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INTRODUCTION

The following is an update to a book entitled, “A Historical Review of Enzymatic Debridement”, which I wrote in 2003. 

Since its publication, while the relevant clinical evidence has remained consistent, the amount of biochemical research and knowledge gained has been impressive. In the  irst chapter a sampling of the typical topical enzymatic debriding agents that have been used in wound care are reviewed and interestingly enough only one remains on the market. The FDA has removed all others from the marketplace and an explanation is provided in chapter one along with descriptions of the use and mode of action (MoA) of these agents. Chapter two is a review of the many different types of collagen found in the body, including their structure, form, and function as so much additional insight into this molecule has been gained since 2003. In chapter three we see an account depicting the many advances in understanding matrix metalloproteinases (MMPs) reviewed in detail. Form, function, tissue orientation and preferred substrates are addressed. Finally, in chapter four we see the history of the MoA of MMPs as compared to bacterial collagenase starting in the early ‘80s to the time of this current publication.  In addition we see the level of complexity of bacterial collagenases compared to MMPs, helping us to better understand why bacterial collagenase is much more ef icient at removing necrotic tissue from wounds than are our own (endogenous) MMPs. I hope the reader  inds this review useful from an academic standpoint, but more importantly from a clinical framework helping to understand the role of these types of therapies in wound care. 
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Chapter 1: Types of Enzymes

The recognition of the importance of enzymes in biological phenomena has been a prominent feature of the current surge in scienti ic progress. Proteolytic enzymes have been used therapeutically in various areas [1]: 

1.  as oral agents for speci ic gastrointestinal disorders; 

2.  as local agents to debride or solubilize collections of proteinaceous material, which either cause or foster disease; 

3.  as anti-in lammatory agents; 

4.  as thrombolytic agents in the treatment of thromboembolic disorders; 5.  as  a  treatment  for  speci ic  connective  tissue  disorders,  such  as  Dupuytren’s  Contracture  and Peyronie’s Disease. 

  Over  the  years  various  proteolytic  enzymes  have  been  employed  (papain,  icin,  streptokinase, streptodornase,  trypsin-chymotrypsin,  sutilain,  collagenase,  etc.)  for  the  debridement  of  wounds.  This section provides an overview of these various enzymes. 

The concept of using proteolytic enzymes to digest dead tissue as an adjunct to the management of dirty, infected wounds is an old one, probably stemming from the observation of the natives of tropical countries where the papain-rich latex obtained by scratching the skin of the green fruit of the papaw tree ( Carica papaya) has long been used for the treatment of eczema, warts, ulcers and other types of foul sores [1]. It is also known that in addition to applying papain-rich latex to a wound, the wounds were at times exposed to urine, then wrapped in green leaves from the same plant. This is interesting as these 3 naturally occurring materials -- papain, urea and chlorophyllin (a derivative of chlorophyll) -- are the active ingredients of one of the most well-known enzymatic debriders ever used (Pana il®). Urea is a component of mammalian urine and chlorophyll is a component of green leaves. In this formulation the urea acts as a denaturant assisting in the degradation of various proteins in necrotic tissues. Chorophyllin is an anti-agglutinating/

anti-in lammatory agent, which helps to counter some of the less desirable effects of papain-urea on tissue. 

Chorlophyllin is also felt to have odor controlling properties [2,3]. 

Before  the  turn  of  the  20th  century,  literature  on  the  use  of  papaya  latex  preparations  for  treating sloughing ulcers, removing impacted cerumen and dissolving diphtheritic membranes became available 

[4,5]. More recently, it has been found that the major insoluble constituents of in lammatory exudates,  ibrin and desoxyribonucleoprotein derived from the nuclei of dead degenerating cells, could be rapidly lysed by the local application of a mixture of enzymes obtained from the secretory products of certain strains of hemolytic streptococci. The major constituents of this enzyme mixture, streptokinase (an activator of plasminogen, the naturally occurring precursor of a proteolytic and  ibrinolytic enzyme of human plasma) and streptodornase (streptococcal desoxyribonuclease) provided the basis for an enzymatic debridement 

[6,7]. 

Speci ic enzyme preparations that have been used or are in current use for purposes of local debridement include, but are not limited to: 
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Microbe derived enzymes 

Sutilain: a water-soluble mixture of serine proteases derived from the bacteria  Bacillis subtilis that is relatively nonspeci ic in its action and is capable of breaking down a variety of necrotic tissue types within an optimal pH range of 6.0-7.5 [8]. 

Clostridial collagenase: a water-soluble enzyme that speci ically attacks and breaks down undenatured (natural) collagen. In actuality, collagenase is known to degrade denatured collagen as well. Collagenase is commercially derived from bacterial ( Clostridium histolyticum) sources. Collagenase is active over a pH 

range of 6.0-8.0. Bacterial collagenase, although a zinc metalloproteinase that uses calcium bears little structural relationship to mammalian collagenase. Bacterial collagenase rapidly attacks human collagen at many points, degrading it into small peptides. The commercially available collagenase is made up of proteolytic enzymes that break collagen into small peptides (oligopeptides) of differing molecular weights, most of which are tripeptides [9,10]. However, more recent work has shown that the oligopeptides may be larger [11]. Two genes, colG and colH transcribe for two C.  collagenases. These collagenases uniquely cleave the interstitial collagens and exhibit both endopeptidase and tripeptidylcarboxypeptidase activities. 

The  combined  activity  of  endo-  and  tripeptidyl-C-peptidase  makes  these  enzymes  ideally  suited  for rapid collagen degradation. Clostripain is a cysteine-activated protease also found in culture  iltrates of Clostridium histolyticum.  However, the level of this enzyme is low and the effects on collagen may not be as pronounced as for C.  collagenases. In contrast, the mammalian collagenase-1 (MMP-1) acts differently by cleaving interstitial collagen at a single locus within the triple helical structure, giving rise to 2 large fragments,  TC   and  TC .  These  portions  of  the  helix  are  then  attacked  by  other  less  speci ic  proteases, A

B

released by connective tissue cells, to be further degraded into small peptides [12]. 

Streptokinase-streptodornase mixtures: This preparation is only partially puri ied and contains a number of other streptococcal enzymes, such as a ribonuclease, hyaluronase, nucleotidase and nucleosidase, all of which may contribute to the effects observed. The enzyme mixture is essentially free of streptolysin and streptococcol proteinase. It does not contain any proteolytic enzymes in the conventional sense. The mixture contains enzymes, which act upon non-protein substrates; much of its virtue lies in its content of streptodornase, which rapidly reduces the viscosity of purulent exudates. Plasmin, the proteolytic enzyme formed  from  the  latter  precursor,  is  active  at  neutral  pH  and,  though  distinct  from  trypsin,  resembles it in many respects (pH optima, types of links split, etc.). The major attribute of streptokinase lies in its special  ibrin-dissolving properties. In contrast to the rapid inhibition of proteolytic enzymes by naturally-occurring humoral antiproteolytic substances, streptokinase is inactivated at a relatively slow rate (except in the presence of an excess of a speci ic antibody, antistreptokinase). 

Streptokinase Streptodornase preparations are the agents of choice for liquefying clotted blood, loculated effusions and purulent exudate in closed body cavities. A signi icant incidence of pyrogenic [pyogenic] 

and in lammatory reactions to the locally administered enzyme mixture has limited its usefulness since the therapeutic procedure may be complicated by the patient’s discomfort and the need for frequent and repeated drainage [1]. 

Streptodornase:  (streptococcal  desoxyribonuclease)  acts  directly  upon  desoxyribonucleic  acid (DNA),  rapidly  depolymerizing  this  highly  complex  substance  into  smaller  units  [1,13].  The  activity  of streptodornase is enhanced by the presence of Mg2+ or other divalent metallic ions and inhibited by the presence of substances, such as citrate, which form complexes with the metallic cofactor (i.e., chelating agents). 
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Fungal: Fungal proteases have also been employed as topically applied enzymatic debriders. 

Animal-derived enzymes 

Fibrinolysin: commercially obtained from bovine plasma, then activated by chloroform, it speci ically attacks and breaks down the  ibrin component of blood clots and  ibrinous exudates. 

Desoxyribonuclease: obtained from bovine pancreatic tissue, acts speci ically on the nucleoprotein components of purulent exudates. 

Trypsin:  Crystalline  trypsin  preparations  of  bovine  pancreatic  origin  have  been  used  in  the  past. 

Trypsin is a serine protease and can directly hydrolyze a large number of naturally-occurring proteins. 

It  is  thought  not  to  affect  living  cells  or  require  any  cofactors,  and  its  action  on  denatured  proteins  is usually more extensive than on native proteins. Trypsin has advantages over streptokinase for surface wound debridement since it does not require additional factors for its action, acts upon a greater number of proteins than plasmin, and degrades them more extensively [1]. 

Chemotrypsin: This preparation is of bovine pancreatic origin and is the other major serine protease of the pancreas. Pancreatic enzymes are usually standardized in terms of their proteolytic activity. Though chymotrypsin acts upon different bonds in proteins than does trypsin or plasmin, its spectrum of activity on whole proteins is somewhat similar to that of trypsin [1]. 

Hyaluronidase:  This  is  another  common  animal-derived  enzyme  used  for  topical  enzymatic debridement. 

Plant-derived enzymes 

Bromelain:  A  mixture  of  water-soluble,  cysteine  proteases  derived  from  the  stem  or  fruit  of  the pineapple plant. This mixture of proteolytic enzymes is reported to be effective in breaking down a variety of different necrotic tissue substrates over a fairly wide pH range (5.5-8.5). It should be noted that cases of anaphylactic shock have been reported with enzymes derived from the pineapple plant, as well as with other plant-derived enzymes. 

Papain: A latex protein obtained from the skin and green fruit of the papaw tree ( Carica papaya). Papain is a cysteine protease and acts upon a wide variety of proteins; its activity can be considerably enhanced by the addition of cysteine or other reducing agents or by protein denaturants, such as urea. Indeed, without the presence of urea, papain displays lower proteolytic activity. The enzyme’s activity is optimal over a pH range of 3-9. It has been stated that at low pH, papain is capable of digesting collagen. Though papain preparations have been used occasionally in acetic acid solutions to digest collagenous tissue, the success of this method has not been established [1]. Other literature sources have described papain as having no effect on collagen. In 1958, J. Miller et al. [14], showed that papain-urea lacks the ability to degrade native collagen & states that only clostridial collagenase was able to adequately digest collagen. 

Some feel that puri ied papain preparations eventually may prove to be the most practical for surface debridement.  Others  feel  this  is  unlikely,  given  the  mode  of  action  of  papain,  its  aggressive  attack  on viable tissue, and the associated stinging and burning reported in some literature sources. Miller [15], and Morrison et al. [16] all describe prolonged and intensi ied in lammatory responses as a result of treatment with papain-urea systems. Langer et al. 2013 [17], found in a prospective descriptive study on burns (mean TBS = 33.17%) that the combination of papain and urea caused so much pain (and fever) that only 2 of the 34 patients involved were able to complete the study. 

Why were papain-urea based enzymatic deriders removed from the market? 

Published: June 25, 2019
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As  per  the  Federal  Register,  in  2008  the  U.S.  Food  and  Drug  Administration  (FDA)  [18]  ordered companies  to  stop  marketing  unapproved  drug  products  that  contain  papain  in  a  topical  dosage  form. 

Under this ruling,  irms marketing any unapproved topical papain products had to stop manufacturing these products by November 24, 2008. Companies or others engaged in shipping these products had to stop shipping them by January 21, 2009. After these dates, all topical products containing papain must have FDA approval to be manufactured or shipped interstate. The FDA went on to state that topical drug products  containing  papain  have  historically  been  marketed  without  approval;  there  are  no  approved topical drug products containing papain. FDA took this action because adverse events with use of topical papain drug products reported to the agency raised serious safety concerns regarding these products. The FDA found that these drugs can produce harmful or near fatal effects including hypersensitivity resulting in anaphylactic reactions. Such cases have required emergency rooms visits, some requiring treatment with epinephrine. Hypersensitivity manifestations have also resulted in cardiovascular symptoms such as hypotension (low blood pressure) and tachycardia (rapid heart rate). Additionally, reports in the medical literature  suggest  that  patients  who  are  allergic  to  latex  may  also  be  allergic  to  papaya,  the  source  of papain. Furthermore, the effectiveness of these products is not supported by scienti ically sound studies in the medical literature. 

The FDA pointed out that papain is in fact a latex protein and sites cases of cross reactivity between latex  and  papaya  have  been  documented  in  medical  literature,  and  one  of  the  cases  reported  to  FDA involved anaphylactic shock in a patient with a history of allergy to latex. In addition, papain-containing drug  products  in  topical  form  historically  have  been  marketed  without  approval,  and  because  no  irm obtained an application for them prior to passage of the Drug Amendments of 1962, they were not included in  the  Drug  Ef icacy  Study  Implementation  (DESI)  review.  Adverse  events  associated  with  the  use  of topical papain products reported to FDA raise serious safety concerns regarding these products. Through January 2008, FDA had received 37 reports of adverse events associated with topical papain products. In addition to several complaints that the products were ineffective, the reports include cases of potentially life threatening hypersensitivity reactions. Reactions described include serious cases of anaphylaxis and anaphylactic shock that started within 15 minutes of topical papain use and resulted in hospitalizations, including admissions to the intensive care unit. Finally, the FDA was particularly concerned about adverse events associated with the use of papaincontaining topical drug products in light of the dearth of published, well-controlled studies demonstrating the effectiveness of those products. Given the absence of the kinds of scienti ic studies routinely conducted by sponsors and submitted for agency review as part of the FDA approval process, it was impossible for the agency to assess either the amount of risk associated with these products or the extent to which their bene its might justify their risks. 

Products  affected  (by  name)  were  Accuzyme®,  Allan il®,  Allanzyme®,  Ethezyme®,  Gladase®,  Kovia®, Pana il®, Pap Urea®, and Ziox®. Other formulations were marketed under the names of the active ingredients, for instance papain-urea ointment. At the time of the FDA’s determination there are approximately 35 

unapproved  topical  products  containing  papain  on  the  market.  This  ruling  in  effect  ended  the  use  of papain-urea based enzymatic debriding agents in the US. 

Actinidin: A member of the papain-like family of cysteine proteases, is abundant in kiwifruit. Chalabi et al. 2014 [19], investigated the proteolytic activity of actinidin compared to papain on several different ibrous and globular proteins under neutral, acidic and basic conditions. The  indings showed that actinidin has no or limited proteolytic effect on globular proteins such as immunoglobulins including sheep IgG, rabbit IgG, chicken IgY, and  ish IgM, bovine serum albumin (BSA), lipid transfer protein (LTP), and whey proteins (α-lactalbumin and β-lactoglobulin) compared to papain. In contrast to globular proteins, actinidin could hydrolyze collagen and  ibrinogen perfectly at neutral and mild basic pHs. Moreover, this enzyme could digest pure α-casein and major subunits of micellar casein especially at acidic pHs. Taken together, Published: June 25, 2019
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the data (in this particular  in vitro study) indicated that actinidin has narrow substrate speci icity with the highest enzymatic activity for the collagen and  ibrinogen substrates. Hafezi et al. 2010 [20], found that debridement and scar contraction occurred faster in the kiwi-treated group than in the untreated group in acute burn wounds. Following rapid enzymatic debridement, healing appeared to progress normally, with no evidence of damage to adjacent healthy tissue. However, information on the clinical application as a topical enzymatic debrider is limited. In a randomized controlled clinical study on 17 neuropathic diabetic foot ulcers Mohajeri et al. 2014 [21], found that the mean reduction in surface area of foot ulcer in the experimental group was signi icantly higher than the control group (168.11 ± 22.31 vs. 88.80 ± 

12.04 mm2 respectively, P < 0.0001). The amount of collagen and granulation tissues was signi icantly higher in the experimental groups than the control group (P value < 0.0001). Signi icantly higher levels of angiogenesis and vascularization were found in the kiwifruit treated patients (P value < 0.0001). No signi icant antibacterial effect was observed for kiwifruit in this study. However, in this particular study, all patients were surgically debrided prior to initiation of the study period. 

Ficin: Ficin is another plant-derived cysteine protease found in  igs. 

Additional sources for enzymes such as avian, larva and crustaceans have been investigated, as well. 

Effective collagen breakdown appears to be essential to optimum eschar removal. Collagen is a major component of chronic wound eschar, as collagen makes up 70%-80% of the dry weight of skin and is a major component of the extracellular matrix. 

