

mM zinc acetate, and 83 U/ml of horse radish perioxidase (HRP), and immediately after 

mixing the aforementioned reagents, small aliquots of peroxide was added to bring the 

concentration of peroxide to 1.2 mM.  The 60 and 80 percent equivalents of ECG data 

points were attained with a subsequent addition 2.4 mM of peroxide.   

The presence of the radical was verified by EPR.  The EPR measurements were 

done in house at the EPR facility at the University of Missouri of a continuous wave 

(CW) X-band (9.4 Ghz) EPR.  The operation of the EPR was done by Chris Halsey.  

The radical was maintained at room temperature for more than 4 hours.   The buffer 

conditions were the same as the NMR experiments above.   Small aliquots from the 

reaction vessel were taken at 0.5 hour, 2 hours and 4.5 hours.  The aliquots were frozen 

to -80oC immediately after removing from the reaction vessel. 

NMR titrations with radicalized ECG.  ECG was titrated into MMP-12 (E219A) 

until ECG was present at 80% molar equivalents relative to MMP-12.  

Determination of PRE Derived Distances to ECG.  The PRE was determined as 

previously described (26).  Briefly, the estimated transverse relaxation rate for the 

diagrammatic control (Idia) was estimated by peak intensity.  The experimental 

paramagnetic spectra (Ipara) transverse relaxation was estimated by its peak intensity. 

Also a variable of Equation 1 is the total INEPT evolution time of the HSQC (t), which 
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was 5.5 ms for these experiments.  Inserting these values into the equation 1 below will 

give the PRE as Rsp.  Once Rsp (or Γ) has been solved for in the equation 1, it can be 

used as a variable for Equation 2.    The increased relaxation rate of the paramagnetic 

state, or the PRE (Γ or R2sp), was used to calculate distance based from the Solomon 

and Bloembergen equation, Equation 2.   The calculated distances were given an error 

value of +/- 5.0 Å (26).   

 

    

 Equation 1 

 

 
 
 
 

Equation 2 

 
 

RESULTS 

The inhibition of MMP-12 by EGCG is non-competitive as indicated in the Figure 

3.   Figure 3 illustrates a Dixon plot (see methods for details of a Dixon plot).   The 

inhibition mechanism also appears to be calcium dependent as indicated by Figure 4.  

This mechanism is apparently non-competitive because the inhibition lines intercept the 

x-axis (if the inhibition mechanism were competitive the lines would intercept along the 

y-axis).  EGCG may destabilize MMP-12 even at concentrations as low as 300 nM as 

seen in Figure 5.  EGCG appears to destabilize MMP-12 because the amount of urea 

needed to unfold MMP-12 in the presence of EGCG is less than the amount of urea 
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needed to unfold the free form MMP-12.  However, the difference in amount of 

destabilization between the groups (MMP-12 with EGCG and MMP-12 alone) may not 

be statistically significant at that concentration of EGCG.    

NMR experiments.  

The radicalized ECG appears to bind closest to the C2 calcium site (Ca 403 (14)) 

as seen in Figure 9.  The residues that have greatest reduction in NMR signal intensity 

are the residues that lie closest to the ECG. Thus, the residues that are closest to ECG 

are Ala-157, Ile-159, and Ile-191.  The C2 calcium site has been implicated to be 

involved in catalytic activity as in the case of MMP-26 (25).  The ligands for the C2 

binding site are Asp-158, Gly-190, Gly-192, and Asp-194.  In Figure 8, an illustrative 

depiction of data presented in Figure 9, the backbone of MMP-12 is red, the C2 calcium 

is cyan, and the Ala-157, Ile-159, and Ile-191residues are blue.  As shown in Figure 8, 

the residues of MMP-12 that are closest to ECG are cluster near the C2 calcium region. 

Figure 8 also illustrates that although the residues, Ala-157, Ile-159, and Ile-191 are 

separated in sequence, the residues are structurally close. This binding at the C2 site 

may help explain the calcium dependent inhibition seen in Figure 4 (see discussion for 

further details).   

 
 
 

DISCUSSION 

The mechanism of non-competitive inhibition of EGCG by MMP-12 is in line with 

the reported non-competitive inhibition mechanism of other metalloenzymes by EGCG 

(27).  The inhibition appears to calcium dependent as suggested by data presented in 
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Figure 3. At this time, it is not known biophysically why EGCG inhibits MMP-12 in 

calcium dependent manner, yet it appears that EGCG may bind near the C2 calcium 

site as depicted in Figure 5.   

