
ABSTRACT 

WRIGHT, BRADLEY J. Effect of Ultrastructural Disruption and Protein 
Dispersion on Gel-forming in Myofibrillar Gels. (Under the direction of Dr. Tyre 
C. Lanier.) 

Gelled muscle foods span a diverse range of products.  The texture and 

water/fat binding properties of these food products is largely determined by 

their gel structure. A means to increase the functionality of meat proteins with 

respect to gel forming and water-holding ability would thus be beneficial.  

This research conducted experiments that utilized three different 

approaches to enhancing the dispersion of muscle proteins during 

comminution: salt addition, alkaline solubilization/reprecipitation (pH shifting) 

and calpain-induced pre-degradation of meat ultrastructure.  Data from these 

experiments were considered as to whether they supported our hypothesis: 

increased disruption of muscle ultrastructure and dispersion of myofibrillar 

proteins will lead to formation of gels which exhibit properties of increased 

fracture stress and strain (i.e., improved gelling properties).  

The pH shifting process involves chopping the muscle with water, 

adjustment low (2-3) or high (10.5-11) pH values, and then precipitation by 

adjusting to the isoelectric point (5.3-5.5). The resulting meat protein isolate is 

then dewatered and ready for further use. Interestingly the pH shifting 

treatment eliminates the necessity for salt addition in order to maximize the 

strength and deformability of cooked gels made from the meat so treated. 

Experiments were carried out using this process on King Mackerel. The slurries 



produced by the process and gels made from the slurries were evaluated for 

disruption and dispersion by transmission election microscopy, TEM. The 

evaluation of these micrographs was assisted by a trained sensory panel to 

generate quantitive data describing the micrographs. The gel-forming ability 

was measured using torsion. 

The process results in disruption of ultrastructure and better dispersion 

of proteins. These two factors positively affect the gel forming ability (fracture 

stress, strain values) of the meat. It appears that maximal effects on disruption 

and dispersion occurs when the pH is raised to (at least) 11, likely because of 

the removal of ultrastructural proteins, including the so-called Solubility 

Inhibitory Proteins (SIPs) identified by previous authors.  

Unfortunately, the role of protein conformational changes could not be 

separated from that of muscle ultrastructure disruption and dispersion effects. 

To assist in deconvoluting these two effects, experiments which replicated the 

disruption and dispersion process, but which minimized the conformational 

changes induced in the individual proteins were done.  

To affect disruption/dispersion without conformational change; calpain, a 

naturally occurring endopeptidases was utilized. Experiments were carried out 

on isolated chicken myofibrils. Calpain isolated from King Mackerel was 

introduced into a isolated myofibrils solution to affect a change. 



Disruption/dispersion and gel-forming ability were measured as in the pH 

shifting experiments.   

The data from the calpain experiments support our hypothesis. 

Increases in both properties (disruption and dispersion) generally correlated 

well to increases in fracture stress.  These data reinforce the observations in 

the literature that stronger gels display greater homogeneity of protein 

dispersion, when viewed by TEM. 

Calpain pretreatment produced the strongest gelling properties in 

subsequently comminuted myofibrils, but the degree of disruption/dispersion as 

scored by the panel did not increase significantly over other treatments that 

yielded somewhat less strong gels than this treatment. However, almost 

certainly the greater effect of calpain pretreatment on gelation can be attributed 

to its ability to better disperse the myosin and actin, due to its known ability to 

disrupt the Z-line and titin; it does not degrade the gelling proteins and its 

action should have little effect on the native conformation of these proteins.  