The history of enzymatic debriders has been a turbulent one, with only one enzymatic system currently used widely in clinic, clostridial collagenase. One reason for this turbulent history may be related to an enzyme’s ability to degrade collagen. Howes et al [22], and Rao et al. [23], have demonstrated that necrotic tissue is anchored to the wound surface by strands of undenatured collagen. Until these  ibers are severed, débridement cannot take place, granulation is slowed, and thus no supportive base is available for proper epithelialization. Consequently, the wound fails to heal. It should be noted that though limited, studies suggest that actinidin (found in kiwi fruit) may have the ability to degrade collagen, which may warrant further study. Another aspect may be the fact that most enzymes used historically have not been highly selective in their catalytic activity. Non-selective being the inability to distinguish between healthy and necrotic tissue. The one exception would be clostridial collagenase, which is felt to be more selective than the enzymes mentioned, previously. 
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Chapter 2: Technical Review of Collagen

Proteins


Proteins are natural polymers, which make up about 15% of our bodies (dry weight). The building blocks of all proteins are α-amino acids. The alpha (α) is derived from the fact that the amino group (–NH ) 2

is always attached to the α-carbon, which is bonded to the carboxyl group (–CO H). Amino acids are joined 2

together into proteins via condensation reactions in which the amine group of one amino acid reacts with the carbonyl group of another amino acid. In this reaction, a  peptide bond is formed and a molecule of water is liberated (condensation). As the reaction proceeds repetitively, a polypeptide is produced and, eventually, a protein. 

The structure of a given protein can be divided into 3 and sometimes 4 categories: primary, secondary, tertiary, and quaternary. 

•  Primary structure is simply the sequence and identity of amino acids making up the polypeptide. 

•  Secondary structure refers to the arrangement of the chain of the long molecule, which is determined to a great extent by hydrogen bonding (H-bonding) between lone electron pairs on the carbonyl oxygen of an amino acid and a hydrogen atom attached to nitrogen on another amino acid. Well-known examples are α-helices and β-strands. 

•  Tertiary structure refers to the overall 3-dimensional shape of the protein, which can be narrow and long or globular. Tertiary structure results from several types of interactions: charge based, hydrophobic based, and Van der Waals forces. A well-known example of a covalent bond occurs when 2  cysteines (amino acids) combine to form a disul ide linkage (S-S), resulting in a cystine residue. 

•  Quaternary structure refers to the interaction of 2 or more separate protein chains, resulting in a larger conglomeration with a speci ic function (hemoglobin is an example). 

Col agen 

Collagen plays an important structural role in many biological tissues such as, skin, tendon, bone, teeth, cartilage,  and  the  cardiovascular  system  [1].  Two  of  the  main  classes  of  extracellular  macromolecules that  make  up  the  extracellular  matrix  are  the   collagens   and  the  heteropolysaccharides  known  as glycosaminoglycans  (GAGs) ,   which  are  usually  covalently  linked  to  protein  to  form   proteoglycans  [2]. 

Collagen  is  the  major  protein  of  the  extracellular  matrix  and  is  the  most  abundant  protein  found  in mammals, comprising 25% of the total protein and 70% to 80% of skin (dry weight). Collagen acts as a structural scaffold within tissues. The central feature of all collagen molecules is their stiff, triplestranded helical structure [3]. 

Three collagen polypeptide chains, called α-chains, are wound around each other in a regular triplestranded helix to generate a ropelike collagen molecule approximately 300 nm (3,000 Å) long and 1.5 nm (15Å) in diameter. The length of the    helical regions and individual αchains varies among collagen types. 

The major types of collagen molecules are referred to as types I, II, III, IV, and V. Types I, II, and III are the main types found in connective tissue and constitute 90% of all collagen in the body. After being secreted into the extracellular spaces, types I, II, and III assemble into insoluble micro- ibrils consisting of 5 triple helical molecules [4]. The micro- ibrils then form  collagen  ibrils, which are long (up to many micrometers), thin (10 to 300 nm in diameter), cablelike structures [2]. 
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Hulmes, 2002 [4], depicts the molecular packing in collagen  ibrils (Figure 1). (a) Longitudinal view of collagen molecules. Each molecule can be considered as consisting of  ive molecular segments 1 to 5. 

(b) Transverse section of the radial packing model [5] showing molecules in cross section. (c) Enlarged view of the boxed area in (b) showing molecules grouped together in the form of micro- ibrils. Molecular segments are indicated in groups of  ive, corresponding to individual micro- ibrils in transverse section. 

The aforementioned  ibrils are often grouped into larger bundles called  collagen  ibers ( Figure 2 ). 

The  collagen  polypeptide  chains  are  synthesized  on  membrane  bound  ribosomes  and  injected  into the lumen of the  endoplasmic reticulum (ER)   as larger precursors called  pro–α  chains. These precursors contain extra amino acids,  extension peptides,  at both the amino and carboxyl- terminal ends, which are stabilized by disul ide bridges [2]. The extension peptides are cleaved after excretion into the extracellular space. These resultant shortened products align head-to-tail longitudinally and aggregate laterally in a characteristic quarter-staggered manner to form banded polymers or  ibrils [6,7]. 

The  reason  for  several  of  the  posttranslational  changes  is  not  fully  understood.  However,  the hydroxylation of proline, an amino acid which is a major constituent of collagen, is essential for proper folding of the chains into the precise triple helical structure that is essential for the molecule to assemble into a collagen molecule [6]. In the lumen of the ER, each pro– α chain combines with 2 others to form an H-bonded,  triple-stranded,  helical  molecule—  collagen  [2].  A  total  of  43  α-chains  have  been  identi ied, most of which are expressed in skin [8-10]. 

Figure 1: (a) Longitudinal view of collagen molecules. Each molecule can be considered as consisting of fi ve molecular segments 1 to 5. (b) Transverse section of the radial packing model [5] showing molecules in cross section. (c) Enlarged view of the boxed area in (b) showing molecules grouped together in the form of micro-fi brils. 
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Figure 2: Overview of the structure of a collagenous fi ber. 
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Collagen is unique among proteins in that every third amino acid of the peptide chain is glycine, the smallest amino acid. Each of the 3 polypeptide chains (α chains) contains about 1,000 amino acids, so the structure of each chain can be considered to be approximately 330 repeating units of glycine–X–Y (where X and Y represent neutral amino acids). Although proline accounts for about 10% of the total amino acid content of collagen, it is found only rarely in other animal proteins [11]. One source describes 10.5% of the collagen molecule being comprised by the glycine-proline-hydroxyproline triplet [12]. Another source mentions that 23% of the molecule is comprised of a combination of proline & hydroxyproline [13]. Yet, a more recent source describes proline ~28%; hydroxyproline ~38% of the collagen molecule [14]. At any rate, this triplet is unique to collagen molecules. At least twenty nine types of collagen (designated) are found in vertebrates [8-10,15]. 

•  The best-known types (I, II, and III) each consist of 3 polypeptides, called α chains. Each chain has the general structure (Gly-X-Y) , with the 3 chains wrapped around each other in a ropelike triple 330

helix. 

•  Type I collagen consists of 2 identical αchains (α1), and a slightly different chain, called α2. 

•  Types II and III collagen each contain distinctive α chains, but the 3 chains in each molecule of type II or type III collagen are identical. 

•  Basement membranes contain collagen that has been named type IV and there are several kinds of type IV (made up 6 different types of α chains) in different basement membranes. 

As early as 1963 Haurowitz [11] described the rod-like structure of the collagen molecule as being distinguished from most proteins, which tend to be rounded or globular (i.e., the globulins). A number of  features  of  collagen  biosynthesis  also  distinguish  it  from  other  proteins.  One  unusual  characteristic of collagen biosynthesis is that there are a large number of posttranslational modi ications made to the molecule; that is, the protein is  irst synthesized as a precursor polypeptide chain. The polypeptide chains must then be “processed” through a number of enzymatic steps, all of which occur  after the information carried by messenger RNA (mRNA) has been translated and which are essential to producing collagen in its  inal form. Some of these posttranslational changes occur in the collagen-producing cell; others occur extracellularly [7]. 

Most of the enzymes involved in these modi ications of polypeptide chains have been well characterized, and their roles are well de ined. The  irst step in the formation of the collagen molecule is the reading of the template mRNA by polysomes, or polyribosomes, bound to membranes of the rough ER. The polysomes assemble amino acids into polypeptide chains, which are in fact about 50% longer than the α chains of collagen  and  are  called  pro-α  chains.  The  pro-α  chains  are  longer  than  α  chains,  because  they  contain additional amino acid sequences at both ends and form the precursor molecule known as pro-collagen. 

These additional amino acid sequences at the end of pro-collagen must be cleaved by speci ic enzymes to yield the collagen molecule. As polysomes assemble pro-α chains, the newly formed amino-terminal ends pass into the cisterna/lumen of the rough ER, where the  irst posttranslational steps begin to occur. 

As previously mentioned, one step is the hydroxylation of peptidyl-proline. Approximately 100 residues are  converted  to  hydroxyproline  in  this  step.  Hydroxylation  of  5  to  20  peptidyl-lysine  residues  into hydroxylysine also begins. Hydroxylation probably continues even after the carboxyl-terminal extension (which is the  inal portion of the pro-α chain) has been released by the polysome. After the pro-α chains enter into the cisternae, interchain disul ide bonds form. 

While the molecules are still in the ER, galactose and glucose residues are added to the hydroxylysine residues, and still other sugars are attached to the terminal extensions. This glycosylation may continue Published: June 25, 2019
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during or after the next step, which is the passage of the molecules from the ER into the Golgi vacuoles. 

Once posttranslational modi ications are completed, the collagen regions of the pro-α chains fold into a triple helix (this domain of the molecule becomes a rigid rod). Finally, the pro-collagen molecule is secreted from the cell in transport vesicles/vacuoles. 

As  previously  mentioned,  although  the  reasons  for  several  of  the  posttranslational  modi ications remain unclear, it is known that the hydroxylation of proline is essential for correct folding of the chains into the precise triple helical structure that is essential for the molecule to assemble into a collagen  iber. 

If the chains do not form such helixes within the cell, they are secreted only very slowly and come out as nonfunctional protein. Additional posttranslational modi ications occur after the pro-collagen is secreted through the cell’s plasma membrane into the extracellular space. 

The  irst  such  modi ication  is  removal,  by  2  or  more  proteases,  of  the  amino-  and  carboxyterminal extensions from pro-collagen in order to convert it to collagen. These extensions probably have played important roles in the assembly of the triple helix, especially in controlling the rate. They probably also have other functions, such as preventing premature formation of  ibers or formation before the protein is secreted. Then, following the removal of the extensions, the collagen molecules form into  ibers. 

The  process  by  which  collagen  forms  ibers  is  a  dramatic,  spontaneous  self-assembly  process.  The information for determining the structure of the  iber is provided entirely by the amino acid sequences and  the  conformation  of  the  collagen  molecule.  For  the  iber  to  achieve  its  normal  strength;  however, chemical cross-links must be introduced to link the molecules in the  iber to each other. This occurs through deamination of the hydroxylysine and lysine residues to produce aldehydes; cross-links are formed by reaction of either 2 aldehydes or 1 aldehyde and 1 amino group on adjacent molecules. This type of cross-linking (isopeptide bond formed by transglutaminase) is unique to collagen and elastin [7]. 

We see the main steps and enzymes involved in collagen biosynthesis [10] (Figure 3). 

1.  Cleavage of the signal peptide (not shown) 

2.  Hydroxylation of speci ic proline and lysine residues by a series of enzymes Figure 3: Main steps and enzymes involved in collagen biosynthesis [10]. 
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3.  Glycosylation of certain asparagine residues in the C-peptide 4.  Formation of intramolecular and intermolecular disul ide bonds via protein disul ide isomerase. 

5.  Assembly  of  the  triple  helix  is  formed  in  the  C-terminal  region  after  the  C  propeptides  of  three α-chains become registered with each other and ~ 100 proline residues in each α-chain have been hydroxylated to 4-hydroxyproline. 

6.  Triple helix formation proceeds toward the N-terminus in a zipper-like fashion. 

7.  Procollagen molecules are transported from the ER to Golgi, where they begin to associate laterally and exit the cell via secretory vesicles. 

8.  Cleavage  of  N  and  C  propeptides  and  spontaneous  self-assembly  of  the  collagen  molecules  into ibrils, and formation of cross-links. 

From here the collagen  ibrils are organized into large collagen  ibers (readily detected in the connective tissue of the dermis) which are well-organized polymers composed of speci ic and distinct collagen types, the most abundant being type I collagen. Collagen  ibers are arranged at right angles or orthogonal laminae. 

The  ibril diameter is remarkably constant in a given layer, and every layer is turned 900, so the  ibers in any layer are arranged orthogonally to the layer immediately above and below it, thereby conferring 3600 

resistance to physical stress. This orderly array of  ibers is extraordinarily effective in maintaining the structural integrity of connective tissue [6]. 

The tensile strength of collagen is remarkable: a  iber 1 mm in diameter can hold a load of 10 to 40 kg without breaking [11]. Collagen is physiologically stable. Disruption of  ibrils only begins at temperatures above 500C. Onset of the transition occurs at (58 +/-10)0C and the main transition occurs at (65 +/- 10)0C. 

The main transition corresponds to the process of gelatinization of collagen in a hydrated environment and is caused by the breaking of internal cross-links [1]. Fibrillar collagen is chemically resistant as well. It is essentially insoluble under physiological conditions. It is resistant to the degradative effects of a wide range of naturally occurring enzymes such as trypsin and chymotrypsin. Collagen types I and III are principal connective  tissue  proteins  of  the  dermal  tissues  and  are  abundant  in  tendon,  bone,  and  blood  vessels. 

Type II collagen is a cartilage-speci ic protein that is also present in vitreous humor and cornea of the eye. 

All forms of collagen, along with the other components of connective tissue, such as glycosaminoglycans, proteoglycans, elastin, micro ibrils, laminins, tenascins,  ibronectin, and many others interact by speci ic chemical bonding and in a precise architectural orientation to yield the  inal form of tissue [6]. 

Twenty-nine genetically distinct types of collagen comprising 43 unique α-chains have been identi ied in vertebrates. The vast majorities of these collagens exist in humans and based upon domain organization and other structural features can be categorized: 

Fibril-forming collagens (types I, II, III, V, XI, XXIV, XXVII). 

•  Fibril-associated collagens with interrupted triple helices (IX, XII, XIV, XVI, XIX, XX, XXI, XXII, XXVI). 

•  Collagens capable of forming hexagonal network (e.g., VIII, X). 

•  Basement membrane collagen (IV). 

•  Collagens that assemble into beaded  ilaments (e.g., type VI). 

•  Anchoring  iber-forming collagens (e.g., VII). 

•  Plasma membrane-spanning collagens (XIII, XVII, XXIII, XXV). 

•  Collagens with unique domain organization (XV, XVIII). 
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The following is a tabulation of the various types of collagen, their respective constituent αchains, and tissue distribution [8-10,15] (Table 1). 

In contrast to keratin and most other proteins found in the body, collagen is free of cystine, cysteine, and tryptophan, and contains only very small amounts of tyrosine and methionine. 

Keratin can be solubilized by reduction of the dithio groups of its cystine residues and can thus be removed from insoluble collagen. Sul ides, sulfates, thioglycolic acid, and other reducing agents will act as denaturants. Another unusual feature of collagen is the presence of a branched chain in which lysine residues form the points of rami ication [11]. 

Collagen is a substrate for the bacterial enzyme, collagenase. This enzyme requires for its action the presence of the sequence Gly-X-Y (where X = proline and Y= hydroxyproline). In early work utilizing the swim bladder of carp, Haurowitz, 1963 [11], determined that the action of  Clostridum histolyticum has very little initial effect on the molecular weight of the soluble collagen, lowering it from 1.92 × 106 Da to 1.22 

× 106 Da; however, it lowers the viscosity considerably and causes a collapse of the rigid multi-stranded collagen structure. This initial phase is followed by breakdown peptides of an average molecular weight close to 500kDa. 

Elastase produced by human neutrophils is capable of catalyzing the same cleavage in human type III collagen as does trypsin, as long as there is an ‘unwound’ portion of the triple helix that allows access. This cleavage by neutrophil elastase is relatively slow, but since neutrophils can be present in large numbers during the in lammatory stages of wound healing, the enzyme concentration could be quite high [6]. 

Table 1: Tabulation of the various types of collagen, their respective constituent αchains, and tissue distribution [8-10,15]. 

Type 

α-Chains Tissue 

Distribution 

I 

α1, α2 

Most connective tissues, especially bone, tendon, ligament. 