A reason for this calcium dependent inhibition may be a result of EGCG intrinsic 

property to interact with metals in solution.  In this regard, it has been shown that EGCG 

binds to a number of different metal ions as summarized in Table 1.  It can be 

hypothesized that EGCG:Metal complex free in solution is not inhibitory or is less 

inhibitory than EGCG alone.  Therefore, the likelihood that an EGCG:Metal:Enzyme 

complex forms is unlikely.  How the metal/calcium prevents EGCG from binding to the 

enzyme is unknown.  A possible explanation may be come from a hypothesis that the 

conformation of the EGCG is altered upon binding metal as first suggested by structure 

activity relationships published by Sartor et al. (28).  The conformation of an EGCG:Ca 

complex may be different from that of a free EGCG molecule.  It may also be that the 

functional groups of EGCG that interact with calcium may be the same functional 

groups that interact with the enzyme. Therefore, once EGCG is bound to calcium, it 

cannot interact with the enzyme the same way as a free EGCG molecule can.  In other 

words, this mechanism can be viewed from a “ligand perspective”.  The matter is not 

how much calcium is available to bind to MMP-12 (“receptor perspective”), but a matter 

of how much calcium is able to bind to EGCG (“ligand perspective”).  The assertion 

being that EGCG in the calcium bound form (EGCG+Ca) interacts weakly or cannot 

interact with the free form of MMP-12.  This assertion is furthered by data shown in 

Figure 6 that illustrates line broadening of EGCG NMR peaks at mM concentrations of 

calcium.  Thus, Figure 6 provides data to show that EGCG and calcium interact at mM 
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concentrations.   EGCG and calcium interaction is collaborated by reference 34.  Other 

mechanisms may be possible.   

The importance of the C2 sight of MMP-12 is heightened by a bioinformatic 

analysis of the binding site.  As shown in Figure 9, the enzymes that are highly inhibited 

(ie having nM affinity; MMP-12, MMP-14, ADAMTS-4, and ADAMTS-5) by EGCG 

appear to have the most structurally similar portion of the C2 site (residue 155-164; 

MMP-12 numbering) when compared to those metalloenzymes that are not inhibited as 

well by EGCG (ie uM affinity or unattainable inhibition ; MMP-13, MMP-7, and MMP-3).  

A review of the EGCG inhibited enzymes and the affinity EGCG has for those enzymes 

can be found in Table 2.  As well when looking through Table 2 and Figure 9, one can 

see the enzyme with the most similar S1’ pocket to MMP-12, MMP-13, is not inhibited 

by EGCG at all.  This suggests that the binding site is other than the active site.  

In summary, the EGCG inhibition of MMP-12 is non-competitive (Figure 3).  

EGCG appears to bind near C2 site of MMP-12 (Figure 9 and Figure 10).  EGCG 

inhibition is calcium dependent (Figure 4).  EGCG binds to calcium (Table 1 and Figure 

6).  How EGCG inhibition of MMP-12 is calcium dependent may be because EGCG 

binds free calcium in solution.   Recent structure activity work done with moieties of 

EGCG appears to show that gallate moiety as important for inhibition (29).  The gallate 

moiety may also be important for binding of calcium; hence, the inhibition of MMP-12 by 

EGCG is influenced by the presence of gallate moity.  The interplay between EGCG 

binding free calcium, EGCG binding to or near the C2 of MMP-12, and EGCG calcium 

dependent inhibition of MMP-12 may be a matter of future work.       



41 

 

Future work could be repeating experiments described above.  The unfolding 

experiments have to be repeated with a much higher concentration of EGCG.  The 

suggested concentration of EGCG may be at least 3 µM in solution and a concentration 

as high as 300 µM. The PRE experiments would preferably be done under argon 

conditions.   

After analysis the EGCG NMR experiments some recommended procedure 

modification could be done.  The procedure could be improved as follows: The entire 

generation of radical would be done under an argon atmosphere.  All of the reagents 

except MMP-12 could be mixed in a separate container under argon with peroxide 

being the final reagent, the radical generated, and immediately added to the NMR tube, 

which contains MMP-12.  Also, controls could be done to evaluate the amount of 

possible side-products generated by the radical.  HPLC analysis could be 

recommended to analyze the possible side-products that may be produced if any.                

REFERENCES 

1. Golub, L. M., Lee, H. M., Ryan, M. E., Giannobile, W. V., Payne, J., and Sorsa, 
T. (1998) Tetracyclines inhibit connective tissue breakdown by multiple non-
antimicrobial mechanisms, Adv Dent Res 12, 12-26. 

2. Coussens, L. M., Fingleton, B., and Matrisian, L. M. (2002) Matrix 
metalloproteinase inhibitors and cancer: trials and tribulations, Science 295, 
2387-2392. 

3. Dove, A. (2002) MMP inhibitors: glimmers of hope amidst clinical failures, Nat 
Med 8, 95. 

4. Fingleton, B. (2008) MMPs as therapeutic targets--still a viable option?, Semin 
Cell Dev Biol 19, 61-68. 

5. Jacobsen, J. A., Major Jourden, J. L., Miller, M. T., and Cohen, S. M. (2010) To 
bind zinc or not to bind zinc: an examination of innovative approaches to 
improved metalloproteinase inhibition, Biochim Biophys Acta 1803, 72-94. 

6. King, J., Zhao, J., Clingan, P., and Morris, D. (2003) Randomised double blind 
placebo control study of adjuvant treatment with the metalloproteinase inhibitor, 
Marimastat in patients with inoperable colorectal hepatic metastases: significant 



42 

 

survival advantage in patients with musculoskeletal side-effects, Anticancer Res 
23, 639-645. 

7. Saghatelian, A., Jessani, N., Joseph, A., Humphrey, M., and Cravatt, B. F. (2004) 
Activity-based probes for the proteomic profiling of metalloproteases, Proc Natl 
Acad Sci U S A 101, 10000-10005. 