It is quite significant that this is the first report that a proteolytic 

treatment, in particular that using calpain, results in an increased gelling ability 

of comminuted meat. The discussion of published evidence to support, plus 

data from experiments conducted to test our hypothesis hints at a new 

paradigm in myofibrillar protein gelation. 
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Low Spark of High Heeled Boys 
(Steve Winwood/Jim Capaldi) 
 
If you see something that looks like a star 
And it's shooting up out of the ground 
And your head is spinning from a loud guitar 
And you just can't escape from the sound 
Don't worry too much it'll happen to you 
We were children once playing with toys 

And the thing that you're hearing is only the sound 
Of the low spark of high-heeled boys, high-heeled boys 

If you had just a minute to breathe 
And they granted you one final wish 
Would you ask for something like another chance 
Or something similar as this 
Don't worry too much it'll happen to you 
As sure as your sorrows are joys 

And the thing that disturbs you is only the sound 
Of the low spark of high-heeled boys 

The percentage you're paying is too high priced 
While you're living beyond all you're means 
And the man in the suit has just bought a new car 
From the profit he's made on your dreams 
But today you just read that the man was shot dead 
By a gun that didn't make any noise 
But it wasn't the bullet that laid him to rest 
Was the low spark of high-heeled boys, high-heeled boys 

If I gave you everything that I owned 
And asked for nothing in return 
Would you do the same for me as I would for you 
Or take me for a ride 
And strip me of everything including my pride 
But spirit is something that no one destroys 

And the sound that disturbs you is only the sound 
Of the low spark of high-heeled boys 

The percentage you're paying is too high priced 
While you're living beyond all you're means 
And the man in the suit has just bought a new car 
From the profit he's made on your dreams 
But today you just read that the man was shot dead 
By a gun that didn't make any noise 
But it wasn't the bullet that laid him to rest 
Was the low spark of high-heeled boys, high-heeled boys 
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Chapter 1:  
Introduction and Literature Review 

1.1 Introduction   

Gelled muscle foods span a diverse range of products, such as hotdogs, 

sausages, luncheon meats, reformed hams, and surimi seafoods.  The texture 

and water/fat binding properties of these food products is largely determined by 

their gel structure (Totosaus and others 2002). A means to increase the 

functionality of meat proteins with respect to gel forming and water-holding 

ability would thus be beneficial.  

Gel properties of such meat products are presumed to be optimized under 

conditions of pH, ionic strength, and protein quality wherein a greater proportion 

of the myofibrillar proteins are solubilized (Phillips and others 1994). However, 

Stefansson and Hultin (1994) postulated that these proteins need not be truly 

soluble (defined as remaining suspended after high speed centrifugation) in 

order to gel optimally when heated; they need only to be well dispersed. Sato 

and Tsuchiya (1992) observed that stronger and more deformable meat gels 

correlated with a more homogeneous dispersion of myofibrillar proteins, when 

observed by transmission electron microscopy. 

The most commonly employed means of assuring good protein dispersion 

when preparing gelled meat products is high shear along with addition of salt 

and sodium phosphate/polyphosphates during comminution.  These additives 

disrupt the protein associations that stabilize the microstructure of muscle.  



produced by the process and gels made from the slurries were evaluated for 

disruption and dispersion by transmission election microscopy, TEM. The 

evaluation of these micrographs was assisted by a trained sensory panel to 

generate quantitive data describing the micrographs. The gel-forming ability 

was measured using torsion. 

The process results in disruption of ultrastructure and better dispersion 

of proteins. These two factors positively affect the gel forming ability (fracture 

stress, strain values) of the meat. It appears that maximal effects on disruption 

and dispersion occurs when the pH is raised to (at least) 11, likely because of 

the removal of ultrastructural proteins, including the so-called Solubility 

Inhibitory Proteins (SIPs) identified by previous authors.  

Unfortunately, the role of protein conformational changes could not be 

separated from that of muscle ultrastructure disruption and dispersion effects. 

To assist in deconvoluting these two effects, experiments which replicated the 

disruption and dispersion process, but which minimized the conformational 

changes induced in the individual proteins were done.  

To affect disruption/dispersion without conformational change; calpain, a 

naturally occurring endopeptidases was utilized. Experiments were carried out 

on isolated chicken myofibrils. Calpain isolated from King Mackerel was 

introduced into a isolated myofibrils solution to affect a change. 



Disruption/dispersion and gel-forming ability were measured as in the pH 

shifting experiments.   

The data from the calpain experiments support our hypothesis. 

Increases in both properties (disruption and dispersion) generally correlated 

well to increases in fracture stress.  These data reinforce the observations in 

the literature that stronger gels display greater homogeneity of protein 

dispersion, when viewed by TEM. 