II 

α1 

Cartilage, vitreous humor, cornea 

III 

α1 

Tissues containing collagen I, except bone and tendon 

IV 

α1, α2, α3, α4, α5, α6 

Basement membranes (BM) 

V 

α1, α2, α3 

Tissues containing collagen I 

VI 

α1, α2, α3, α4 

Most connective tissues 

VII 

α1 Anchoring 

fi brils 

VIII 

α1, α2 Many 

tissues 

XI 

α1, α2, α3 

Tissues containing collagen II 

X 

α1 Hypertrophic 

cartilage 

XI 

α1, α2, α3 

Tissues containing collagen II 

XII 

α1 

Tissues containing collagen I 

XIII 

α1 Many 

tissues 

XIV 

α1 

Tissues containing collagen I 

XV 

α1 

Many tissues in the BM zone 

XVI 

α1 Many 

tissues 

XVII 

α1 Skin 

hemidesmosomes 

XVIII 

α1 

Many tissues in the BM zone 

XIX 

α1 

Many tissues in the BM zone 

XX 

α1 

Many tissues, cancer cells 

XXI 

α1 

Fetal tissues and blood vessels 

XXII 

α1 

BM of myotendinous junctions 

XXIII 

α1 

Lung, kidney, brain, tumor cells 

XXIV 

α1 

Not fully investigated. 

XXV 

α1 Amyloid 

plaques 

XXVI 

α1 

Testis and ovaries 

XXVII 

α1 

Early development of many tissues. 

XXVIII 

α1 

Dorsal root ganglia 

XXIX 

α1 

Outer dermis, lung, gut 

Table modifi ed from Raghow et al, 2012. [20]. 
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Once it was felt that collagen provided structural support, only. However, collagen and collagen derived fragments control many cellular functions, such as cell shape and differentiation, cell migration and the synthesis of a number of proteins necessary for wound closure [16-19]. 
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Chapter 3: Endogenous Collagenase 

The role of matrix metalloproteinases in wound repair 

The  serine  proteinases  comprise  the  largest  family  of  extracellular  enzymes  and  include  plasmin, plasminogen  activators,  and  leukocyte  elastase,  as  well  as  the  coagulation  and  digestive  proteinases. 

Generally,  these  are  potent  enzymes  with  broad  catalytic  speci icity  and  are  readily  available  when needed. Plasminogen, the inactive form of plasmin, is present in high concentrations in blood and tissue. 

Neutrophils  store  an  abundance  of  leukocyte  elastase.  In  contrast,  the  metalloproteinases  in  wounded tissues have more de ined substrate speci icity and are generally produced on demand. 

The structural and functional diversity of matrix metalloproteinases (MMPs) rivals that of the superfamily of collagens (reviewed in the previous chapter). The MMPs belong to a large family of zinc-dependent endopeptidases, the  irst of which was described over a half century ago. MMPs were discovered initially as the agents responsible for tail resorption during frog metamorphosis [1-3] and have since been identi ied as the main processors of extracellular matrix (ECM) components [4]. MMPs have also been implicated in more sophisticated processes than mere ECM turnover [5,6]. These include the activation or inactivation of other proteins through limited proteolysis of selected bonds, as well as the shedding of membrane-anchored  forms  into  circulation.  Substrates  include  other  (pro-)proteases,  protease  inhibitors,  clotting factors,  antimicrobial  peptides,  chemotactic  and  adhesion  molecules,  and  growth  factors,  hormones, cytokines, as well as, their receptors and binding proteins. In such shedding functions, MMPs overlap in substrate speci icity, and in spatial and temporal location [4,7,8]. 

Twenty three different MMPs (in human tissues) representing 24 distinct gene products have been characterized  [9].  Based  on  their  cellular  localization,  these  enzymes  can  be  broadly  subdivided  into secreted and membrane-bound MMPs. However, a more detailed analysis of their structural organization and  substrate  speci icities  indicates  that  MMPs  may  be  better  classi ied  as  collagenases,  gelatinases, stromelysins, matrilysins, and membrane-type MMPs [9]. 

The typical MMP consists of three subdomains: the pro-domain, the catalytic domain, and the hemopexin-like C-domain, connected to the catalytic domain via a short linker region. The catalytic domain of MMPs contains a Zn2+ ion-binding amino acid sequence motif and a substrate-speci ic site. The MMP is synthesized as a pre-proenzyme and is maintained in latent conformation by the pro-domain via interaction between a cysteine (located in prodomain) and a Zn2+ ion (located in the catalytic domain). Only when this interaction is disrupted, either by proteolysis of the pro-domain or by a chemical modi ication of the cysteine, the MMP becomes activated. A number of intracellular and extracellular proteinases, including other MMPs, are known to speci ically degrade the pro-domain to activate MMPs  in vivo [9]. 

Domain structure of matrix metalloproteinases (MMPs) (Figure 1). 

As  mentioned  the  MMPs  are  multi-domain  enzymes  that  have  a  pro-domain,  an  enzymatic  domain, a zinc-binding domain, and a hemopexin/vitronectin (VN)-like domain (except in MMP7 and MMP-26). 

Additionally, membrane-type MMPs contain membrane anchor, with some membrane type (MT)-MMPs also possessing a cytoplasmic domain and a carboxyl terminus. Gelatinases contain a gelatin-binding domain with three  ibronectin (FN)-like repeats [10]. Note: Nagase et al. 2006 [11], have created ‘ribbon’ diagrams depicting  the  subdomains  of  MMPs,  pro-MMPs  and  TIMPs  (tissue  inhibitors  of  metalloproteinases).  I would encourage the reader to review this reference for more detail. 

Metalloproteinases are released and participate in normal regulated tissue processes such as wound repair and morphogenesis during development and involution [12], however, they may be overproduced and destructive during prolonged in lammatory conditions [13]. 
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Figure 1: Domain structure of matrix metalloproteinases (MMPs). 

The breakdown of  ibrillar collagen is initiated by collagenases and completed by gelatinases and other less speci ic proteases [14]. 

Collagenase  is  an  absolute  requirement  for  initiation  of  the  degradation  of  interstitial  collagen.  The prominent role of mammalian collagenase is to catalyze the initial cleavage of  ibrillar collagen in situations where that protein needs to be removed [14]. Collagenase must act before any other proteolytic event involved in the degradation of  ibrillar collagen can proceed. Most of the collagenase present in tissue undergoing degradation is tightly bound to the collagen  ibers. 

Stromelysins have been isolated as proteoglycan-degrading enzymes, but they also have a very broad spectrum of activity. An interesting fact is that they can activate procollagenase. Stromelysins can further modify an already active collagenase molecule by clipping off a little piece within the catalytic domain, thereby making a much more active collagenase. 

Stromelysin-1 and -2 (MMP- 3 and -10, respectively) cannot degrade  ibrillar collagen type 1, but are strong  proteoglycanases  that  can  degrade  basement  membranes,  laminin,  ibronectin,  and  non-helical telopeptides of some non- ibrillar collagens table 4-2) [9,15,16]. 

Matrilysin  is  the  smallest  matrix  metalloproteinase  (Mr  28,000),  but  possesses  broad  and  potent catalytic activity against ECM substrates. Matrilysin is a stronger proteoglycanase than stromelysin and also degrades basement membranes, insoluble elastin, laminin,  ibronectin and entactin [9,16]. 

Although  in vitro studies have identi ied numerous substrates for various MMPs, the precise identities of their  in vivo targets has remained more elusive. A number of macromolecules associated with ECM of the endothelium are potential  in vivo targets of MMPs [9]. 

Matrix metalloproteinases are also capable of digesting a number of other constituents of ECM, such as  ibronectin (FN) and elastin, and a variety of other cell- and ECM-associated molecules. The actions of some  MMPs  are  likely  to  mediate  highly  regulated  processing  of  ECM-bound  pro-TGF-β  (transforming growth factor beta 1) and pro-IL-1 (interleukin 1 beta) [9] (Table 1). 
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Table 1: The following table details the human matrix metalloproteinases and the substrates upon which they act [9]. 

MMPs 

Alternative  Nomenclature 

Collagen Substrates 

Other Substrates 

MMP-1 

Collagenase-1 

I, II, III, VI, VII, X 

Aggrecan, gelatin, MMP-2, MMP-9 

Collagenase-2 (neutrophil or PMNL 

MMP-8 

I, II, III, V,VI, VII, X 

Aggrecan, elastin, FN, gelatin, laminin 

collagenase) 

MMP-13 

Collagenase-3 

I, II, III, IV 

Aggrecan, gelatin 

Aggrecan, elastin, FN, gelatin, laminin, PG, 

MMP-2 

Gelatinase-A 

I, II, III, IV, V, VII, X, XI 

MMP-9, MMP-13 

MMP-9 

Gelatinase-B 

IV, V, VII, X, XIV 

Aggrecan, elastin, FN, gelatin 

Aggrecan, elastin, FN, gelatin, laminin, PG, 

MMP-3 

Stromelysin-1 

II, III, IV, IV, X, XI 

MMP-7, MMP-8, MMP-13 

Aggrecan, elastin, FN, gelatin, laminin, 

MMP-10 

Stromelysin-2 

III, IV, V 

MMP-1, MMP-8 

Aggrecan, elastin, FN, gelatin, laminin, PG, 

MMP-7 Matrilysin-1 

IV, 

X 

MMP-1, MMP-2, MMP-9 

Aggrecan, elastin, FN, gelatin, laminin, 

MMP-14 

MT1-PPM  

I, II, III 

MMP-2, MMP-13 

MMP-15 

MT2-PPM  

I 

FN, gelatin, laminin, MMP-2 

MMP-16 MT3-PPM 



I 

MMP-2 

MMP-24 MT5-PPM 

None 

identifi ed. 

Fibrin, gelatin 

MMP-11 

Stromelysin-3 

Does not cleave. 

Aggrecan, FN, laminin 

MMP-12 

Metalloelastase 

IV 

Elastin, FN, gelatin, laminin 

MMP-21 XMMP 

? 

α 1-Antitrypsin  

MMP-18 Xenopus 

Collagenase-4 

I 

Gelatin 

MMP-26 

Matrilysin-2, endometase 

IV 

Gelatin, FN 

MMP-17 

MT4-PPM  

None identifi ed. 

Fibrin, gelatin 

MMP-25 

MT6-PPM, leukolysin 

IV 

Gelatin, FN, fi brin, laminin 

MMP-19 

RASI-1 

IV 

Aggrecan, FN, gelatin, laminin, COMP 

MMP-20 

Enamelysin 

V 

Aggrecan, FN, amelogenin, COMP 

MMP-22 CMMP 

Unknown 



Gelatin 

MMP-23 

Cysteine array MMP 

Unknown  

Unknown  

MMP-28 

Epilysin 

Unknown  

Unknown  

Tabel Modifi ed from Raffetto et al. 2008 [15]. Note: MT=membrane type; PG = proteoglycan; FN = fi bronectin. 

Nowhere in biology does there exist a more signi icant example of the need for carefully regulated, spatially  organized  degradation  of  collagen  than  in  the  process  of  wound  healing.  Fibroblasts,  which differentiate  into  various  cell  types,  produce  chemically  prominent  quantities  of  collagenase  [17].  In  a variety of human wounds that collagenase-1 (MMP-1) cleaves  ibrillar type I collagen, and is invariably produced  by  basal  keratinocytes  migrating  across  the  dermal  matrix.  Furthermore,  MMP-1  expression is induced in primary keratinocytes by contact with native type I collagen and not by either basement membrane proteins or other components of the dermal or provisional (wound) matrix [18]. A diversity of cell types, including macrophages,  ibroblasts, endothelial cells, and keratinocytes, appear to produce messenger  RNA  (mRNA)  for  collagenase  and  tissue  inhibitor  of  metalloproteinase  (TIMP).  Little  if  any expression is detected in necrotic regions, in adjacent non-wounded dermis, or epidermis [17]. In these ways, endogenous collagenase is prohibited from attacking viable tissue. 

The products of  ibroblasts, such as collagen, MMPs, and cytokines, are important in wound healing and scar remodeling. Fibroblasts construct new extracellular matrix components, initiate collagen synthesis, and provide wound-edge tension through contractile proteins, actin and desmin. Matrix degradation is coordinated through the action of MMPs, proteoglycanases, and serine proteases. Fibroblasts, endothelial cells, and macrophages release these enzymes. Anti ibrotic factors are also released, including interferon-α 

and  interferon-β,  which  are  produced  by  leukocytes  and  ibroblasts,  respectively,  and  interferon-γ, produced by Tlymphocytes. These interferons inhibit  ibroblast synthesis of collagen and  ibronectin and decrease  ibroblast development [19]. 
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Collagenase is not typically produced in dermal cells in acute human wounds or in healthy tissue [17]. 

Interstitial collagenase is produced by basal keratinocytes in wounded skin. It has often been assumed that the enzyme is produced primarily by  ibroblasts, macrophages, and other cells at the leading edge of the granulation tissue [20]. 

Basal  keratinocytes  at  the  migrating  front  of  re-epithelialization  are  the  predominant  sources  of collagenase during active wound repair. Collagenase expression by migrating keratinocytes is an invariable feature  of  disrupted  epidermis,  both  as  a  consequence  of  normal  ulceration  resulting  from  secondary intention and in ulceration resulting from a variety of disease processes [20]. This enzyme is also produced by  migrating  basal  keratinocytes  in  full  thickness  burn  wounds [17].  Although  collagenase  is  always produced by epidermal cells at the wound edge, the amount varies considerably among wound types. In chronic ulcers, very high levels of expression are seen in the basal keratinocytes, with frequent production in the underlying dermis of these samples. Observations implicate keratinocytes as major participants in the degradation of collagen during wound healing and levels of collagenase produced in the epidermis and within the whole of the wound bed are much greater in non-healing wounds than in normal wounds [20]. 

Synthesis and structure 

A variety of lines of human skin  ibroblasts produce chemically signi icant quantities of collagenase. In human skin, collagenase is synthesized and secreted by these cells in culture as a zymogen, a pro-enzyme with a molecular mass of approximately 52,000 daltons (Da) [16,21]. The zymogen is incapable of catalytic activity or of binding to its eventual substrate, collagen. The process of activation of pro-collagenase to the active enzyme is all-important in the biology of collagen degradation. Other MMPs are also secreted as a proenzyme or zymogen with no catalytic activity. As previously mentioned, the pro-peptide contains a highly conserved cysteine residue that interacts with the Zn2+-binding region of the enzyme, thereby effectively blocking catalytic activity. The pro-peptide domain is linked to the catalytic domain, which is quite similar among the MMPs. All MMP pro-enzymes have a short signal peptide, as do most proteins secreted from cells, and they also contain a pro-peptide. Molecular speci icity of the MMPs resides in the hemopexin-like region at the C-terminal ends [22]. 

Active  collagenase  can  be  activated  from  the  zymogen  by  a  process  of  cleaving  the  signal  peptide. 

Mammalian collagenase belongs to a family of extracellular MMPs that are capable of degrading connective tissue components. This family of enzymes is composed of collagenases with speci icity for the  ibrillar collagens, gelatins, and types IV and V. Stromelysin has a wide speci icity, including  ibronectin, laminin, type IV collagen and cartilage proteoglycan (Table 4-2) [9]. All collagenases require Ca2+ for activity. In the  absence  of  Ca2+,  collagenase  appears  to  be  less  thermostable  and  more  susceptible  to  proteolytic degradation. Zn2+ is required for proteolytic activity. Zn2+ is tightly bound within the protein and is not removed  in  dialysis.  Zn2+  participates  in  the  movement  of  electrons  required  for  the  hydrolysis  of  the peptide bond. The presence of Zn2+ in these proteases, coupled with the calcium requirement, provides the basis for the consistent  inding that collagenases as a group are inhibited by chelating agents such as EDTA [21]. To this end, one collagen-based wound care dressing has been designed to deactivate excessive MMPs (found in chronic wounds) by the introduction of EDTA to the MMPs. 

As previously mentioned, 23 MMPs are present in humans. They are numbered 1 to 3, 7 to 17, 19 to 21, and 23 to 28 for historical reasons (there are two identical forms for MMP-23, encoded by two genes). 

If MMPs are not subjected to spatial and temporal control, they become destructive, which can lead to pathologies such as arthritis, in lammation, and cancer. In 2010, Tallant described the catalytic domains of 13 MMPs and it is felt that there are similarities to the other 10 MMPs. Tallant details that the active site contains an extended zinc-binding motif, which contains three zinc-binding histidines and a glutamate that acts as a general base/acid during catalysis. In addition, a conserved methionine provides a hydrophobic Published: June 25, 2019
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base for the zincbinding site. MMPs contain three α-helices and a  ive-stranded β-sheet, as well as at least two calcium sites and a second zinc site with structural functions. Most MMPs are secreted as inactive zymogens with an N-terminal  80-residue pro-domain, which folds into a three-helix globular domain and inhibits the catalytic zinc through a cysteine imbedded in a conserved motif. Removal of the pro-domain enables access of a catalytic solvent molecule (water) and substrate molecules to the active-site cleft. 