8. Jacobsen, F. E., Lewis, J. A., and Cohen, S. M. (2007) The design of inhibitors 
for medicinally relevant metalloproteins, ChemMedChem 2, 152-171. 

9. Farkas, E., Katz, Y., Bhusare, S., Reich, R., Roschenthaler, G. V., Konigsmann, 
M., and Breuer, E. (2004) Carbamoylphosphonate-based matrix 
metalloproteinase inhibitor metal complexes: solution studies and stability 
constants. Towards a zinc-selective binding group, J Biol Inorg Chem 9, 307-315. 

10. Fattori, D., Squarcia, A., and Bartoli, S. (2008) Fragment-based approach to drug 
lead discovery: overview and advances in various techniques, Drugs R D 9, 217-
227. 

11. Hajduk, P. J., and Greer, J. (2007) A decade of fragment-based drug design: 
strategic advances and lessons learned, Nat Rev Drug Discov 6, 211-219. 

12. Nar, H., Werle, K., Bauer, M. M., Dollinger, H., and Jung, B. (2001) Crystal 
structure of human macrophage elastase (MMP-12) in complex with a 
hydroxamic acid inhibitor, J Mol Biol 312, 743-751. 

13. Bhaskaran, R., Palmier, M. O., Lauer-Fields, J. L., Fields, G. B., and Van Doren, 
S. R. (2008) MMP-12 catalytic domain recognizes triple helical peptide models of 
collagen V with exosites and high activity, J Biol Chem 283, 21779-21788. 

14. Lang, R., Kocourek, A., Braun, M., Tschesche, H., Huber, R., Bode, W., and 
Maskos, K. (2001) Substrate specificity determinants of human macrophage 
elastase (MMP-12) based on the 1.1 A crystal structure, J Mol Biol 312, 731-742. 

15. Vankemmelbeke, M. N., Jones, G. C., Fowles, C., Ilic, M. Z., Handley, C. J., Day, 
A. J., Knight, C. G., Mort, J. S., and Buttle, D. J. (2003) Selective inhibition of 
ADAMTS-1, -4 and -5 by catechin gallate esters, Eur J Biochem 270, 2394-2403. 

16. Liang, X., Arunima, A., Zhao, Y., Bhaskaran, R., Shende, A., Byrne, T. S., 
Fleeks, J., Palmier, M. O., and Van Doren, S. R. (2010) Apparent Tradeoff of 
Higher Activity in MMP-12 for Enhanced Stability and Flexibility in MMP-3, 
Biophysical Journal 99, 273-283. 

17. Zhang, X., Gonnella, N. C., Koehn, J., Pathak, N., Ganu, V., Melton, R., Parker, 
D., Hu, S. I., and Nam, K. Y. (2000) Solution structure of the catalytic domain of 
human collagenase-3 (MMP-13) complexed to a potent non-peptidic sulfonamide 
inhibitor: binding comparison with stromelysin-1 and collagenase-1, J Mol Biol 
301, 513-524. 

18. Kaegi, E. (1998) Unconventional therapies for cancer: 2. Green tea. The Task 
Force on Alternative Therapies of the Canadian Breast Cancer Research 
Initiative, CMAJ 158, 1033-1035. 

19. Geleijnse, J. M., Launer, L. J., Hofman, A., Pols, H. A., and Witteman, J. C. 
(1999) Tea flavonoids may protect against atherosclerosis: the Rotterdam Study, 
Arch Intern Med 159, 2170-2174. 

20. Sesso, H. D., Gaziano, J. M., Buring, J. E., and Hennekens, C. H. (1999) Coffee 
and tea intake and the risk of myocardial infarction, Am J Epidemiol 149, 162-
167. 



43 

 

21. Sazuka, M., Murakami, S., Isemura, M., Satoh, K., and Nukiwa, T. (1995) 
Inhibitory effects of green tea infusion on in vitro invasion and in vivo metastasis 
of mouse lung carcinoma cells, Cancer Lett 98, 27-31. 

22. Ye, Q. Z., Johnson, L. L., Hupe, D. J., and Baragi, V. (1992) Purification and 
characterization of the human stromelysin catalytic domain expressed in 
Escherichia coli, Biochemistry 31, 11231-11235. 

23. Gupta, S., Hastak, K., Ahmad, N., Lewin, J. S., and Mukhtar, H. (2001) Inhibition 
of prostate carcinogenesis in TRAMP mice by oral infusion of green tea 
polyphenols, Proc Natl Acad Sci U S A 98, 10350-10355. 

24. Lee, M. J., Wang, Z. Y., Li, H., Chen, L., Sun, Y., Gobbo, S., Balentine, D. A., 
and Yang, C. S. (1995) Analysis of plasma and urinary tea polyphenols in human 
subjects, Cancer Epidemiol Biomarkers Prev 4, 393-399. 

25. Lee, S., Park, H. I., and Sang, Q. X. (2007) Calcium regulates tertiary structure 
and enzymatic activity of human endometase/matrilysin-2 and its role in 
promoting human breast cancer cell invasion, Biochem J 403, 31-42. 