Calpain pretreatment produced the strongest gelling properties in 

subsequently comminuted myofibrils, but the degree of disruption/dispersion as 

scored by the panel did not increase significantly over other treatments that 

yielded somewhat less strong gels than this treatment. However, almost 

certainly the greater effect of calpain pretreatment on gelation can be attributed 

to its ability to better disperse the myosin and actin, due to its known ability to 

disrupt the Z-line and titin; it does not degrade the gelling proteins and its 

action should have little effect on the native conformation of these proteins.  

It is quite significant that this is the first report that a proteolytic 

treatment, in particular that using calpain, results in an increased gelling ability 

of comminuted meat. The discussion of published evidence to support, plus 

data from experiments conducted to test our hypothesis hints at a new 

paradigm in myofibrillar protein gelation. 
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From a taste perspective, sodium chloride is the preferred salt, and the 

polyphosphates used are also typically sodium salts.  This high level of sodium 

addition leads to the deserved reputation of gelled meat products as being 

relatively high in sodium content, and thus to be avoided by many consumers 

for health concerns. 

It might be possible that muscle microstructure could be adequately 

disrupted, and proteins dispersed, without the requirement for added salt during 

the preparation of gelled meat products.  When muscle proteins have been 

solubilized at either very high or low pH, followed by reprecipitation at the 

isoelectric point (near pH 5.5) and readjustment to near neutrality, enhanced gel 

properties can be obtained upon cooking, with or without the addition of salt 

(Kristinsson and Hultin 2003a). In studying this phenomenon, the authors 

indicated there is evidence (Kristinsson and Hultin 2003b) that this pH-shifting 

procedure modifies the conformation of the proteins such that a more favorable 

protein gel results upon cooking. 

Because this pH-shifting regime initially effects a total solubilization of the 

myofibrillar proteins, it should totally disrupt the natural ultrastructure of muscle.  

We hypothesize that this disruption alone would enhance the dispersibility of 

the proteins, without need of salt addition, upon resuspension after precipitation 

and pH adjustment to near neutrality.  This enhanced dispersibility of proteins 

could then account for the enhanced gel properties.  
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To properly test whether disruption of ultrastructure alone leads to better 

protein dispersion and gelling properties, it would be necessary to employ some 

means of achieving this dispersion other than by addition of salts and/or pH 

shifting, since both of these treatments may have other additional effects .  If a 

different method for achieving a similar level of disruption and dispersion also 

resulted in enhanced gel properties upon cooking, this would support our 

hypothesis. 

Calpain is a naturally occurring enzyme in meats known to disrupt the 

myofibril integrity by attacking proteins at the Z-disk region (Asghar and Bhatti 

1987). Its use might therefore serve as one experimental means of disrupting 

myofibrillar structure and dispersing proteins, relative to testing our hypothesis. 

This dissertation first reviews published knowledge relating to the 

preceding discussion; in particular evaluating the current knowledge concerning 

mechanisms of meat myofibrillar protein gelation, dispersion of myofibrillar 

proteins during comminution in preparation for gelation, plus background 

information concerning how the myofibrillar proteins contribute to and stabilize 

the ultrastructure of the muscle. Following this there is the presentation and 

discussion of experiments that utilized three different approaches to enhancing 

the dispersion of muscle proteins during comminution: salt/phosphate addition, 

alkaline solubilization/reprecipitation (pH shifting) pretreatment and calpain-

induced pre-degradation of meat ultrastructure.  Data from these experiments 

were considered as to whether they supported our hypothesis: increased 
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disruption of muscle ultrastructure and dispersion of myofibrillar proteins will 

lead to formation of heat-induced gels which exhibit properties of increased 

fracture stress and strain (i.e., improved gelling properties).  

1.2 Gels as Food Products 

1.2.1 Introduction 

 A hydrogel is a more or less rigid structure of aggregated 

polymers that holds water and other constituents. This definition includes a 

large number of food products ranging from weak gels like yoghurt to firm, 

elastic gels like hotdogs. All of these products undergo a gelation process 

wherein an initial suspended/solubilized polymeric material (sol) is transformed 

into a more solid matrix (gel). The rigidity and fracture properties (strength and 

deformability) of the gel are derived from the type and number of interactions 

between the polymeric molecules, and possibly also by the geometrical 

arrangement of polymers in the formed gel.   