MMPs are mosaic proteins, each constituted by a modular combination of inserts and domains. These may include, from N- to C-terminus, a signal peptide for secretion; a  80-residue zymogenic pro-peptide; a  165-residue zinc- and calcium-dependent catalytic domain; a 15-to65-residue linker region; and a 200-residue hemopexin-like domain for collagen binding, pro-MMP activation, and dimerization [23]. 

TX-ray  or  NMR  structures  comprising  at  least  the  catalytic  domains,  isolated  or  in  complexes  with inhibitors are available. The catalytic domain structures are very similar, in the shape of a sphere with a diameter of  40 Å. A shallow active-site cleft lies on the front surface, which causes substrates to bind in an 

‘approximately’ extended conformation relative to their standard orientation. This orientation entails that a substrate binds horizontally from left (N-terminal nonprimed side) to right (C-terminal primed side) of the catalytic metal ion [24,25]. The polypeptide chain creeps upwards along the molecular surface to enter the N-terminal sub-domain (NTS) and a  ive-stranded twisted β-sheet that parallels and delimits the active-site cleft on its top. Two helices (αA, the “backing helix”, and αB, the “activesite helix”) are located in the concave side of the sheet. The residues at the interface between the sheet and the helices are mainly hydrophobic and give rise to an extended central hydrophobic core. On the convex side of the sheet, three elements protrude from the molecular surface: the loop connecting strands βII and βIII (LβIIβIII), LβIIIβIV, and LβIVβV [21]. 

A more detailed depiction of MMP catalytic domain structure (Figure 2). 

Focusing on image (B), one can see that the loop (LβIVβV) participates in an octahedral calcium binding site made up by three main-chain carbonyl oxygen atoms, two solvent molecules, and a carboxylate oxygen Figure 2: Depiction of MMP catalytic domain structure
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from  an  aspartate  residue,  Asp173.  LβIIIβIV,  called  the  “S-loop”  [23]  spans  16  residues  and  meanders around  two  further  ion-binding  sites:  First,  a  structural  zinc  ion  is  tetrahedrally  coordinated  by  three histidines and, monodentately, by an aspartate (His147, His162, His175, and Asp149). The second half of the S-loop is engaged in a second octahedral calcium-binding site. All residues participating in the three ion binding sites are conserved among structurally characterized MMPs [23]. The helix includes two histidine ligands of the catalytic zinc ion, separated by a single helical turn, which allows a concerted approach to the metal, and the general base/acid glutamate required for catalysis. So, we see that both calcium ions and both zinc ions are necessary for a functioning enzyme. One of the zinc ions is structural; whereas, the other is catalytic in function. Both calcium ions are structural in their role. 

Zymogen structure and activation 

Except for MMP-23, MMPs are kept under control through pro-domains and structures of proMMP-1, -2, 

-3, and -9 have been reported [21,27-29]. They show that the catalytic domains are already preformed in the zymogen and that pro-domains, which span between 66 and 91 residues among structurally characterized MMPs shield the active-site clefts, thus preventing substrate access. A central cysteine, Cys102, binds the catalytic zinc ion via its Sɣ atom, which replaces the catalytic solvent molecule (water). Activation of proMMPs  occurs  through  removal  of  the  zymogenic  domain  by  mercurial  compounds,  chaotropic  agents, oxidants, disul ide compounds, alkylating agents, and several proteinases such as trypsin, plasmin, and other  MMPs  [30].  All  these  reagents  cause  a  conformational  change  in  the  molecule  that  pulls  out  the cysteine residue and enables a solvent molecule to enter the zinc co-ordination sphere and, thus, generate a  functional  active  site.  This,  in  turn,  enables  the  enzymes  to  undergo  auto-proteolysis  to  completely remove the pro-domain. Upon activation the interaction of Cys–Zn2+ is disrupted, which allows a water molecule to bind to the zinc atom [11]. This step is key for the hydrolysis reaction responsible for cleaving of the peptide bonds (Figure 3). 

MMP Regulation 

MMPs are regulated via modulation of gene expression, compartmentalization, and inhibition by protein inhibitors. Most MMPs are not transcribed in constant amounts in all relevant cells, but are expressed after external induction by cytokines and growth factors [21]. MMP activities are regulated by two major types  of  endogenous  inhibitors:  α -macroglobulin  and  tissue  inhibitors  of  matrix  metalloproteinases 2

(TIMPs). Human α -macroglobin is a plasma glycoprotein with a molecular weight of 725 kDa consisting 2

of four identical subunits of 180 kDa. It inhibits most proteinases by entrapping the proteinase within the  macroglobulin  [21,31].  TIMPs,  consisting  of  184–194  amino  acids,  are  inhibitors  of  MMPs.  They are subdivided into an N-terminal and a C-terminal subdomain. Each domain contains three conserved disul ide  bonds  and  the  N-terminal  domain  folds  as  an  independent  unit  with  MMP  inhibitory  activity 

[11]. Four different forms of TIMPs (TIMP-1, -2, -3, and -4) have been described. They inhibit active MMPs with relatively low selectivity, forming tight 1:1 complexes and also participate in pro-MMP activation; suppression of tumor-growth, invasion and metastasis; morphology modulation; cell-growth promotion; matrix binding; inhibition of angiogenesis; and induction of apoptosis. They further exhibit growth factor-like, mitogenic, and steroidogenic activities [32]. It has been shown that a collagenase inhibitor is produced by the same cells that synthesize collagenase itself. One of the bestcharacterized, produced by human skin ibroblasts, is a glycoprotein of ~30,000 Da mass, of which about one-third is glycosaminoglycan [31]. The molecule consists of a protein core of approximately 20,000 Da and a glycan section of another 12,000 Da. 

The conformation of the protein portion of the molecule is tightly restrained by 12 disul ide (S-S) bonds 

[11,33]. 

One of these MMPs is a gelatinolytic protease selective for proteins containing collagenous sequences of non–triple helical form. All the proteases identi ied so far are coded for by members of a single gene Published: June 25, 2019
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Figure 3: Zymogenic structure of MMPs. (A) Stereographic Richardson-plot of pro-MMP-2. The pro-domain is shown in white and the catalytic moiety in yellow. The magenta arrow points to the beginning of the mature protease domain (Tyr110). (B) Close-up view of (A) showing electrostatic interactions (grey dots) between pro-domain segment Lys99-Asp106 (stick model with light-grey carbon atoms) and residues of the protease moiety (sticks with yellow carbon atoms). The structure reported has the general base/acid glutamate replaced with glutamine. Note the 3 spheres running across the top of fi gure A. These are 2 structural Ca2+ (red) and 1 structural Zn2+ (magenta). 

Below these is the catalytic Zn2+ (magenta) in the active site, shown in more detail in fi gure B. (Tallant et al, 2010) family [34] and play a major role in the degradation of the components of the extracellular matrix. At least two of the members of the family (collagenase and stromelysin) are secreted as zymogens, which have very  similar  pathways  of  activation.  All  of  these  proteases  are  inhibited  by  the  same  inhibitor  (TIMP). 

The property of enzyme-inhibitor binding allows the establishment of sharp geographic boundaries of collagenolytic activity and the protection of areas of connective tissue from the activity of the enzyme. 

Several other proteins have been reported to inhibit selected members of MMPs: β-amyloid precursor protein inhibits MMP-2 [35], A C-terminal fragment of procollagen Cproteinase enhancer protein inhibits MMP-2 [36], and RECK, a GPI-anchored glycoprotein that suppresses angiogenesis inhibits MMP-2, MMP-9 

and MMP-14 [37]. 

The mechanism of TIMP inhibition of MMPs has been elucidated based on the crystal structures of the TIMP-MMP complexes [38,39]. The overall shape of the TIMP molecule is ‘‘wedge-like’’ and the N-terminal four residues Cys1Thr- Cys-Val4 and the residues Glu67-Ser-Val-Cys70 (residues are in TIMP-1) that are linked by a disul ide bridge (cystine) from a contiguous ridge that  its into the active site of the MMPs. As an example, this region occupies about 75 % of the protein–protein interaction in the case of the complex of Published: June 25, 2019
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the catalytic domain of MMP-3 (stromelysin-1) and TIMP-1. The catalytic zinc atom is bidentately chelated by the N-terminal amino group and the carbonyl group of Cys1, which expels the water molecule bound to the zinc atom. And as previously described, w/o the water molecule, the hydrolysis reaction responsible for peptide bond cleavage is not possible. It is unlikely that TIMP has any regulatory role related to topically apply bacterial collagenase [11] (Table 2). 

Function and MoA of MMPs and TIMPs with respect to cellular activity and wound repair. In the above table  we  see  that  MMPs  are  involved  in  a  wide  variety  of  biochemical  activities  that  are  not  entirely proteolytic in nature. For instance, MMPs play key roles in cell migration, liberation of matrix bound growth Table 2: Biological effects of MMPs. 

Biological Effect 

MMPs involved 

Substrate 

Keratinocyte migration and reepithelialization 

MMP-1  

Type I collagen 

Osteoclast activation 

MMP-13  

Type I collagen 

Neurite outgrowth  

MMP-2  

Chondroitinsulphate proteoglycan 

Adipocyte differentiation 

MMP-7 

Fibronectin 

cell migration  

MMP-1,-2, and -3  

Fibronectin 

cell migration  

MT1-MMP  

CD44 

Mammary epithelial cell apoptosis  

MMP-3  

Basement membrane 

Mammary epithelial alveolar formation  

MMP-3  

Basement membrane 

Epithelial-mesenchymal conversion (mammary epithelial cells)  

MMP-3  

E-cadherin 

Mesenchymal cell differentiation with infl ammatory phenotype  

MMP-2  

Not identifi ed 

Platelet aggregation  

MMP-1  

Not identifi ed 

Generation of angiostatin-like fragment  

MMP-3 ,- 7, -9, and -12 

Plasminogen 

MMP-2, -3, -7, -9, and -13 (but not 

Enhanced collagen affi  nity  

BM-40 (SPARC/Osteonectin) 

MMP-1)  

Kidney tubulogenesis  

MT1-MMP  

Type I collagen 

Release of bFGF  

MMP-3, and -13  

Perlecan 

Increased bioavailability of IGF1 and cell proliferation 3 

MMP-1, -2, -3, -7 , and -19, MMP-11 

IGFBP-3  and -5 

Activation of VEGF  

Variety of MMPs  

CTGF 

Generation of endostatin-like fragment 

Variety of MMPs 

Type XVIII collagen 

MMP-2, MT1-MMP, MMP-19, MT1-

Epithelial cell migration  

Laminin 5ɣ2 chain and Lamin 5β3 

MMP  

Apoptosis (amnion epithelial cells)  

MMP-1, -8 and -13 

Type I collagen 

Pro-infl ammatory 

Pro-infl ammatory MMP-1, -3, and -9  

Processing IL-1β from2 the precursor 

Tumor cell resistance 

MMP-9  

ICAM-1 

Anti-infl ammatory  

MMP-1, -2, and -9  

IL-1β degradation 

Anti-infl ammatory  

MMP-1, -2, -3, -13, 14  

Monocyte chemoatractant protein-3 

Increased bioavailability of TGF- β  

MMP-2,-3,-7  

decorin 

Disrupted cell aggregation and increased cell invasion  

MMP-3, MMP-7  

E-cadherin 

MT1-MMP, MT2-

Reduced cell adhesion and spreading 

Cell surface tissue transglutaminase 

MMP, MT3-MMP  

Fas-receptor mediated apoptosis  

MMP-7  

Fas ligand 

Pro-infl ammatory  

MMP-7  

Pro-TNFα 

Osteocleast activation  

MMP-7  

RANK ligand 

Reduced IL-2 response  

MMP-9  

IL-2Rα 

PAR1 activation  

MMP-1  

Protease activated receptor 1 

Generation of vasoconstrictor  

MMP-2   

Big endothelin 

Conversion of vasodilator to vasoconstrictor 

MMP-2  

Adrenomedullin 

Vasocontriction and cell growth 

MMP-7  

Heparin-binding EGF 

MMP-2 [115] S 

MMP-2  

Stromal cell-derived factor 1α (SDF-1) 

Bioavailability of TGFβ  

MMP-9  

precursor of TGFβ 

Thymic neovascularization  

MMP-9   

Collagen IV 

Hypertrophic chondrocytes apoptosis and recruitment of osteoclast MMP-9  

Galactin-3 

Embryo attachment to uterine epithelia  

MT1-MMP  

MUC1, a transmembrane mucin 

[11,40-51]. 

Table modifi ed from Raghow et al. 2012 [9]. 
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factors, in lammation, anti-in lammation, platelet aggregation, cellular apoptosis, cellular differentiation, etc. In the following pages a few of these aspects will be discussed in more detail. It is hypothesized that the  catalytic  activity  of  MMP-1  is  necessary  for  keratinocyte  migration  on  type  I  collagen.  To  test  this idea, keratinocyte motility on type I collagen by colony dispersion and colloidal gold migration assays was employed. In both assays, primary human keratinocytes migrated ef iciently on collagen. The speci icity of MMP-1 in promoting cell movement was demonstrated in 4 distinct experiments [18]. 

Keratinocyte migration was completely blocked by peptide hydroxymates, which are potent inhibitors of the catalytic activity of MMPs [52]. 

HaCaTs, a line of human keratinocytes that does not express MMP-1 in response to collagen, did not migrate on a type I collagen matrix, but moved ef iciently on denatured type I collagen (gelatin). Epidermal growth factor (EGF), which induces MMP-I production by HaCaT cells, resulted in the ability of these cells to migrate across type I collagen matrix. 

Keratinocytes  did  not  migrate  on  mutant  type  I  collagen  that  lacked  the  MMP-1  cleavage  site,  even though this substrate induced MMP-1 expression. 

Cell  migration  on  collagen  was  completely  blocked  by  recombinant  TIMP-1  and  by  af inity-puri ied anti–MMP-1 antiserum. 

In addition, the collagen-mediated induction of collagenase-1 and migration of primary keratinocytes on collagen were blocked by antibodies against the α  integrin subunit, but not by antibodies against the 2

α  or α  integrin subunit. It is proposed that interaction of the α β  integrin with dermal collagen mediates 1

3

2 1

induction of collagenase-1 in keratinocytes at the onset of healing and that the activity of collagenase-1 is needed to initiate cell movement. Furthermore, it is proposed that cleavage of dermal collagen provides keratinocytes with a mechanism to maintain their directionality during re-epithelialization [18]. 

As previously described, endogenous collagenase activity is blocked by TIMP. TIMP-1 has already been discussed,  but  a  related  molecule  (TIMP-2)  displays  a  higher  af inity  for  other  members  of  the  matrix proteinase  family,  particularly  the  92-  and  72-kDa  gelatinases,  MMP-9  and  -2,  respectively.  However, researchers  have  suggested  that  TIMP-2  preferentially  deactivates  MMP-2  and  TIMP-1  preferentially deactivates MMP-9 [12,33,53]. TIMP is nearly ubiquitous in human tissues and appears to form a barrier to incidental matrix degradative events [31,54]. Data suggest that collagenase and TIMP are temporally and spatially regulated during cutaneous wound repair. 

Interstitial collagenase is a well-described zinc metalloproteinase produced by a variety of cell types involved  in  the  healing  process,  such  as  ibroblasts, macrophages,  endothelial  cells,  and  keratinocytes 

[17,55-58]. Its substrates speci ically include the interstitial collagens, types I, II, and III [20]. Additionally, MMP-1 degrades anchoring  ibril or type VII collagen, as well as, collagen type X [59-61]. However, it is felt that the majority (or a great deal) of collagenase is expressed by migrating basal keratinocytes at their leading edge of motility [20]. 

Data  from   in situ  hybridization  of  tissue  samples  obtained  by  surgical  débridement  of  second-  and third-degree  burns  showed  that  speci ic  signals  for  both  collagenase  and  TIMP  were  restricted  to  the regions  of  the  specimen  that  displayed  histologic  features  characteristic  of  active  wound  healing  (e.g., leading epidermal tips, surviving epidermal structures within the dermis, vascular proliferation). Little or no hybridization was noted in areas of severe necrosis (i.e., third-degree injury) or in histologically normal areas distal to the burn injury. Strong focal hybridization signals were detected in various cell types within the dermis (granulation tissue) of partial-thickness burn wounds. Expression of degradative matrix molecules within the granulation tissues appeared to be temporally and spatially regulated. Cells capable Published: June 25, 2019
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of producing collagenase and TIMP were present in nearly identical locations within the mesenchymal tissues of human burn wounds [17]. 

During the continuum of wound repair, the collagenase- and TIMP-expressing cells were initially limited in spatial orientation to the perivascular and perifollicular regions and around the edges of burn wounds. 