26. Battiste, J. L., and Wagner, G. (2000) Utilization of site-directed spin labeling and 
high-resolution heteronuclear nuclear magnetic resonance for global fold 
determination of large proteins with limited nuclear overhauser effect data, 
Biochemistry 39, 5355-5365. 

27. Demeule, M., Brossard, M., Page, M., Gingras, D., and Beliveau, R. (2000) 
Matrix metalloproteinase inhibition by green tea catechins, Biochim Biophys Acta 
1478, 51-60. 

28. Sartor, L., Pezzato, E., Dell'Aica, I., Caniato, R., Biggin, S., and Garbisa, S. 
(2002) Inhibition of matrix-proteases by polyphenols: chemical insights for anti-
inflammatory and anti-invasion drug design, Biochem Pharmacol 64, 229-237. 

29.       Cudic, M., Burstein, G. D., Fields, G. B., and Lauer-Fields, J. (2009) Analysis of 
flavonoid-based pharmacophores that inhibit aggrecanases (ADAMTS-4 and 
ADAMTS-5) and matrix metalloproteinases through the use of topologically 
constrained peptide substrates, Chem Biol Drug Des 74, 473-482. 

 
 

 
 
 

 

 

 

 

 



44 

 

TABLES 

Table 1:  Metals that interact with EGCG.  

 

 

 

 

 

 

Table 2: List of known metalloenzymes inhibited by EGCG. 

MMP/metalloproteinase IC50/Ki 
enzyme 
concentration 

MMP-1 (collagenase -1) not attainable(38); ND* (38); 

MMP-2 10 ug/mL (21uM) (IC50) (1);  20 uM (39); 
(25-100 ng / 100 
uL(27); (ND) (39); 

MMP-3 ~50 uM (IC50) (40); “assay kit “ 

MMP-7 1.65 uM (Ki) (41); 10 nM (41); 

MMP-9 .6 ug/mL(1.3 uM) (IC50) (1); 50 uM (39); 
(25-100ng /100 uL

 

(27)
  
(ND)(39);  

MMP-12 .3 ug/mL  (654 nM) (IC50) (27); 

(25-100 ng in 100 
uL(27)

 
 ~13.5-54 

nM) 

MMP-14 0.019 uM (42); ND* (42);  

MMP-13 (collagenase-3) (not attainable) (38); ND* (38); 

rhADAMTS-5 100-150nM (IC50) (38); ND* (38); 

rhADAMTS-1 200-250 nM (IC50) (38);  ND* (38); 

rhADAMTS-10 not attainable (38); ND* (38); 

rhADAMTS-4 100-150 nM (IC50) (38);  ND* (38); 

 (*ND, not described) 
 

 

 

 

 

 

Metal ion  

Al (III) ref (29, 
30) (log K= 7.8) 

Mn (II) (31) 

Zn (II) (32, 33) 

Ca (II) (methyl 
gallate )  (34) 

Fe (III) (35) 

Fe (II) (36) 

Cu (II) (37) 
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FIGURE LEGENDS 

Figure 1: EGCG structure.  The green color is for the carbon backbone, the red color is 

for oxygen, and the white color represents hydrogen.  

Figure 2: ECG structure.  The green color is for the carbon backbone, the red color is 

for oxygen, and the white color represents hydrogen. 

Figure 3: Reciprocal plot of initial velocity vs inhibitor concentration, a “Dixon Plot”. The 

lines appear to intersect at the abscissa indicating a non-competitive inhibitor. 

 Figure 4:  Inhibition experiments done at either calcium concentrations of 5 mM, 10 

mM, or 30 mM in the buffer while maintaining a constant ionic strength.  This data 

suggests that the amount of calcium present affects the level of inhibition.  This 

suggests that the calcium may be important to how inhibition of the enzyme occurs, or 

an indirect effect of calcium on the enzyme and/or ligand. 

Figure 5: Urea denaturation curves of MMP-12 (E219A) with or without subsaturating 

(300 nM) concentrations of EGCG. Urea denaturation experiments have been done in 

order to determine if EGCG destabilizes or stabilizes MMP-12. 

Figure 6: Calcium titration experiment.  The blue experiment is the control, which is 

EGCG in D2O. The red experiment is the EGCG with 3.125E-13 M of calcium.  The 

green is with 0.02 M total calcium. The purple is with 0.04 M calcium.  The yellow is with 

0.08 M calcium.      

Figure 7: The reduction of NMR peak heights of a 15N labeled MMP-12 (E219A) in the 

presence of 0.6 equivalents of radicalized ECG that introduces paramagnetic relaxation 

enhancements (PREs). The residues that are closest to the radicalized ECG are lowest 

in intensity. These residues are near the C2 (Ca 403) calcium site.   
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Figure 8:  Illustrative representation of data presented in Figure 4. The backbone of 

MMP-12 is red, the C2 calcium is cyan, and the Ala-157, Ile-159, and Ile-191 residues 

are blue.  The residues are near the C2 calcium site (Ca 403).    