Carbohydrate (polysaccharide) gels mainly rely upon hydrogen or ionic 

intermolecular bonding of polymers for gel formation and stabilization. As a 

result, most carbohydrate gels are thermo-reversible (melt with temperature 

change). There are exceptions, of course, such as methylcellulose and pectins 

which also involve hydrophobic bonding to stabilize the gel matrix, and their 

melting properties with respect to temperature vary as a result. 
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The rheological properties of heat-induced protein gels are also 

dependent to some extent upon hydrogen and ionic bonding, but the main 

forces that stabilize the gels are hydrophobic and covalent bonds (Damodaran 

1989).  Protein gels, with the exception of gelatin gels which are mainly 

hydrogen bonded, are thus typically thermo-irreversible (do not melt with 

temperature change). Typically it is heating which instigates the gelling reaction 

of proteins  by inducing  some degree of protein unfolding, which then leads to 

exposure of reactive sites for hydrophobic and covalent intermolecular bonding 

(Bigelow 1967; Catsimpoolas and Meyer 1970). 

1.2.2 Traditional Model of Heat-Induced Protein Gelation 

Protein-protein interactions are thus responsible for the sol (fluid protein 

suspension) to gel (viscoelastic solid material) transition, i.e., gelation, induced 

by heating.  Philips and others (1994) have classified the factors affecting 

protein sol to gel transition as either intrinsic or extrinsic. Intrinsic factors are 

those exhibited by the proteins themselves, including amino acid composition, 

molecular weight, and types of chemical bonds or forces stabilizing the proteins 

and their interactions.  Extrinsic factors are those related to the environment in 

which the protein resides, including protein concentration, temperature, 

pressure, pH, ionic strength, and type of ion(s) present. However, often it is 

difficult to separate the effects of interaction between the two types of factors. 
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The traditional molecular model of heat-induced protein gelation consists of 

two steps; the initial unfolding of proteins during heating, to reveal reactive sites 

for intermolecular binding (molten globule state), and the subsequent formation 

of protein-protein interactions that lead to formation of the three dimensional gel 

network (Fig. 1.1).   

Figure 1.1 The traditional model for heat induced protein gelation (from 

Totosaus 2002). 

1.2.3 Heat-Induced Formation of Muscle Protein Gels 

The Totosaus model for protein gelation (Fig. 1.1) seems based upon the 

assumption that the proteins are initially evenly dispersed in water.  In the case 

of gelled meat products, however, disruption of the meat ultrastructure would be 

required before the larger content of proteins, particularly the important 

myofibrillar proteins, could be evenly dispersed. Sato and Tsuchiya (1992) 
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observed that surimi-based gel products that are measurably higher in strength 

and elasticity, when observed by TEM exhibit a very homogeneous and 

dispersed protein network largely free of natural muscle ultrastructure.  

Similarly, Chang and others (Chang and others 2001a; Chang and others 

2001b) suggested that an increase in the degree of dispersion of myofibrillar 

proteins, increased in their experiments as a result of removal of specific 

proteins which constrained the muscle ultrastructure, could explain observed 

improvements in the gel forming ability of the resulting meat gels.  

The technique most commonly employed to disrupt the meat 

ultrastructure, and thereby promote protein dispersion during the manufacture 

of gelled meat products, is mechanical chopping accompanied by the addition 

of salts, such as sodium chloride and polyphosphates (Barbut and others 1996). 

Chopping obviously provides a gross mechanical disruption of the meat into 

smaller pieces.  The increased surface area allows for better exposure of the 

meat myofibrillar proteins to, and solubilization by, the added salts and 

phosphates (in the presence of sufficient water). Solubilization of the myofibrillar 

proteins further disrupts the muscle ultrastructure, promoting further disruption 

and dispersion of the remaining components of the myofibrils. 