As time progressed, cells expressing both collagenase and TIMP became widely dispersed throughout the viable dermis. Eventually, the number of cells expressing collagenase and TIMP diminished in the later reparative  and  remodeling  phases  in  more  super icial  burns.  In  contrast,  many  of  the  deepest  partial-thickness burns were still actively healing. Such deeper burns continued to show abundant labeled cells within the deep dermis 15 to 34 days after injury. Distinct spatial and temporal expressions were found within human burn wounds for interstitial collagenase and TIMP [17]. 

Transcription of mRNAs for collagenase and TIMP is a common and widespread event in the healing of burn wounds [17]. Synthesis and expression of collagenase and TIMP is tightly regulated during wound repair. Strong signals were detected within granulation tissue and at the edge of the epidermis, but were not seen in the more distal uninjured epidermis and dermis. The earliest time point after injury (2 days) was  characterized  by  weak  labeling  for  mRNAs,  representing  collagenase  and  TIMP.  Because  thermal injury is characterized by a 12- to 24-hour period of continued tissue destruction, the absence of mRNAs soon after wounding may re lect this period of continued tissue damage, as well as the time required for initiation of increased transcription. Peak intensities and number of cells expressing collagenase and TIMP 

were noted during the active phase of granulation tissue formation, in lammation, and re-epithelialization. 

More  mature  wounds  showed  a  decline  in  the  number  of  cells  transcribing  mRNAs  for  either  of  these proteins [17]. 

The  presence  of  collagenase  and  TIMP  in  epithelial  structures   in situ  was  anticipated,  because keratinocytes in culture synthesize both interstitial collagenase and TIMP [62]. Keratinocyte production of  collagenase  and  TIMP  appear  to  be  inhibited  by  laminin  and  stimulated  by  collagen  types  I  and  IV. 

 In situ  data  showing  stimulated  expression  of  these  proteins  in  regions  characterized  by  increased cell  motility  and  activity  of  the  basement  membrane  with  no  detectable  expression  in  the  adjacent hypertrophic epidermis are consistent with  in vitro studies. The presence of hybridization signals in the vessel walls of capillaries demonstrated that endothelial cells could temporarily produce these proteins during angiogenesis associated with wound repair [17]. Cultured endothelial cells are copious producers of matrix MMPs and TIMP [57]. MMP may facilitate vessel growth, which may in turn be inhibited by TIMP. 

With reference to chronic wounds such as venous stasis ulcers, diabetic ulcers, and decubiti, it seems likely that these persistent wounds may be characterized by the disruption of the carefully orchestrated process of matrix degradation and remodeling. It appears likely that remodeling events are tightly regulated by a multifactorial equilibrium between the synthesis of extracellular matrix proteins and their degradative enzymes and inhibitors. 

The best-characterized and historically oldest subgroup of MMPs are the interstitial collagenases, which possess the unique ability to cleave the triple helix of native types I, II, and III collagen. MMPs display a high degree of structural similarity, with about 40% amino acid homology among all members of the family 

[14]. Another similarity of the collagenases is that they cleave collagen in the same manner. 

Three interstitial collagenases have been extensively studied, types -1, -2 and -3 (MMP-1, -8 and -13, respectively). All cleave native type I collagen at a single locus (Gly775–Ile776 in the α  chains; Gly775–Leu776 in 1

α chain), which is located approximately three fourths of the distance from the N-terminus of the collagen 2 

molecule [17,63]. At physiologic temperature (37°C), the ¾ and ¼ length fragments, a 225-kDa fragment (TC )  and  a  75-kDa  fragment  (TC ),  respectively,  denature  spontaneously  into  randomly  coiled  gelatin A

B
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peptides and can be further attacked by a variety of enzymes, including the gelatinases [14]. It should be noted that these bonds are completely different from those cleaved by the collagenase for the bacterium Clostridium histolyticum [20]. 

The single cleavage of the collagen triple helix catalyzed by the three interstitial collagenases is the rate-limiting step of collagen degradation [14]. 

Collagenase-1  (MMP-1)  is  produced  in  humans  by  a  variety  of  epithelial  mesenchymal  cell  types, including keratinocytes,  ibroblasts, macrophages, chondrocytes, and smooth muscle cells [60,64]. 

Collagenase-2  (MMP-8)  is  a  product  only  of  the  polymorphonuclear  leukocyte  and  is  stored  within neutrophil  granules,  in  contrast  to  all  other  MMPs,  which  are  rapidly  secreted  without  signi icant intracellular stores [65]. 

Collagenase-3  (MMP-13)  is  an  enzyme  found  in  breast  cancer,  but  appears  to  be  the  predominant interstitial collagenase in certain rodent species, such as the rat or mouse [63]. More recently it has been found that human smooth muscle cells produce MMP-13 [9]. 

Furthermore,  the  inhibition  of  collagenase  can  be  judicially  controlled  by  regulation  of  the  timing, location, and amount of TIMP produced and by releasing collagenase with tight extracellular spaces that are not easily accessible to TIMP. Collagenase activity increases about 10-fold for every 10°C increase in temperature. This is a remarkable response, since most enzymes increase their activity by a factor of 2 for every 10°C increase [14]. 

Keratinocytes are capable of secreting TIMP-1 [54]. Most collagenase-producing cells also make TIMP-1,  but  it  has  been  found  that  TIMP-1  mRNA  does  not  co-localize  with  collagenase  mRNA  in  migrating keratinocytes in chronic wounds. TIMP-1 is produced by stromal or perivascular cells, usually away from sites of collagenase activity. This distinct localization of enzyme and inhibitor suggests that keratinocyte-derived  collagenase  acts  without  impedance  from  TIMP-1.  By  means  of  cell  surface  receptors,  the  cell recognizes a particular matrix molecule and is instructed to produce the appropriate MMP. The protease is released in a protected pericellular compartment, where it degrades its substrate. TIMPs are present in the tissue environment to neutralize “spent” proteinases, thereby preventing excessive and unwanted degradation away from the sites of MMP production. In the process of re-epithelialization, keratinocytes interact with the dermal matrix generally and type I collagen in particular. These new cell-matrix contacts may provide an early and critical signal to initiate the epithelial response to wounding [20]. 

An  interesting  aspect  of  the  epithelial  expression  of  interstitial  collagenase  in  wounded  skin  is  that the  enzyme  is  not  produced  in  non-ulcerated  samples   in vitro.  Basal  keratinocytes  normally  rest  on  a basement membrane composed of various forms of laminin, entactin, proteoglycans, and type IV collagen 

[20]. In response to wounding, keratinocytes migrate from the edge of the wound under a provisional matrix of  ibrin and  ibronectin [20,66] and over the dermis, which includes structural macromolecules such as type I collagen. Loss of contact with the basement membrane and establishment of new cell: matrix interaction with components of the dermal and provisional matrices may be a critical determinant that affects keratinocyte phenotype and which in turn induces collagenase production. Collagenase production is induced  in vitro in isolated human basal keratinocytes grown on a surface coated with type I collagen. 

Migrating  keratinocytes  also  present  a  distinct  pattern  of  matrix-binding  receptors;  they  may  also  be involved in the regulation of collagenase production [20]. 

These receptors, integrins (mentioned previously), are heterodimeric surface molecules composed of distinct α and β protein chains that cells use to attach to matrix proteins and to each other. Integrins are also used by cells to move or migrate over the extracellular matrix. Keratinocytes at the wound edge; however, Published: June 25, 2019
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selectively produce additional integrins, such as α β  and αvβ , which are characteristic of migrating cells. 

5 1

3

These receptors are present on the same keratinocytes that produce interstitial collagenase [20,67-70]. 

Although  the  α β   integrin  recognizes  ibronectin,  which  is  present  in  high  concentrations  in  both  the 5 1

provisional and dermal matrices, but is absent from the epidermal basement membrane, it is doubtful that this receptor mediates induction of collagenase production  in vitro by keratinocytes cultured on collagen. 

Most likely other integrins, such as α β , which interacts strongly with native type I collagen, participate in 5 1

the induction of collagenase gene expression [20,68-70]. 

Cells  most  likely  do  not  release  proteases  indiscriminately,  especially  an  enzyme  like  interstitial collagenase, which has such de ined substrate speci icity, but rely on precise cell:matrix interactions to inform the cell that it is in contact with a particular matrix protein. Collagenase expression is modulated by numerous pro-in lammatory mediators, such as interleukin-1 (IL-1) and epidermal growth factor (EGF) 

[20]. 

Since many cytokines are present in the wound environment and because the epidermis is a source of  so  many  soluble  mediators  [71],  expression  of  collagenase  in  migrating  basal  keratinocytes  may  be in luenced by the presence of many of these factors. The overexpression of cytokines in chronic ulcers may  lead  to  excessive  production  of  protease.  The  invariant  and  prominent  production  of  interstitial collagenase-1 by basal keratinocytes in both acute and chronic wounds indicates that this MMP serves a critical and required role in reepithelialization [20]. 

Type  I  collagen  is  the  most  abundant  structural  component  of  the  dermal  matrix.  It  is  likely  that migrating  keratinocytes  interact  with  this  protein.  Since  the  α β   integrin  receptor  for  type  I  collagen 2 1

binds  native  collagen  much  tighter  than  it  does  gelatin  interstitial  collagenase  may  aid  in  dissociating keratinocytes  from  collagen-rich  matrix  and  thereby  promote  ef icient  migration  over  the  dermal  and provisional matrices. Thus, in a cutaneous wound-healing response, collagenase may serve a bene icial function, unlike its potentially destructive role in arthritis and vascular disease [20]. 

Stromelysin-2 (MMP-10) may facilitate keratinocyte migration by removing damaged matrix basement membrane. It is also tempting to speculate that stromelysin-2 may be involved in the activation of co-secreted procollagenase [72]. Since it is produced by proliferating cells, stromelysin-1 (MMP-3) is probably not  involved  in  reepithelialization  per  se,  but  rather  is  needed  for  restructuring  the  early  basement membrane [20]. 

In the dermis, collagenase-1 and stromelysin-1 probably affect tissue repair at various stages, including remodeling during the formation and removal of granulation tissue and during resolution of scar tissue. 

Furthermore, these 2 MMPs may be needed for related processes such as angiogenesis and the extravasation and migration of in lammatory cells [20]. 

More recently is has been determined that MMP-3 is involved w/ anti-in lammatory processes, as well [11]. 

Parks, 1995, [20] found that more endogenous collagenase is produced in non-healing or poorly healing wounds than in wounds that will heal or are healing properly. The reason for this excess production of collagenase is probably a result of the massive and persistent in lammation associated with chronic ulcers. 

As is known, the expression of collagenase by any cell is greatly in luenced by cytokines released from in lammatory  cells.  Excess  proteolysis  by  this  enzyme  may  cause  tissue  damage  that  actually  impairs healing. 

There are two possible mechanisms that may control the cessation of epidermal proteinase production [20]. 

One is the reformation of the basement membrane. In intact skin, basal keratinocytes rest on a basement membrane  and  do  not  make  collagenase.  In  studies  of  acute  wounds,  collagenase  is  not  produced  in Published: June 25, 2019
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recently healed samples with a reformed basement membrane. Also, keratinocytes grown on basement membrane  proteins  do  not  make  collagenase,  whereas  keratinocyte  cells  on  type  I  collagen  do.  These observations  strongly  suggest  that  cell  contact  with  a  basement  membrane  protein  down-regulates collagenase production. 

The other mechanism that may be involved in the turning-off of collagenase production is cell-to-cell contact. It is known that migrating epithelial cells dissolve or disorganize the cell-to-cell contact and that these rapidly reform once re-epithelialization is complete. It has been found that collagenase production decreases markedly in keratinocytes at high con luence, even if the cells are plated on collagen. 

As discussed, members of the MMP family are inhibited by TIMPs. In normal wounds, there is a temporal change in the concentration of TIMP-1 that is greatest at 2-3 days after wounding and remained elevated above normal serum level at 10 days. In contrast, the wound  luid from the non-healing wounds contains less TIMP than was accumulated in the  irst 24 hours by wounds that eventually healed. Angiogenesis is assumed to proceed by proteolysis of matrix that immediately surrounds vascular endothelial cells. Some angiogenic  factors  stimulate  production  of  endothelial  cell  metalloproteinases.  Excess  antiproteinase, whether synthetic or natural could prevent angiogenesis. The addition of either TIMP-1 or TIMP-2 inhibits angiogenesis [73,74]. 

In this chapter, it has been shown that the human body contains a variety of proteins that function as  degradative  enzymes  to  support  the  natural  debridement  and  remodeling  of  devitalized  tissue,  two key  aspects  of  the  wound-healing  process.  Examples  of  these  proteins  include  serine  proteases  and metalloproteases. Removal of necrotic tissue is essential to reduce the bacterial burden in a wound, which in turn decreases the amount of in lammatory mediators. As exudate is an aspect of in lammation, exudate levels may also be reduced. In response to wounding, keratinocytes migrate inward from the edge of a wound under a provisional matrix of  ibrin and  ibronectin over the dermis, which includes structural macromolecules such as type I collagen, micro ibrils, and elastin, which are distinct from those found in the basement membrane. Removal of this provisional (i.e., wound) matrix is essential for the development of a clean wound bed upon which granulation can occur. In addition, healing of a completely debrided wound bed results in decreased scar formation [75,76]. 

Wound healing is a complex biological process that should proceed in a timely and orderly fashion under  normal  environmental  conditions.  However,  the  process  can  be  impaired  by  a  variety  of  both systemic  and  local  factors.  Systemic  factors  are  related  to  impaired  oxygenation,  poor  nutrition, concomitant medical conditions such as diabetes and cardiovascular disease, aging, and such medications as immunosuppressants, chemotherapeutics, and corticosteriods. Local factors associated with impaired healing include mechanical stressors, bacterial infection, cytotoxic agents, wound desiccation, and necrotic tissue. Necrotic tissue is anchored to the wound surface by strands of undenatured collagen [75,77], though it is safe to assume that partially denatured strands play a role, as well. Until these  ibers are severed, débridement cannot take place and granulation tissue formation is slowed, thus slowing the rate of wound closure. Over the years, various topically applied proteolytic enzymes have been employed (papain,  icin, streptokinase,  streptodornase,  trypsin–chymotrypsin,  etc.)  for  the  débridement  of  wounds.  They  have had  only  limited  success  because  they  are  less  ef icient  at  removing    native  collagen  when  compared to clostridial collagenase [78,79]. At physiologic pH values, papain and  icin do not digest collagen at a signi icant rate, and denaturing agents such as urea must be incorporated in formulations containing these enzymes in order for them to attack collagen. However, in 1958, Miller et al. [80], showed that papain-urea lacks the ability to degrade native collagen and stated that only clostridial collagenase was able to adequately digest collagen. These and other aspects of topical enzyme debriders are detailed in chapter 1, entitled “Types of Enzymes.” 
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Chapter 4: Modes of Action of Enzymatic Débridement 

Over  the  years,  various  proteolytic  enzymes  have  been  employed  (papain,  icin,  streptokinase, streptodornase,  trypsin–chymotrypsin,  etc.)  for  the  débridement  of  wounds.  As  mentioned  in  chapter 1, the only remaining (widely used in the US) commercially available enzymatic debrider is clostridial collagenase.  One  reason  for  this  turbulent  history  may  be  related  to  an  enzyme’s  ability  to  degrade collagen. Howes et al. (1959) and Rao et al. [1], have demonstrated that necrotic tissue (which itself is very rich in collagen and denatured collagen) is anchored to the wound surface by strands of undenatured and  partially  denatured  collagen  ibers.  Until  these  ibers  are  severed,  débridement  cannot  take  place, granulation is slowed, and thus no supportive base is available for proper epithelialization. Another aspect may be the fact that most enzymes used historically have not been highly selective in their catalytic activity. 

Nonselective being the inability to distinguish between healthy and necrotic tissue. Other concerns exist around the safety (i.e., anaphylactic shock in the case of papain) and/or FDA rulings/drug classi ications. 

All  of  these  aspects  have  resulted  in  the  removal  of  many  topically  applied  enzymatic  debriders  from clinical use. The one exception would be clostridial collagenase, which is felt to be more selective than the enzymes mentioned, previously. In addition, the FDA has sited no real safety concerns or regulatory designation concerns for bacterial collagenase. 

In  this  chapter  we  detail  the  form,  function  and  mode  of  action  (MoA)  of  clostridial  collagenase,  as well as, the catalytic MoA of endogenous collagenase. It should be noted that the following information is meant to be general, scienti ic in nature and not necessarily linked to any topically applied enzymatic debridement formulations (Figure 1). 

Figure 1: Catalytic mechanism of metalloproteinases. 
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Here  we  see  a  very  simpli ied  depiction  of  the  catalytic  mechanism  of  metalloproteinases  (both endogenous and exogenous) on a single α-strand (from the triple helical structure of a collagen molecule). 