Figure 9:  A STAMP (a bioinformatic tool used to structurally align two structures so 

that the RMSD between the structures is minimized) (43) structural alignment was 

preformed to align the structures of known metalloenzymes tested for inhibition with 

EGCG (see Table 2).  Ten amino acids were selected after structural alignment vicinal 

to the calcium NOE identified. A; The Asp-158 of MMP-12 is colored blue. ) The 

selected amino acids (residue 155-164; MMP-12 numbering) above were then aligned 

locally by ClusterW software.     B) Cladogram:  This is a cladogram of the same data 

presented in A.   The most inhibited enzymes (MMP-12, MMP-14, ADAMTS-4, 

ADAMTS-5) by EGCG appear within a clade while the least inhibited enzymes (MMP-3, 

MMP-13, MMP-7) appear within other clades.  The pdb codes are placed next to the 

enzymes aligned.  The residue coloring in the inset is as follows: green is for a polar 

amino acids and glycine, blue is for acidic amino acids, red is for non-polar amino acids, 

and pink is for a basic amino acid.     
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FIGURES 

Figure 1 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



48 

 

Figure 2 
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Figure 3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inhibition Mode of EGCG on MMP-12
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Figure 4 
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Figure 5 
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Figure 8 
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Figure 9  

 

 

 
 
 
 
 
 
 
 
 
 

  



56 

 

 
Chapter 3: MMP-12 binding and structural association with 

micelles as membrane mimics 

  

Todd S. Byrne *‡, and Dr. Steven Van Doren*‡ 

 

‡ From the Department of Biochemistry, University of Missouri 
 
 

 

 

 

*To whom correspondence should be addressed: Department of Biochemistry, 
University of Missouri, 117 Schweitzer Hall, University of Missouri Columbia, MO 65223 
Telephone: (573) 882-5113   Fax: (573) 882-5635 E-mail: tsbdh8@mail.missouri.edu.  

 

 

 

 

 

 

 

 

 

 

 

 



57 

 

ABSTRACT 

This study investigates the interaction of MMP-12 with dodecyl 

phosphatidylcholine (DPC) micelles and 1,2-dihexanoyl-sn-glycero-3-

phosphocholine (DHPC) micelles.  The composition  of the micelles has been 

varied.   For example, DPC/CHAPS micelles and DPC/CHAPS doped with 

cholesterol sulfate micelles have been investigated. Chemical shift perturbations 

and line broadening analysis has been conducted, and the initial results suggest 

a KD of physiological importance. Cross -correlation rates and the extent of 

chemical shift perturbation between the DPC/CHAPS and DPC/CHAPS/cholesterol 

sulfate experiments suggest that the negatively charged cholesterol sulfate 

micelles may alter its association with MMP-12.  The binding locations for the 

DPC micelles appear to near the unprimed side of MMP-12, and along the upper 

portion of the active site.  Also, the saturable binding location of the DPC micelles 

on MMP-12 may be in a similar binding location than that of the DHPC type 

micelle, whereby some residues above the active site are affected.  However, the 

greatest CSPs for the DHPC micelle were observed along the  unprimed subsites.   

These results are suggestive of potential interaction between MMP-12 and lipid 

rafts or cell membranes, which could be relevant to MMP-12 pathophysiology. 
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As mentioned in Chapter 1, MMP-12 concentration/presence is linked to deadly 

conditions, such as atherosclerosis (1), abdominal aortic aneurysm (2), and chronic 

obstructive pulmonary disorder (COPD) (3). For example, sputum was collected from 

COPD patients, former smokers, healthy smokers, and people who have never smoked.  

MMP-12 levels were found to be higher in the sputum of patients with COPD vs. the 

other groups.  

MMP-12 is found associated with atherosclerotic plaques.  It is not known why 

MMP-12 associates with plaques, but if MMP-12 is knocked-out of the mouse model of 

atherosclerosis, the prognosis for the disease improves as indicated by improved 

plaque stability, whereby there is a reduction of plaque area, buried fibrous layers, and 

macrophage content and an increase in smooth muscle content.   

 MMP-12 is found associated with macrophage cell membrane in pulmonary 

lavages of a mouse inflammation model (4).  LaRee series of probes were used to 

selectively insert into the membrane surface of macrophages.  These probes have a 

lipid functional group (palmitic acid) that inserted into the macrophage membrane.  

MMP-12 -/-  mice were unable to cleave the marker.    

Given the data presented in the literature above, the research question 

presented itself as how does MMP-12 associate with extracellular components, such as 

membranes.  Furthermore, as mentioned in Chapter 2, the conventional development of 

MMP inhibitors has not yet led to an effective safe clinically approved inhibitor for 

human use. Therefore, localizing sites of interaction between MMP-12 and cell 

membrane may help to identify an interaction site that is specific for MMP-12 and has 
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not yet been investigated for the development of lead drug candidate.  Therefore, 

measurements were made for the interaction between MMP-12 and various micelles.   

The interaction was accessed by using chemical shift perturbation, peak intensity 

reduction, and cross-relaxation measurements.  The cross-correlation measurement 

monitors the amount of time a complex takes to rotate in solution.  The larger the 

complex, the more slowly it will rotate in solution.  The cross-relaxation rate was 

converted to rotational correlation time (τc).  Similar methodology was used in previously 

published literature.  For instance, the work of Michael Overduin et al. (5) has shown 

how protein domains may interact with membranes by the use of micelle mimics.  

Hence, MMP-12 binds to micelles in a specific manner is the hypothesis.    