The reaction leads to the formation of a noncovalent tetrahedral intermediate after the attack of a zinc-bound water molecule on the carbonyl group of the scissile bond. This intermediate is further decomposed by transfer of a glutamic acid proton to the leaving group. The mechanism is hydrolysis [2]. 

Figure 2 show a more detailed depiction of the zinc catalyzed hydrolysis reaction proposed for MMPs, with the catalytic zinc ion as a sphere and hydrogen bonds as dashed lines (Figure 2). The three histidine ligands are represented by sticks. Proton transfer could hypothetically occur before or after scissile-bond cleavage [3]. Again, a single α-strand is ‘processed’ by the MMP. This mechanism will be addressed in much more detail in the following pages. 

As a result of a rather extensive investigation into the MoA collagenase systems, the following summary can be made: 

Endogenous/mammalian collagenase (~ 64-75 KDa): 

Collagenase  cleaves  the  triple  stranded  helix  at  a  single  point,  (Gly775–Ile776  in  the  α   chains;  Gly775–

1

Leu776 in α chain), which is located approximately three fourths of the distance from the N-terminus of the 2 

collagen molecule. 

Results in 2 fragments a 225-kDa fragment (TC ) and a 75-kDa fragment (TC ). 

A

B

Fragments denature spontaneously into randomly coiled gelatin peptides. 

Gelatin peptides are attacked by a variety of enzymes (less speci ic), including the gelatinases (MMP-9 

and 2). 

These simple steps can be represented as follows (note, the arrow depicts the location of initial attack) (Figure 3): 

Zinc ion

Figure 2: Show a more detailed depiction of the zinc catalyzed hydrolysis reaction proposed for MMPs, with the catalytic zinc ion as a sphere and hydrogen bonds as dashed lines. 

Figure 3: This description though accurate is simplistic and more recent research has greatly expanded our understanding of the MoA of endogenous collagenase. 

Published: June 25, 2019

034





A Historical Review of Enzymatic Debridement

This  description  though  accurate  is  simplistic  and  more  recent  research  has  greatly  expanded  our understanding of the MoA of endogenous collagenase. 

The catalytic MoA of MMPs has been investigated for over 50 yrs. and there are a wide range of theories surrounding the MoA. A good place to start would be with Jeffrey in 1995 [4]. In this white paper, the MoA is described as follows and represents an accepted theory at the time. As in previous literature the type I collagen molecule is described as being comprised of two α1 chains and one α2 chain. Collagenase secreted as a proenzyme contains a zinc atom that is chelated in the molecule by cysteine residues [5]. Once activated, mammalian collagenase binds to collagen, which is typically aggregated into a  ibril, and makes a single cleavage across all three chains of collagen (possibly, suggesting this occurs in a single step), resulting in two fragments: a larger 225 kDa fragment (known as TC ) and a 75 kDa fragment (TC ). Also, in this A

B

review it is noted that one area of research has centered on the crucial role played by water molecules in the process of collagenolysis [6,7]. Proteolysis is the hydrolysis of the peptide bond. A molecule of water is needed for every peptide bond to be hydrolyzed. In gelatin, access of water to a peptide bond in a random coil is easy. In collagen, the triple helix has a very hydrophobic center. The peptide bonds are arranged in a helical array (forming a cylinder), with the amino acid side chains arranged to the outside of the cylinder. 

Hence, the accessibility of water to the peptide bond is dif icult and requires energy [4]. It seems clear that the aggregation of collagen molecules into  ibrils is accompanied by a signi icant exclusion of water from between the molecules that make up the  ibril. As a result of this hydrophobicity, the rate of collagenase activity is slowed considerably, which explains why collagen degradation is a very slow enzymatic process 

[8]. Furthermore, as the  ibrils age and perfect their aggregated state, still more water is expressed from the interior of the  ibril, slowing the rate of collagenase activity even more, perhaps by as much as 5-fold or even greater. The exclusion of water as collagen  ibrils biologically age appears to present a formidable barrier  to  degradation   in vivo.  It  is  even  conceivable  that  some  collagen  ibrils  are  essentially  non-degradable for this reason. Once bound to the molecule, the enzyme appears to move from molecule to molecule within that  ibril without an intervening dissociation step [8]. This suggests that collagen in old skin would be more dif icult to degrade than collagen in young skin, because it has probably lost GAGs and other molecules that keep the tissue hydrated. Clostridial collagenase hydrolyzes the bonds on the outside of the triple-stranded collagen helix, where water is most available. Mammalian collagenases catalyze the hydrolysis of the bonds closest to the center of the helix, where the environment is mostly hydrophobic and water is at a minimum. This spatial relationship of the water and bacterial collagenase’s MoA allows it to degrade collagen at a much faster rate than mammalian collagenase [4]. In a more recent  in vitro study 

[9], we see some very interesting adjustments to the earlier theories with respect to the catalytic MoA. One key aspect is the realization that the diameter of the active site of the collagenase molecule (~5Å) is too small to accommodate the triple helical collagen molecule (~15 Å), not to mention the collagen micro ibril (~40Å) comprised of 5 individual collagen molecules [10]. 

Chung, focusing on the three-dimensional structure of a prototypic collagenase, MMP-1 (collagenase-1) indicates  that  the  substrate-binding  site  of  the  enzyme  is  too  narrow  to  accommodate  triple-helical collagen.  It  is  reported  that  collagenases  bind  and  locally   unwind   the  triple-helical  structure   before hydrolyzing the peptide bonds of each of the 3 α-chains (one at a time). In support of this theory a mutation of the catalytically essential residue Glu200 of MMP-1 to Ala resulted in a catalytically inactive enzyme, but in its presence non-collagenolytic proteinases digested collagen into the typical 3/4 and 1/4 fragments. 

From this  inding Chung suggests that the MMP-1(E200A) mutant unwinds the triple-helical collagen. The study also shows that MMP-1 preferentially interacts with the α2(I) chain of type I collagen and cleaves the three α chains in succession, rather than all at once. Interstitial collagens consist of three α chains of  approximately  1000  residues  with  repeating  Gly–X–Y  triplets,  where  X  and  Y  are  often  proline  and hydroxyproline, respectively. These MMPs cleave the three a chains of native triple helical type I, II and Published: June 25, 2019
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III collagens after Gly in a particular sequence (Gln/Leu)–Gly#(Ile/Leu)– (Ala/Leu) (# indicates the bond cleaved) located approximately three quarters away from the Nterminus of the collagen molecule. The action of these enzymes is critical for the initiation of collagen breakdown, as once collagens are cleaved into 3/4 and 1/4 fragments they denature at body temperature and are degraded by gelatinases and other nonspeci ic tissue proteinases. 

The structural basis for collagen-degrading speci icity among certain members of MMPs is not clearly understood. An additional enigma is the mechanism by which collagenases cleave triple-helical collagens when the dimensions of the collagenase active site and the structure of interstitial collagens were considered in the same yr. as Jeffrey [11]. The substratebinding site of MMP-1 forms a deep cleft with the catalytic zinc located at the bottom, and the entrance of this groove is only ~5Å wide, suf icient to accommodate only a single polypeptide chain. Type I collagen, on the other hand, consisting of two a1(I) chains and one α2(I) chain, is ~3,000 Å in length and ~15A˚ in diameter [9]. Thus, the triple-helical collagen does not  it into the active site cleft of the enzyme. Molecular docking attempts to place the triple-helical model of Kramer et al. [12], to the crystal structure of porcine MMP-1, indicated that the closest susceptible peptide bond is at least 7 Å away from the catalytic zinc atom. Chung et al. [9], concludes that either the active site of MMP-1 undergoes large conformational changes or that the triple-helical collagen needs to be  unwound, so a single a α-chain can  it into the active site of the enzyme. In an effort to demonstrate collagen unwinding by MMP-1, the researchers performed a series of  in vitro experiments. Glu200, the residue essential for peptide hydrolysis, was mutated to Ala. They postulated that such a mutant would locally unwind collagen upon  interaction  with  collagen,  but  would  not  cleave  peptide  bonds,  and  that  the  unwound  collagen would  then  be  susceptible  to  cleavage  by  a  non-collagenolytic  enzymes.  The  MMP-1(E200A)  mutant was essentially inactive and unable to cleave the α1(I) and α2(I) chains of collagen I. As demonstrated previously [13], the catalytic domain of MMP-1 lacking the C-terminal Hpx (hemopexin) like (attachment) domain (MMP-1(ΔC)) also could not cleave collagen I. However, when collagen I was incubated with MMP1(E200A) and MMP-1(ΔC) at 250C, it was cleaved into the typical 3/4 (TC ) and 1/4 (TC ). So, essentially A

B

the authors concluded that with MMP-1(E200A)... thought to unwind the triple helical molecule and MMP1(ΔC)...catalytic domain without attachment domain (Hpxhemopexin like) was able to produce the two initial fragments (TCa and b). NH -terminal sequencing of the TC  fragments indicated that MMP-1(ΔC) 2

B

and MMP-3 (stromelysin-1, noncollagenolytic proteinases) cleaved the Gly775–Ile776 bond of the α1(I) chain(s) and the Gly775– Leu776 bond of the α2(I) chain in the presence of MMP-1(E200A). It was notable that  the  α1(I)  chain(s)  was  cleaved  more  rapidly  by  non-collagenolytic  proteinases  in  the  presence  of MMP-1(E200A) compared with the active MMP-1 alone. From this Chung suggests that the  unwinder MMP1(E200A) preferentially interacts with the α2(I) chain, which renders the α1(I) chains more exposed and susceptible to a  cutter  proteinase. This suggests that the unwinding of collagen by MMP-1 takes place only locally, and it does not affect the overall triple-helical structure. The requirement of higher concentrations of  the   unwinder  and  the   cutter  to  cleave  collagen  suggests  that  both  components  must  simultaneously bind to the collagen substrate. In the case of Hpx

and MMP-1(ΔC), the ratio of the α1(I) to α2(I) chain 

MMP-1

cleavage products was similar to that of full-length MMP-1, suggesting that together they behave like a full length collagenase most likely by associating with collagen in a similar manner. 

In  general  terms  the  regions  susceptible  to  proteinases  are  usually  exposed  on  the  surface  of molecules and they are often  lexible, so that the scissile bond can readily be accommodated within the active site of the enzyme. The interstitial collagens are long triple-helical structures consisting of three left-handed poly-Pro II-like helices stabilized by hydrogen bonds formed among the backbones of three α-chains and they are highly resistant to most proteinases. Chung goes on to mention that this is the  irst demonstration that a single polypeptide proteinase induces signi icant structural changes in the substrate prior to peptide bond hydrolysis. Owing to the structural constraint between collagenase and the collagen Published: June 25, 2019
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substrate, several hypotheses have been proposed to explain how collagenase may act on triple-helical collagens [11,14,15]. This includes: a  proline zipper model, proposing that the proline-rich linker region of collagenases interacts with and unwinds the triple-helical collagen, and a  collagen-trapping model in which the Hpx domain folds over the catalytic site sandwiching collagen [11]. However, the intact linker region may not be necessary as the catalytic domain and the Hpx domain added together can cleave collagen, as per Chung. According to Chung the collagen trapping model is also inconsistent with the observation that non-collagenolytic proteinases can cleave α1(I) and α2(I) chains in the presence of MMP-1(E200A), whereas in the aforementioned model they would be protected by the Hpx domain. Chung also considered the following two other possible mechanisms: 

Collagenase stabilizes the partially unwound state of collagen that may occur spontaneously around the collagenase-susceptible region. 

Conformational changes occur within the collagenase molecule in such a way that it accommodates the triple-helical collagen in the active site. 

As these two possibilities are also inconsistent with Chung’s results, Chung concluded that the critical aspects of the collagenolytic speci icity rely on the structural changes in collagen, induced by interacting with collagenase. 

Still, additional (and sometimes competing) theories on the MoA are described in a review paper by Duarte [16]. In this review more detail is added to the discussion. MMP-1 is described as having a C-terminal HPX- attachment domain that comprises a four-bladed βpropeller, and is linked to the catalytic domain via a  lexible hinge region. It has been reported that this linker peptide has a critical role assisting collagen binding/unwinding  before  collagenolysis,  either  by  direct  binding  of  the  substrate  [11],  or  by  allowing the proper alignment of the CAT (catalytic) and HXP (attachment) domains [17]. MMP-1, as well as the other ‘‘classic’’ collagenases (MMP-8 and MMP-13), hydrolyzes interstitial ( ibrillar) collagens I, II and III into the characteristic 1/4 and 3/4 length fragments, at a region on collagen molecule more  susceptible to conformational changes. It was also shown that the conformational arrangement of the hinge region of MMP-1 is crucial in the accurate positioning of HPX and CAT domains prior collagenolysis [18]. Note, in earlier work Chung pointed out that this ‘linker region’ may not be necessary for catalysis. As previously mentioned, crystalline structures of MMP-1 [19,20] and MMP-8 showed that the catalytic cleft of these enzymes is too narrow (~5 Å) to accommodate the collagen triple helix (~15Å in diameter). The hypothesis that the triple-helical collagen needs to be  unwounded, so that a single a chain can  it into the active site of the enzyme has experimental support, as well [21-23]. Using NMR and small angle X-ray scattering, Bertini and co-workers have observed an open/extended and a closed conformation of MMP-1  [21,22]. Also, the structures of MMPs and MMPpeptide complexes showed speci ic interactions  between the collagenase and a triple-helical peptide (THP, composed by three chains: 1T, 2T, and 3T), used as a collagen model 

[18]. Bertini’s data suggest that collagenolysis relies on multiple exosites (secondary binding sites, remote from the active site) interactions, where MMP-1 domains interact cooperatively with the three different α-chains of collagen. These interactions allow the scissile bond to be correctly positioned at the active site, and, at the same time, the molecular  stretching of the substrate promotes the local unfolding of collagen that is required for cleavage. The  irst proposition for a detailed mechanism describing the collagenolysis by MMP1 [18,21,22] considers four main steps: 

In the extended (opened) conformation, MMP-1 binds to the triple-helical peptide 1T-2 T at Val23-Leu26 via the HPX domain: due to the  lexibility of the linker region, the CAT domain is guided to the residues around the cleavage site (Gly16-Ile17 of chain 1T, corresponding to the Gly775–Ile776 bond on α1( I) collagen ). 
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Back-rotation of the CAT and HXP domains leads to the closed MMP-1 conformation; this promotes unwinding of the triple-helical peptide and docking of the 1T chain into the metalloproteinase active site. 

Hydrolysis occurs and, initially, both peptide fragments remain bounded to the active site. 

The C-terminal region of the N terminal peptide fragment is released; afterwards, MMP-1 hydrolyzes the peptide bonds of each remaining chains in succession. 

Most  data  concerning  the  mechanisms  of  collagenolysis,  including  data  from  the  action  of  bacterial collagenases, have been interpreted based on this paradigm – that there is a local  unfolding of collagen prior to cleavage [16,24], which is detailed in the next section, ‘bacterial collagenase’. However, as is common in scienti ic research, there are alternative theories. Hydrolysis at room temperature – a temperature well below the melting temperature of type I collagen, Tm <360C [25] – is achieved without the HPX binding domain (non-catalytic) of MMPs that was known for being involved in the binding and the  unwinding of triple-helical collagen [23,26]. Recall that Chung credits the   unwinder  MMP-1(E200A) mutant with the unwinding activity. In a break from the  unwinding theory of collagenase activity it was also demonstrated that these collagenases preferentially recognize and hydrolyze  partially unfolded states of collagen. These substrate-centered observations led the authors to propose an  alternative mechanism of collagenolysis, in which collagenases do not act as triple-helicases. This proposal assumes that collagen is  lexible in the vicinity of the cleavage site and in consequence, digestion occurs  without collagenases actively  unwinding the triple-helical collagen [26], an energetically costly task. It is possible to speculate that, within connective tissues, collagens and collagenases may interact with several other components of extracellular matrices like  ibronectin, integrins, etc. Those interactions may induce conformational alterations on both enzyme and substrate which, in turn, impact the interaction between MMPs and their triplehelical substrates. So, clearly there are competing theories in the literature with respect to the details of the MoA of MMPs. 

Bacterial collagenase 

Bacterial  collagenase,  although  a  zinc  metalloenzyme  requiring  calcium  for  its  activity,  bears  little structural  relationship  to  mammalian  collagenase.  Bacterial  collagenase  rapidly  attacks  and  degrades human collagen into small peptides.  In vitro, human types I and III collagen, extracted and puri ied from placental  tissue,  was  digested  by  incubation  with  bacterial  collagenase.  After  analysis  on  Superex-30 

gel sieve chromatography, the breakdown products were shown to be of the size of di- and tri-peptides. 