    

MATERIALS AND METHODS 

Materials.  All chemical reagents were purchased from Fisher Scientific, Sigma-

Aldrich or Avanti polar lipids.  Electrophoresis reagents and chromatography columns 

were purchased from BioRad.   

MMP-12 Expression.  A recombinant MMP-12 , inactivated by an E219A 

mutation, was expressed and purified as previously described (6).  Briefly, uniformly 

15N-labeled MMP-12 (E219A) was expressed in E. coli BL21 (DE3) cells that were 

grown in M9 minimal media.  

NMR spectroscopy. The NMR buffer contained 20 mM imidazole at pH 6.6, 10 

mM Calcium chloride, 20 µM zinc chloride, 0.02 % sodium azide, and 10 % D2O in 

water. 15N MMP-12 concentration was kept between 300 µM and 350 µM. Chemical 
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shift perturbations (CSPs) were measured for the all titrations.  The mathematical 

formula for calculating chemical shift perturbation is shown below: 

 δ=                 
     

 
   2.   Equation 1 

  

The relative peak intensity for a titration was also measured as a means to approximate 

binding affinity.  For the relative peak intensity measurements,  the last titration point for 

each residue was set equal to 1 while the previous points in the measurement were 

relatively compared to the last point.    The chemical shift perturbation, and relative peak 

intensity reduction were measured for each experiment by taking the critical micelle 

concentration (CMC) point as zero.   

The cross correlation rate was determined directly by using a modified 1D pulse 

sequence (7,8).  These values were converted to global rotational correlation time.   The 

cross-correlation experiments were for every lipid examined at saturating concentration 

of lipid.    

DPC titration.   The DPC concentration points were 0.75 mM, 1.1 mM, 2.2 mM, 

4.4 mM, 8.8 mM, 12  mM, 15 mM, and 30 mM (CMC (1.1 mM)).   

DPC/CHAPS titration. The DPC/CHAPS (3( at 1M DPC):1 molar ratio) 

concentration points were 0.75 mM, 1.5 mM, 3 mM, 6 mM, 12 mM, 18 mM, 24 mM, 48 

mM, and 72 mM.   

DPC/CHAPS/Cholesterol Sulfate.  The DPC/CHAPS/cholesterol sulfate (3:1 

DPC(at 0.58 M):CHAPS with 17 mM cholesterol sulfate) points were 0.75 mM, 1.5 mM, 

4.5 mM, 10.5 mM, 16.5 mM, 40 mM, 65 mM, and 89 mM (CMC concentration of 1.1 

mM, Aggregation # of 54) .  
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DHPC titration. The DHPC concentration points were 0.78 mM, 7.88 mM, 15 mM, 

30 mM, 45 mM, and 75 mM (8 mM CMC, Aggregation # of 19).  

RESULTS 

Titrations with n-dodecylphosphocholine (DPC), DPC/CHAPS, and 

DPC/CHAPS/cholesterol sulfate showed exchange in the slow-intermediate time region 

as judged by doubling of the NMR signals (Figure 1).  The peaks that showed show-

exchange were consistent among the titrations.  CSPs were largely inaccurate for the 

DPC titration and the DPC/CHAPS as a means to measure binding affinity because the 

interaction between MMP-12 and DPC micelle was on the slow exchange time regime 

of NMR time scale.  When an interaction or exchange is on the slow exchange time 

regime, the peaks do not progressively change peak position instead the two states are 

represented by two different peaks or experience peak doubling (see Figure 1).    As a 

result, the peak intensity and cross-correlation rates were used as a more accurate 

means of ascertaining binding between MMP-12 and micelles.  The cross-correlation 

rate for the DPC/CHAPS titration and the DPC/CHAPS/cholesterol sulfate are shown in 

Figure 2 and 3.  The cross-correlation rate almost doubles for a complex formed 

between MMP-12 and the lipid micelles.  The average rotational correlation time is 8.66 

ns for the free MMP-12 (8).   The rotational correlation time for the MMP-

12:DPC/CHAPS micelle complex increased to 11.7 ns.  The rotational correlation time 

for the complex with DPC/CHAPS doped with cholesterol sulfate is 14.4 ns.  This 

strongly suggests that binding has occurred to a micelle of similar MW as MMP-12.  The 

CSPs for the DPC/CHAPS/cholesterol sulfate titration of some residues did show a fast 

enough exchange to fit the data.  The KD approximated by the CSPs of K241of MMP-12 
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was 12.1 µM for the DPC/CHAPS/cholesterol sulfate micelle (Figure 4).  The KD 

approximated by the CSPs of A157 of MMP-12 was 62.6 µM for the 

PC/CHAPS/cholesterol sulfate micelle (Figure 5).  However, those same residues for 

the DPC/CHAPS titration were not able to be fit to a saturating isotherm.  When the 

relative peak intensity reduction was measured as function of lipid concentration the KD 

for the DPC/CHAPS micelle was found to be 6 µM, and the DPC/CHAPS/cholesterol 

sulfate micelle KD was found to be 25 µM, in approximate agreement with 

aforementioned CSP data (Figure 6).  Figure 7 depicts the largest CSPs observed for 

the DPC/CHAPS micelles. However, the single state binding isotherm may not 

adequately describe the binding behavior, so a two-state binding isotherm will be used 

in the future.  The binding characteristics may be sequential binding or simultaneous 

binding.  Future work should be performed to determine if the binding is sequential 

binding or simultaneous binding.      