The collagen-derived peptides were then added to rat  ibroblast culture to evaluate the effects of these breakdown  products  on  cell  proliferation  and  biosynthetic  activity.  By  means  of  the  neutral  red  test, stimulated cell proliferation was demonstrated when collagen breakdown products, at a concentration of 5 to 50 ng/mL of medium, were added by Cortivo et al. [27], Postlethwaite et al. [28]. Other authors have observed migration of a variety of cell types (keratinocytes, endothelial vascular cells,  ibroblasts, etc.) key for wound progression in response to exposure to clostridial and endogenous collagenases [28-33]. 

More recently it has been demonstrated ( in vitro) that collagenase-driven digestion of human cellular-synthesized extracellular matrices yields several collagen and non-collagenous peptides with known and unexpected activities linked to wound progression and the cellular responses to injury, including cellular migration, proliferation and angiogenic activation. Pre-clinical cell based assays reveal that the bacterial collagenase  elaborated  and  combinatorial  peptides  identi ied/synthesized  possess  signi icant  growth-promoting,  migration-enhancing  and  angiogenesis  inducing  activities  when  tested  in  the  10-100nM 

range. Also, in this work  in vivo (murine) models were used to demonstrate cell migration/proliferation as a result of exposure to the aforementioned peptides. However, the peptides were much larger than those described by Cortivo et al, 1995 and Postlethwaite et al. 1978 [27,28]. In the more recent work the peptides ranged from 8 to 20 amino acids long [34]. Other literature suggests reduced scarring, acute/

chronic wound progression, antiin lammatory properties, growth factor release, growth factor cascade Published: June 25, 2019
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initiation, etc., as effects of bacterial collagenase interaction with wound matrix components. Though these aspects warrant much more investigation, it would appear that bacterial collagenase has the ability to rapidly digest collagen and promote other cellular functions bene icial in wound repair. 

Bacterial  collagenase  is  made  up  of  proteolytic  enzymes  that  break  collagen  into  small  peptides  of differing molecular weights. Seven collagenases (isoforms) have been identi ied in the puri ied culture iltrate of  C. histolyticum,  and all have been puri ied to homogeneity. It should be noted that only two genes, colG and colH transcribe for two metalloproteases. However, due to post-transcriptional autolytic events, seven truncated collagenases (isoforms) have been identi ied. The seven collagenases can be divided into two classes, I (α, β, γ, η) and II (δ, ε, ξ), which are classi ied based on their bacterial gene of origin (colG and ColH, respectively) and on their point of hydrolytic attack on the collagen molecule – class I enzymes act at loci near the ends of the collagen triple-helical domains, whereas class II enzymes make internal initial cleavages. These collagenases uniquely cleave the interstitial collagens and exhibit both endopeptidase and  tripeptidylcarboxypeptidase  activities.  The  combined  activity  of  endo-  and  tripeptidyl-C-peptidase makes these enzymes ideally suited for rapid collagen degradation. Their combined action at many sites along the peptide chain results in the sequential cleavage into short segments. Both classes have speci ic binding domains that enable them to recognize and bind to triple helical collagen, in a variety of locations 

[35-38]. An interesting note, in the work by French who 1st studied the isoforms of collagenase described them as attacking at  hyper-reactive cleavage sites suggesting that type I, II, and III collagens contain regions that have speci ic  non-triple helical conformations [36]. In other words, there is no need to unwind the triple helix. So, again, we see competing theories with respect to the MoA of bacterial collagenase, as there are for endogenous collagenase. 

As  a  reminder,  in  contrast  to  clostridium  histolyticum  collagenases,  mammalian  collagenases  act differently by cleaving interstitial collagen at a single locus within the triple helical structure, giving rise to 2 large fragments, TC  and TC  [4,39]. These portions of the helix are then attacked by other nonspeci ic A

B

proteases, released by connective tissue cells, to be further degraded into small peptides [27]. 

An interesting thought with respect to bacterial collagenase and endogenous collagenase was put forth by Parks in 1995 [29]. The migration (obligatorily occurring within a viable part of the wound bed) of cells responsible for removing non-viable collagen is hindered by necrotic (non-viable) tissue. For this reason, little if any collagenase expression (from migrating cells) would be detected in necrotic regions. 

Alternatively,  bacterial  collagenase,  when  topically  applied,  attacks  proteins  within  the  super icial  and necrotic (non-viable) areas of the wound [29]. It could be argued that bacterial collagenase treatment is not simply augmentation therapy, but rather provides an essential biochemical activity to areas where in the cells are not producing proteases. Thus, because of these critical and signi icant spatial differences and because of the marked differences in the matrix proteins that these proteinases can degrade, it is easy to conceive that the catalytic activity of these two collagenases can result in different effects in repair [29]. 

This is an interesting thought;  however, it should be noted that collagenase-2 (MMP-8, neutrophil/PMNL 

collagenase) would still be present in chronic wounds halted in the in lammatory phase of wound healing. 

In addition, other sources suggest the presence of collagenase expressed by other cell types in necrotic tissue  (due  to  the  expression  of  pro-in lammatory  cytokines  by  in lammatory  cells-  Parks,  1995)  [29], whereas, other sources state the lack of collagenase expression in necrotic tissue [30].  

It has been shown in diabetic ulcers that necrotic tissue is anchored to the wound surface by a layer of perpendicular strands of undenatured collagen [1]. However, it is likely that some of these collagen strands are partially denatured. Collagenases, by de inition, are enzymes capable of solubilizing  ibrous collagen (both native and denatured collagen) by peptide bond cleavage under physiologic pH and temperature conditions. Thus, collagenase attacks not only necrotic tissue, but also  ibers of undenatured collagen. It Published: June 25, 2019
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is suspected that the  ibers of undenatured collagen anchor the eschar plug to the wound bed. With use of topically applied collagenase, the entire ‘nerotic plug’ could be released and the remaining anchoring ibers would be removed. This would tend to lead to a cleaner and more thoroughly prepared wound bed. 

It has also been documented that, at times, collagenase treatments have resulted in a decrease in visible scarring [40,41]. 

Since necrotic tissue is an important local cause of failure of wound progression, it would seem obvious that such binding must be severed, so that debridement and wound progression can occur. Otherwise, granulation is slowed and no supportive base is available for epithelialization. Collagenase is irreversibly inactivated in a low-pH environment. It functions best in the pH range of 6 to 8 and temperatures below 56°C. Chelating agents (EDTA, citric acid, sodium citrate, etc.) also inactivate the enzyme by interacting with  Ca2+  ions  and  Zn2+  ions,  essential  constituents  of  the  structure  (and  function)  of  collagenase.  It  is well known that four Ca2+ ions play a role in stabilizing the 30 structure of the protein near the active site. 

It is also well known that a Zn2+ ion is located in the active site and is necessary for enzymatic activity. 

Collagenase hydrolyzes the peptide bonds in collagen. It does not attack other proteins such as hemoglobin or  ibrin, important components in the formation of granulation tissue. In addition, collagenase does not attack growth factors, tissue inhibitors of metalloproteinase (TIMPs), and other critical components of the wound repair cycle [40], whereas, other, less speci ic enzymatic systems, such as papain–urea, were reported to have a negative effect on plateletderived growth factor (PDGF), and perhaps (based upon its MoA) other growth factors, TIMPS, integrins, etc. One could postulate that this lack of selectivity is one reason these historical topical enzymatic formulations are no longer widely used or even available. 

Collagenase has been reported as an effective agent for the débridement of thermal burns. Although any protease would thoroughly digest degraded matter in the center of the burn eschar, only collagenase would effectively attack necrotic edges of the eschar, including the perpendicular  ibers of undenatured collagen. These perpendicular collagen  ibers anchor the eschar plug to the wound bed, and their removal is likely to be key for optimal wound bed preparation. 

Collagenase  has  also  been  found  to  be  useful  in  the  débridement  of  third-degree  burns.  Otteman and  Stahlgren  compared  the  lytic  effects  of  a  number  of  enzymes  on  experimentally  induced  burns. 

The  enzymes  studied  included  streptokinase–streptodornase,  trypsin–  chymotrypsin,  papain,  icin, desoxyribonuclease– ibrinolysin, and collagenase. Of these enzymes, only collagenase and papain were more than 90% effective in the digestion of wound debris and necrotic material [42]. 

The  design/structure  of  the  active  site  of  bacterial  collagenase  allows  it  to  cleave  the  triple  helical collagen at many different points. Anywhere a Gly-X-Y (where X = proline and Y= hydroxyproline) exists, it is felt bacterial collagenase can attack [29,35]. Collagen is unique among proteins in that every third amino  acid  of  the  peptide  chain  is  glycine,  the  smallest  amino  acid.  Each  of  the  3  polypeptide  chains contains about 1,000 amino acids, so the structure of each chain can be considered to be 330 repeating units of glycine–X–Y; where X = proline and Y= hydroxyproline [43]. More recent sources provide even more information as to the point of attack. One source describes 10.5% of the collagen molecule being comprised by the glycine-proline-hydroxyproline triplet [44]. Another source mentions that 23% of the molecule is comprised of a combination of proline and hydroxyproline [45]. Yet, a more recent source describes proline ~28%; hydroxyproline ~38% of the collagen molecule [46].̈ Given this, it is possible that on a single α-chain, there could be ~100 to ~ 330 locals where bacterial collagenase might attack. 

As a result of a rather extensive investigation into the MoA collagenase systems, the following summary can be made: 

Bacterial collagenase (~ 115-120 KDa): 
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1.  MoA is very similar to that of mammalian collagenase with a few important distinctions. 

2.  The bacterial collagenase does not cleave the triple helical collagen in a single place, but attacks at many different points. 

3.  Anywhere a Gly-X-Y (where X = proline and Y= hydroxyproline) exists, it is felt bacterial collagenase can attack (in theory). 

This  (along  with  the  aforementioned  examples/theories  of  MoA)  helps  to  explain  the  more  rapid degradation of collagen via bacterial collagenase when compared to endogenous/mammalian collagenase. 

These simple steps can be represented as follows (note, the arrows indicate that there are multiple points of initial attack) (Figure 4): 

Below we see 7 points of initial enzymatic attack of bacterial collagenase (at hyper-reactive sites on the collagen molecule/α-chains) as previously mentioned (Figure 5) [35-38]. 

In  wound  debridement  it  has  been  suggested  that  bacterial  collagenase  migrates  to  the  base  of  the eschar where it degrades the strands of undenatured collagen  ibers, which hold the eschar plug to the wound bed. For this reason, it has been suggested that bacterial collagenase works from the “bottom-up”. 

However, it makes more sense that the collagenase works from the top and bottom of the necrotic tissue, as denatured and partially denatured collagen are present throughout necrotic tissue (Figure 6) [38]. 

Figure 4: These simple steps can be represented as follows (note, the arrows indicate that there are multiple points of initial attack. 

Figure 5: we see 7 points of initial enzymatic attack of bacterial collagenase (at hyper-reactive sites on the collagen molecule/α-chains) as previously mentioned. 
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A Historical Review of Enzymatic Debridement

As it migrates to the wound

base, col agenase  digests

necrotic tissue by attacking

strands of collagen. 

Figure 6: This description though accurate is simplistic and more recent research has greatly expanded our understanding of the MoA of bacterial collagenase. 

The following are depictions of one aspect of this action: 

This  description  though  accurate  is  simplistic  and  more  recent  research  has  greatly  expanded  our understanding of the MoA of bacterial collagenase. 

Much work has gone into understanding the form and function of these enzymes used so widely in research and wound care. Here we will go into much greater detail on the role of Ca2+ in the structure and function of bacterial collagenase.  Clostridium histolyticum collagenases ColG and ColH are segmental enzymes that are thought to be activated by Ca2+-triggered domain reorientation. A β-bulge and the genesis of a Ca2+ pocket in the archaeal PKD-like (polycystic kidney disease-like) domain suggest a close kinship between bacterial and archaeal PKD-like domains. The conserved properties of PKD-like domains in ColG 

and in ColH include Ca2+ binding. Conserved residues not only interact with Ca2+, but also position the Ca2+ 

interacting water molecule. Ca2+ aligns the N-terminal linker approximately parallel to the major axis of the domain. Ca2+ binding also increases stability. The collagen-binding segment composed of the PKD-like domain and collagen-binding domain(s) (CBD) is not necessary to degrade gelatin (denatured, non-triplehelical collagen) and acid-solubilized collagen. However, this segment is necessary to degrade insoluble collagen  ibers. Full-length ColH has been shown to undergo Ca2+-dependent structural changes [47]. In ColG, Ca2+ triggers the linker region (linking the binding and catalytic domains) to undergo secondarystructure transformation from an α-helix to a β-strand to increase collagen af inity [48,49]. The N-terminal linker structure of the PKD-like domain is also thought to be Ca2+-dependent. 

Here we see a very useful depiction of the domains of collagenases ColG and ColH from C.  histolyticum (Figure 7) [50]. 

The  signal  peptide  (grey  hatching)  is  cleaved  from  the  mature  enzyme  and  indicated  by  sequence numbering  N1–N110  (ColG)  and  N1–N40  (ColH).  The  collagenase  module  is  composed  of  an  activator subdomain  (olive)  and  peptidase  subdomain  (dark  olive)  that  is  accompanied  by  a  helper  subdomain. 

The PKD-like domain(s) (yellow for ColG; blue and green for ColH) connect the collagenase module to the C-terminal CBD(s) (red for ColG; salmon for ColH) that are responsible for collagen binding. 

Ca2+ plays a key role in structural modi ication of bacterial collagenase.  Ca2+ chelation appears to align the N-terminal linker approximately parallel to the major axis of the domain. In s2b Ca2+ chelation could stabilize a 310-helix that aligns with the cylinder axis. In s2 and s2a, the Nterminal residues are positioned so that the N-terminal linker could also be positioned parallel to the major axis of the domain (Figure 8). 

Ca2+ coordination in s2a (a) and s2b (b). Seven O atoms from  ive residues and one water molecule coordinate to Ca2+ in a pentagonal bipyramidal geometry. 

Ca2+ plays a key role in structural stability of bacterial collagenase. As such, the conserved hydrogen-Published: June 25, 2019
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Figure 7: Here we see a very useful depiction of the domains of collagenases ColG and ColH from C. histolyticum. 

Figure 8: Ca2+ coordination in s2a (a) and s2b (b). Seven O atoms from fi ve residues and one water molecule coordinate to Ca2+ in a pentagonal bipyramidal geometry. 

bonding network may play a strong role in the overall stability of the domains. In the clostridial collagenbinding  domain,  Ca2+-induced  stability  could  be  partially  accounted  for  by  a  reduction  in  void  volume and an increase in hydrogen bonds [51]. The apparent differences between the ColG-derived PKD-like domain  and  the  ColH  derived  PKDlike  domains  may  aid  synergistic  collagenolysis.  Currently,  it  is  not certain  whether  any  of  the  clostridial  PKD-like  domains  swell  collagen  ibers,  though  we  will  see  that other authors feel this does occur. Both s3 and s3b share a common preference for under-twisted regions of collagen [52], although ColG and ColH initially cleave different sites in collagen [36]. When digesting the insoluble  iber, ColH is the workhorse [53]. The higher collagen af inity observed for s2b-s3 may be increase by the addition of s2a. The increased af inity could hold ColH close to the collagen  ibril, so that it can slide along the  ibril and  ind  vulnerable regions [54]. Meanwhile, ColG has been proposed to adopt a compact structure in which the domains of the collagen-bonding segment are aligned by intermolecular β-sheet-type hydrogen-bond interactions  [24]. The tandem CBDs of ColG may allow the enzyme to anchor itself to the most  vulnerable region of the  ibril. In this context, the ‘spring-like’ dynamics of s2 may allow it to swell the  ibril. The swelled  ibril would then expose the interior of the  ibril and expose new sites for ColH collagenolysis. 

Again, the collagenolytic mechanism differs between mammalian matrix metalloproteinases (MMPs) and bacterial collagenases [16,55]. Several authors have stated that unlike bacterial collagenases, MMPs are sequence-speci ic and are proposed to actively  unwind the triple helix [6,18,39]. Meanwhile, each domain in  bacterial  collagenase  is  believed  to  play  a  unique  role  in  collagenolysis  [17].  Bacterial  collagenase’s C-terminal CBD unidirectionally binds to  under-twisted sites in the triplehelical collagenous peptide [52,56]. 

The CBD  does not unwind mini-collagen, and hence targeting  under-twisted regions of tropocollagen may circumvent the energy barrier required for unwinding the helix. Various roles have been proposed for the PKD-like domains. The PKD-like domain has been shown to swell, but not unwind, collagen  ibrils [57]. 
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Clostridial PKD-like domains do not bind tightly to collagen  ibrils [58,50]. In an alternative theory, the N-terminal collagenase module has a two-domain architecture that disbands the collagen micro ibril into monomeric triple helices and then cleaves the exposed peptide bond preceding the Gly residue [24,59]. It is clear that there are differing theories around the MoA of bacterial and endogenous collagenase, including differing theories with respect to the action of the enzyme on the collagen micro ibril and the triple helical collagen molecule. 

Vertebrate collagenases split collagen hydrolyzing the molecule at a single peptide bond across the three α 

chains organized in its native triple-helical conformation [60,61]. It is important to stress that a large number of bacterial proteases have the capacity to hydrolyze single-stranded and denatured collagen polypeptides. 

Those cannot be confounded with true bacterial collagenases, which are able to attack and degrade the triplehelical native collagen  ibrils found in connective tissue. These clostridial collagenases are relatively large  (~116  kDa).  The  high  number  of  different  active  forms  detected  is  related  to  (auto-)  proteolysis events [62-64]. It has been suggested that truncated isoforms play important roles in the regulation of clostridial collagenases  in vivo [65]. Previously, little was known about the true structure and hydrolysis mechanism  of  bacterial  collagenases,  in  part  due  to  the  complexity  of  their  multi-domain  organization 

[50,62]. However, special efforts have been made to characterize the three-dimensional structure of ColG 

collagenase from  Clostridium histolyticum by small angle X-ray scattering [51], by crystallographic analysis 

[24,48,59] and by single quantum coherence nuclear magnetic resonance titration [56]. Like other zinc peptidases, ColG contains a glutamate residue as the third zinc ligand. ColG catalytic zinc is tetrahedrally coordinated by His523, His527, Glu555 and a water molecule [24]. The collagen binding domain (CBD) of ColG [48,56], the PKD-like domain [24,59,66] and the collagenase unit [59] were the  irst structures of a bacterial collagenase to be analyzed, enabling the construction a full-length structural model of ColG [24]. 

From these studies, a  chew and digest mechanism of bacterial collagenolysis arose [24]. Eckhard and co-workers concluded that, similarly to MMPs, collagenase G can switch between  opened and closed  states. 

In the closed state, the triple-helical collagen acts as a source of attraction between both domains of the collagenase module (the activator and the peptidase domains). Thus, the collagenase module gains a  saddle-shaped architecture in an opened state that clamps the  ibril, facilitating the peptidase domain accessibility to the monomeric triple-helices [24]. A closed conformation is achieved when collagen interacts with the activator domain (AD); the triple-helix α-chains are consequently  unwound and progressively cleaved. The crystallized open structure has a cavity distance of ~42 Å  lanked by the peptidase domain and AD; thus, it is acceptable to speculate that ColG can process collagen micro ibrils (~35 Å in diameter). 

Experimental  evidence  has  increased  understanding  of  the  function  of  the  different  domains (subdomains) previously reviewed. ColG functional domains: 

The CBD(s) locate and anchor the enzyme to collagen by speci ically recognizing their triple-helical conformation (ColG CBDs promote interaction with  ibrils, not with individual triple helices). 

The PKD-like domain(s) swell and prepare the substrate without triple helix unwinding [57]. 

The collagenase unit degrades the prepared collagen molecules, digesting them from micro ibrils of 35  Å  diameter  downwards  [66].  Prior  to  collagenolysis,  ColG  follows  a  two-step  mechanism   similar to MMPs, in which  unrolling collagen micro ibrils and  unwinding the triple-helical collagen are prerequisites for cleavage. The  chew and digest mechanism is consistent with the existence of the  ive-stranded Smith micro ibril, a minimal  ilamentous structure, with a diameter of approximately 40 Å [10,24]. 

 Considering MMPs for a moment, it should be noted that (with respect to HPX-like domain of MMP 1, for example) such models (as above) assume that the cleavage region of the collagen molecule is as readily accessible in the  ibrillar form as it is in a single isolated collagen molecule. The ‘sandwich model’ would require that the triple-helix region, carrying the cleavage site sequence, juts out of the  ibril surface to allow Published: June 25, 2019

044





A Historical Review of Enzymatic Debridement

 it to be surrounded by the N- and C-terminal domains of MMP 1. Some feel that it is more appropriate to assume that only selected parts of the triple helix will be accessible from the surface of the  ibril, be it for enzymatic degradation, or the location of sites suitable for cellular interaction [23] . In this work (utilizing computational and molecular visualization methods) the extent of peptide chain disassociation from the center of the triple helix (which indicates vulnerability to proteolytic attack) was measured in the cleavage site region. This allows the viability and biological relevance of the ‘α2 chain  irst’ hypothesis of collagen cleavage, to be assessed within the natural,  ibrillar context [9,23] . It was found that although there is no signi icant difference in the magnitude of triple-helix disassociation of the three peptide chains over the whole of the proposed enzyme interaction region, the α2 chain is more disassociated than the α1 chains at the actual cleavage position. 

In comparison to MMPs, interestingly, the most ef icient collagenases are those found in clostridial bacteria. Focusing on the domain architecture of ColG, Clostridial, and other bacterial collagenases have an approximate size of 120 kDa (close enough to the ~116 kDa described by Duarte, previously). Based on naturally occurring isoforms and  in vitro analysis, their domain organization was expected to be composed of a pre-domain (the pre-pro-peptide mentioned by Duarte) of variable length containing the export signal which is clipped in the mature protein; an N-terminal domain harboring the catalytic zinc. The crystalline structure indicates a distinct segmentation of the N-terminal collagenase module featuring a  saddle-shaped two-domain architecture, as previously mentioned. The smaller N-terminal saddle  lap serves as an activator domain and comprises an array of 12 parallel α-helices. Starting with a distorted helix pair, it continues with ten HEAT motifs (tandem repeat protein structural motif composed of two alpha helices linked by a short loop) ideally suited to generate a protein recognition interface [67]. A solvent-exposed glycine-rich linker is positioned at the twist of the saddle seat. The subsequent catalytic subdomain adopts a thermolysin-like peptidase (TLP) fold of mixed α and β type [68] and is accompanied by a catalytic helper subdomain. The  lanking α-helix pairs of the activator domain and the catalytic subdomain combine to form a distorted four-helix bundle and thus comprise the seat of the saddle, which is completed by the glycine-rich linker. These structural elements latch the relative spatial arrangement of the peptidase domain and the N-terminal activator critical for collagen binding and triple-helix unraveling. Eckhart found that the peptidase domain was completely inactive towards collagen substrates. Full collagenolytic activity is; however, contained in the segment comprised of the activator and peptidase domains. The catalytic Zn2+ is tetrahedrally coordinated by the side chains of 3 amino acids and a water molecule. Eckhard also suggests that the substrate (collagen) contributes to the stabilization, and correct positioning of the catalytic Zn2+ [24,69]. 

As  previously  mentioned,  the  crystalline  structure  with  the  observed  enzymatic  properties  of  the different  ColG  variants  suggests  a  two-step  mechanism,  whereby  the  N-terminal  activator  domain cooperates  with  the  peptidase  domain  in  both  collagen  triple  helix  and  micro ibril  recognition  and processing. The activator and peptidase domains, forming the two  saddle  laps, have a distance of ~40 

Å, whereas the diameter of the collagen triple helix is only approximately 15 Å. Eckhard proposes that clostridial collagenase can adopt two conformational states: In addition to the  crystallized open state, there exists  a   closed state  which  allows  the  collagen  triple  helix  to  contact  both  the  activator  and  peptidase domain. The closed state is latched by two major contacts at the bottom of the saddle and by an alternative 4-helix-bundle arrangement at the saddle seat. Only now are the activator HEAT-repeats able to interact with triple-helical collagen, and initiate the unwinding of the triple-helix α-chains which are cleaved one at a time [35,36]. Based on this MoA it is postulated that the activator and peptidase domains remain mostly closed during collagen cleavage, but relax to the open ground state, once the collagen is degraded. This allows the enzyme to accept the next section of the collagen molecule to be processed. 

It  should  be  noted  that  in  the  papers  by  French  et  al  (just  mentioned  and  referenced  by  Eckhard) describe  collagenase  acting  at  hyper-reactive  cleavage  sites  suggesting  that  type  I,  II,  and  III  collagens contain regions that have speci ic non-triple helical conformations. 
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Another  interesting  inding  via  crystalline  structure  analysis  is  that  the  ground  state/open  state conformation  has  dimensions  similar  to  the  dimensions  of  collagen  micro ibrils,  ~40  Å  in  diameter. 

Though  admittedly  more  speculative,  this  model  provides  an  elegant  mechanism  of  how  collagen micro ibrils are proteolytically processed. Upon transition from the micro ibrilloaded  open state to the closed state, ColG will crimp the micro ibril with its  pliers, with only one triple helix remaining within the collagenase pliers. Analogous to the triple-helical processing, one triple helix remains embraced by the activator and peptidase domains until it is completely processed, after which the collagenase will relax to the open conformation, allowing the remaining triple helices of the micro ibril to enter the collagenase 

. Consistent with transition state theory of enzyme catalysis, the substrate is bound to the active site in a highly distorted conformation. A more ef icient substrate distortion as compared to the MMPs may be achieved. If this is the case the activation energy for the catalysis would be lower for bacterial collagenase lending to a more ef icient processing of collagen with respect to endogenous collagenase, as has been a common theme in the literature. As described here and elsewhere,  unraveling collagen (micro) ibrils and unwinding triple-helical collagen are felt to be prerequisites for collagen cleavage, both for mammalian MMPs  and  clostridial  collagenases.  As  we  have  seen  clostridial  collagenases  were  traditionally  divided into classes, class I and class II. Whereas the latter group is highly active towards peptidic substrates, class I enzymes such as ColG have a particular preference for collagen substrate degradation in a processive manner [24,59]. Processing  ibrillar collagen substrates includes two dimensions. First, the cutting of a (micro-)  ibril at one site of the substrate. Second, (for the triple-helices), multiple cleavage events along the substrate, a process described as  inch-worming  by Overall and colleagues in reference to MMP-9 and -2 

[70]. The structure suggests how the accessory domains assist in both aspects of the ‘processing’ of collagen. 

When cleaving micro ibrillar collagen, the activator and peptidase domains have to open to allow for the remaining micro ibril to enter the collagenase active site. It is felt that the accessory domains prevent an inadvertent shift of the substrate. On triple helical collagen, but also on micro ibrils, the accessory domains help to  direct the collagenase module along the substrate. This directed movement implies  directionality with respect to processing. Given the tri-carboxypeptidase activity of ColG, it is suggested that the collagen processing occurs from the C-terminus of the collagen substrate to its N-terminus. 

Domain organization and architecture of ColG (a) Schematic of the domain organization of ColG together with a functional annotation as depicted by Bauer et al. 2015 [54]. The catalytic Zn2+ ion (yellow dot) and the catalytic residues (red stars) within the peptidase domain are indicated. (b) Ribbon representation of the collagenase module, with identical color code as in a. The position of the PKD-like domain (yellow ribbon) at the rear of the peptidase domain is indicated in surface representation, re lecting a positional variance of up to 10 Å. The saddle-shaped collagenase is composed of an activator and a peptidase domain. 

The catalytic Zn2+ and the catalytic residues are highlighted by ball and stick representation. The seat of the saddle is formed by the distorted four-helix bundle, represented by four cylinders, and completed by the glycine-rich hinge, shown in green. (c) Full-length model of ColG in complex with a collagen micro ibril. The collagenase module (colored as in a) bound to a modeled collagen micro ibril (in surface representation; grey) is shown in ribbon representation. The accessory domains are shown as surface representation. The two collagen binding domains (orange). Direction of collagenase processivity is indicated at the right top (Figure 9). 

Uni ied processing model of triple-helical and micro ibrillar collagen (a) A collagen triple helix (green) initially ‘docks’ to the peptidase domain of collagenase. In the open state, the activator (dark blue) cannot interact with the substrate (i.e., no hydrolysis can occur). (b) Step 2, closed conformation, showing the activator HEAT repeats interacting with the triple helix, which is a prerequisite for collagen hydrolysis. 

(c)  Step  3,  semi-opened  conformation,  allowing  for  exchange  and  processive  degradation  of  all  three α-chains, one at a time [35,36]. Once the triple helix is completely cleaved, the collagenase can relax back to the open ground state conformation. (d) Collagenase with a ‘docked’ collagen micro ibril (grey). The micro- ibril typically consists of  ive triple-helical molecules; the triple helix analogous to (a) is indicated Published: June 25, 2019
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in green. (e) Step 2, closed conformation with all triple helices but one (green) being expelled from the collagenase. The micro ibril ‘wound’ caused by the triple-helix stripping is indicated in purple. (f) Step 3, semi-opened conformation allowing for the complete processing of the triple helix, indicated in green. 

Then the collagenase will relax back to the ‘open state’ allowing the remaining part of the micro ibril to enter the collagenase for processing of the next triple helix. This will occur 3 additional times to process a total of 5 triple helices making up the micro ibril (Figure 10). 

Figure 9: Domain organization and architecture of ColG (a) Schematic of the domain organization of ColG together with a functional annotation as depicted by Bauer et al, 2015 [54]. The catalytic Zn2+ ion (yellow dot) and the catalytic residues (red stars) within the peptidase domain are indicated. (b) Ribbon representation of the collagenase module, with identical color code as in a. The position of the PKD-like domain (yellow ribbon) at the rear of the peptidase domain is indicated in surface representation, refl ecting a positional variance of up to 10 Å. The saddle-shaped collagenase is composed of an activator and a peptidase domain. The catalytic Zn2+ and the catalytic residues are highlighted by ball and stick representation. The seat of the saddle is formed by the distorted four-helix bundle, represented by four cylinders, and completed by the glycine-rich hinge, shown in green. (c) Full-length model of ColG in complex with a collagen microfi bril. The collagenase module (colored as in a) bound to a modeled collagen microfi bril (in surface representation; grey) is shown in ribbon representation. The accessory domains are shown as surface representation. The two collagen binding domains (orange). Direction of collagenase processivity is indicated at the right top. 

Figure 10: Unifi ed processing model of triple-helical and microfi brillar collagen (a) A collagen triple helix (green) initially ‘docks’ to the peptidase domain of collagenase. In the open state, the activator (dark blue) cannot interact with the substrate (i.e., no hydrolysis can occur). (b) Step 2, closed conformation, showing the activator HEAT repeats interacting with the triple helix, which is a prerequisite for collagen hydrolysis. (c) Step 3, semi-opened conformation, allowing for exchange and processive degradation of all three α-chains, one at a time [35,36]. Once the triple helix is completely cleaved, the collagenase can relax back to the open ground state conformation. (d) Collagenase with a ‘docked’ 

collagen microfi bril (grey). The micro-fi bril typically consists of fi ve triple-helical molecules; the triple helix analogous to (a) is indicated in green. (e) Step 2, closed conformation with all triple helices but one (green) being expelled from the collagenase. The microfi bril ‘wound’ caused by the triple-helix stripping is indicated in purple. (f) Step 3, semi-opened conformation allowing for the complete processing of the triple helix, indicated in green. Then the collagenase will relax back to the ‘open state’ allowing the remaining part of the microfi bril to enter the collagenase for processing of the next triple helix. This will occur 3 additional times to process a total of 5 triple helices making up the microfi bril. 
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Summary 

From this chapter one gets a sense of the amount of investigative work performed over the past 50 to 60 

years in the area of wound débridement via topical application of bacterial collagenase as a debriding agent. 

From this and previous chapters one also gets a sense of the variety of differing viewpoints on mechanisms of action of both endogenous and bacterial collagenases, as well as, on the effects on viable tissue of the various enzymatic debriders used clinically in the past and present. Eckhard et al., provide an elegant and easy to follow model (i.e., addresses the geometric aspects of active site cleft vs. collagen micro ibrils/triple helix; open/closed conformation of enzymes; unwinding of micro ibrils/helices; cleavage of individual α 

chains). This theory is applied in explaining the MoA of endogenous collagenases, as well. Here we see a  similar  MoA  including  unique  functional  ‘domains’,  unwinding  of  micro ibrils/helices,  open/closed enzyme geometries, cleaving individual α chains (one at a time). However, as demonstrated in this and in previous chapters, bacterial collagenase is far more ef icient in its MoA for a variety of reasons. 

As  is  the  nature  of  scienti ic  research,  old  ideas  make  way  for  new  ideas  generated  as  analytical technologies/techniques  improve.  However,  we  should  not  discount  the  work  of  so  many  others  over the yrs. out of hand. It is likely that the ‘true’ MoA is a conglomeration of bits and pieces of the theories discussed thus far (and those yet to come). In time, and as more studies using modern analytical methods are performed, perhaps we will see more agreement in the literature. Although the mechanisms of action and the substrates upon which various enzymes act are interesting from an academic standpoint, they more importantly provide an insight into their effects on the wound bed and subsequent wound progression. 
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