Two structural binding regions were defined after observing the CSPs data for 

DPC micelles.  The binding regions were defined as having no more distance than 12 Å 

away for any residue in the same binding region, but the residues between the regions 

were more than 20 Å away from residues within a different binding region.  This is the 

basis for coloring within of Figure 7.  The red residues (Figure 8; Ala157, Ser189, 

Met103, Gly106, and His112) may represent one binding region, and the residues in 

yellow (Figure 9; Ala167, Glu199, Phe202, and Lys241) represent another binding 

region.        

 DHPC titration indicated a faster exchange with far less peak doubling because 

the exchange rate appeared to be in the fast exchange regime.   The overall CSPs are 
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shown in Figure 10.  These CSPs are plotted on Figure 11 with the same coloring 

scheme and rational as Figure 7, but green residues (Met236 and Arg249) may 

represent the same binding region proposed above with DPC micelles (yellow residues 

in Figure 7) or may represent a different binding interaction.  Gray residues (Gly192 and 

Gly225) in Figure 11 experience large CSPs, and the residues occur along the 

unprimed side of MMP-12. However, when the CSPs of the gray residues are plotted as 

function concentration, there is a linear curve or non-saturating isotherm (Figure 12).  

Some CSPs do show a saturating curve as in the example shown for Met236, Arg249, 

Val 162, and Lys224 (Figures 13-16).    

   DISCUSSION 

The type of micelle appears to affect the binding affinity and resonance time of 

MMP-12 to the micelle as shown by the change in KD between the DPC micelles and 

the DHPC micelles.  This suggests that the specific binding of MMP-12 to cell 

membrane may be selective.  In this regard, properties of the membrane may indicate if 

MMP-12 is bound tightly and specifically.  For instance, a negatively charged membrane 

surface, such as one with a high concentration of cholesterol sulfate, may bind MMP-12 

in a different temporal manner than one with just a PC head groups as suggested by the 

change in rotational correlation time between a DPC/CHAPS micelle (Figure 2) and 

DPC/CHAPS micelle doped with cholesterol sulfate (Figure 3).  In addition, the affinity 

for the DPC/CHAPS micelle is greater than the affinity of that same micelle with 

cholesterol sulfate (compare Figure 6 panels A and B).  Also, the DHPC micelle 

appears to have an even faster exchange regime than that of the either CHAPS micelle 
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as indicated by the less peak doubling within the spectrum and the increase in the 

amount of saturating binding isotherms (Figures 13-16). 

The binding location between the DPC micelles and the DHPC micelles has 

similarities and differences.  The binding of DPC micelle appears to have two main 

binding regions.   The first binding site is along the top of the active site extending down 

the primed side of MMP-12 (yellow residues Figure 7).  The first binding site, (yellow) 

comprising Lys241, may be higher affinity as shown by the lower KD of the K241 (Figure 

4).  The second binding site (red) is along the unprimed site of the enzyme where the C-

terminus and the N-terminus meet (red residues in Figure 7).  The second binding site 

(red) may be of lower affinity as shown by the increase in KD of binding of Ala57 relative 

to Lys241 (Figure 5).  The binding curve of A157, a residue with the second binding site 

(red), appears to be a mixture of binding characteristics between a saturating binding 

isotherm and non-saturating isotherm.      

The DHPC also appears to have two binding sites in a similar location to the 

DPC micelles, but the binding may be more complex.  The first binding site within a 

similar location to the DPC micelles appears to be of higher affinity than the second 

binding site (yellow residues in Figure 11).   The KD of Val162, a residue within first 

binding site, has a KD of 457 µM for the micelles.  The second binding site , which is in 

similar structural location to second binding site for DPC micelles, is colored red  Figure 

11 (as the second binding site in Figure 7 is colored red).  The “red” binding site for 

DHPC has a KD of 636 µM, which is judged by the fit of the isotherm for a residue within 

this binding site, Lys224 (Figure 16).  As with DPC type micelles, the “red” binding site 

of DHPC appears to have non-specific binding residues (marked as gray on Figure 11), 
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as indicated by linearly increasing or non-saturating isotherms (Figure 12). In DHPC 

micelles, the highest affinity binding appears to underneath the active site below the 

Met-loop (marked as green of Figure 11). The residues marked in green in Figure 11 

are Met256 and Arg249.  The “green” residues (Met256 and Arg249) fall in between the 

two different binding sites (red and yellow residues in Figure 11).   

In summary, the binding of micelles (whether a DPC type micelle or DHPC 

micelles) have two similar binding locations (red and yellow residues in Figure 11 and 

Figure 7).  The “yellow” binding site for the DPC type micelles and DHPC micelles 

appears to be of higher affinity than the “red” binding site.  The “red” binding site, for 

both types of micelles, appears to have a non-specific binding component.  Within both 

types of micelles, the highest affinity binding residue is a basic residue underneath the 

active site (Lys241 for DPC, and Arg249 for DHPC).  The two types of micelles, 

however, do not bind on the same temporal scale of binding (slow-intermediate 

exchange for DPC type micelles and intermediate-fast exchange for DHPC micelles), 

which evident by the change in affinity marked between the two different types of 

micelles.     

In conclusion, the binding of micelles to MMP-12 appears to be complex.  The 

composition of the micelle plays a key role in binding affinity and resonance time.  The 

composition of membrane also plays a role in where the micelle docks, but this may be 

to a lesser degree.  Both types of micelles (DPC derived micelles and DHPC micelles) 

appear to have two binding sites in similar locations.  At least one binding site shared 

within both groups of micelle (yellow) has a specific binding pattern.  The other binding 

site (red) appears to have both specific binding and non-specific binding occurring.  
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Both types of micelle appear to bind tightly to basic amino acids located underneath the 

active site (Lys241 and Arg249).  
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FIGURE LEGENDS 

Figure 1:  This is an example of peak doubling as a result of the slow exchange of the 

titration of DPC.  The blue color is no addition, the green is 6 mM, the yellow is 24 mM, 

and the red is 72 mM of DPC.   

Figure 2:   These are fits of the cross-correlation rates for DPC/CHAPS micelle.  The 

resulting rotational correlation (τc) time is shown below the figures.  

Figure 3:   These are the fits of the cross-correlation rates DPC/CHAPS doped micelles 

with cholesterol sulfate.  The resulting rotational correlation (τc) time is shown below the 

figures.  

Figure 4: Lys241 chemical shift perturbation (CSP) values of the cholesterol sulfate-

doped DPC/CHAPS micelle fit to Equation 1 suggest a KD of 12 μM for micelles.  

Without cholesterol sulfate, progressively increasing CSPs values were not available for 

fitting. 

Figure 5: Ala157 chemical shift perturbation (CSP) values of the cholesterol sulfate-

doped DPC/CHAPS micelle suggest a KD of 62.6 μM for micelles.  Without cholesterol 

sulfate, progressively increasing CSPs values were not available for fitting. 

Figure 6: These are binding isotherms were constructed from the reduction of peak 

heights of the free state as a function of micelle concentration.  Both titrations were 

fitted in this manner. A) The DPC/CHAPS micelle has a KD of 6 µM although the single 

state binding isotherm may not adequately describe the binding behavior. A two-state 

binding isotherm will be used in the future.  B) The cholesterol sulfate doped DPC 

micelles have a KD of 25 µM as based from peak intensity reduction which is in 

agreement with the CSP data above. However, the single state binding isotherm may 
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not adequately describe the binding behavior, a two-state binding isotherm will be used 

in the future.   

 Figure 7: This are residues with the largest CSPs and proposed binding location of the 

DPC/CHAPS micelle at 24 mM DPC concentration. The two possible binding sites are 

shown in yellow residues and red residues.  The red residues are Ala157, Ser189, 

M103, G106, and His112 (The binding isotherm for Ala157 for DPC/CHAPS doped with 

cholesterol sulfate is Figure 5).  The yellow residues are Ala167, Glu199, Phe202, and 

Lys241 (The binding isotherm for Lys241 for DPC/CHAPS doped with cholesterol 

sulfate is Figure 4).  The red resides are proposed to comprise one binding site, and the 

yellow are proposed to comprise another binding site.       

Figure 8: this is one proposed binding site for DPC micelles.  The figure is rotated 90 

degrees counter-clockwise from standard orientation.  The red residues are labeled and 

are Ala157, Ser189, Met103, Gly106, and His112. 

Figure 9:  This is another proposed binding site for DPC micelles.  This figure is offset 

slightly from standard orientation. The yellow residues are labeled and are Ala167, 

Glu199, Phe202, and Lys241. 

Figure 10:  The overall CSPs of MMP-12 resulting from addition of DHPC. 

Figure 11: Residues with the largest CSPs for the DHPC micelle experiment depicted 

on a structure of MMP-12 (72 mM DHPC). Gly192 and Gly225 are gray.  Val162, 

Ala164, Asp175 Leu212, and Ala195 are yellow.  Met156, Gly190, Ile152, and Leu224 

are red.  Met236 and Arg249 are green.     

Figure 12: CSPs of Gly192 and Gly225 of MMP-12.  Gly192 observes the largest 

chemical shift perturbation, but when relative CSPs of Gly225 are plotter vs.  
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concentration of DHPC, the resulting curve is non-saturating isotherm.  The same is the 

case with Gly-192.  The residues are colored gray in Figure 11.     

Figure 13: CSPs of M236 as a result of DHPC addition are fit to Equation 1 in this 

figure.   The KD is 226 µM for the micelles (4.3 mM in reference to the free lipid 

concentration).  

Figure 14: CSPs of R249 as a result of DHPC addition are fit to Equation 1 in this 

figure.   The KD is 142 µM for the micelles (2.7 mM in reference to the free lipid 

concentration). 

Figure 15: CSPs of V162 as a result of DHPC addition are fit to Equation 1 in this 

figure.   The KD is 457 µM for the micelles  (8.7 mM in reference to the free lipid 

concentration).  

Figure 16: CSPs of L224 as a result of DHPC addition are fit to Equation 1 in this 

figure.   The KD is 636 µM  (12.1 mM in reference to the free lipid concentration). 
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