1.3 Muscle Ultrastructure 

The myofibrillar proteins, especially myosin, have been implicated by 

many researchers as being mainly responsible for the excellent heat-induced 
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 gel forming properties of muscle proteins (Fukazawa and others 1961a; 

b; MacFarlane and others 1977). These occur naturally in muscle in highly 

organized structures that enable muscle to exhibit its unique bodily function of 

contraction and relaxation. Because the disruption of these structures may be 

important to proper dispersion and good gelation in gelled meat products, it is 

important to review the nature of the native ultrastructure of meat in terms of 

location and structural functions of the constituent proteins and microstructures.  

Such understanding will also be helpful for the visual evaluation of experimental 

micrographs to be discussed later. 

1.3.1 General Muscle Structure 

A single muscle (Fig. 1.2), called a muscle bundle, is composed of a series of 

muscle fibers encased in connective tissue, the perimysium.  Each muscle fiber 

is a series of myofibrils encased in connective tissue, the endomysium or 

sarcolemma, and each myofibril is composed of thick and thin myofilaments.  
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Figure 1.2 Schematic showing the general ultrastructure of muscle from 
animal to myosin molecules (from MacDonald others 2005). 
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The alignment of the thick and thin filaments appear under light 

microscopy as bands of light and dark stripes (Fig 1.3a) and led to the striated 

description of skeletal muscle.  These striated areas also define regions of 

ultrastructure (I-band, Z-disk, M-line, etc.)  (Fig. 1.3b, 1.4 and 1.5).  These 

striations are an optical effect of the overlap of the thick and thin myofilaments 

that make up the myofibrils.  The myofilaments are in turn made of individual 

proteins that predominate each region (e.g. myosin, actin, tropomyosin, nebulin, 

titan, etc.)  (Figs. 1.3, 1.4 and 1.5).  

 

 

Figure 1.3 (a) Transmission electron micrograph (7,700x) of intact King 
Mackerel white muscle (b) Colorized version of micrograph showing 

ultrastructural regions of muscle. Red: M-line, Yellow: I-band, Blue: Z-
disk, and Green: A-band. 
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Figure 1.4 Schematic showing the myofilaments, ultrastructural regions, 
and proteins in skeletal muscle (from Gregorio and others 1999). 
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Figure 1.5 Expanded schematic showing the locations of proteins in the 

sarcomere of skeletal muscle (from Au 2004). 
 

1.3.2 Structure of the Thick Filament 

 The thick filament is a spindle-shaped structure, composed of a bare 

area at the center, called the pseudo-H zone, and the remainder being barbed 

with heads of myosin molecules (Craig and Padron 2004). Each thick filament  

is approximately 1.6 μm long and approximately 15 nm in diameter (Huxley 

1963) and is composed primarily of myosin.  Myosin is thought to most 

contribute to the gelling properties of muscle food gels (Xiong 1997).  
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Myosin (Fig 1.6) is a large hexamer weighing 520 kDa and comprising 

53% of the total myofibrillar protein (Lincee 1996).  It spans approximately 160 

nm and is composed of  two interwound segments; each of these segments 

having three general regions; the light chains, half of the tail or rod, and one  of 

the 2 heads (Perry 1996).  
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Figure 1.6 Ribbon diagram of myosin showing the domains of the 
molecule.  HMM: heavy meromyosin, S1: heavy meromyosin sub- 

fragment 1, S2: heavy meromyosin sub-fragment 2, LMM: light 
meromyosin (Adapted from Offer and Knight 1996). 
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Each light chain, LC-1 or LC-2,  is composed of a globular protein 

weighing between 17 and 22 kDa (Lowey and Risby 1971). The role of these 

proteins is not clear; however they appear to play a role in the 

mechanochemical process during muscle contraction (Lincee 1996).  

The tail region of the myosin molecule is composed of about 2000 

residues (Lincee 1996) that form a long, thin helical rod approximately 150 nm 

long and 2 nm in diameter (Branden and Tooze 1999). It is composed of two α-

helical coils .This tail region is often subdivided into two additional structures, 

according to a  trypsin cleavage location  (Offer and Knight 1996): the C-

terminal region is called light meromyosin (LMM) and the N-terminal region is 

called either heavy meromyosin sub fragment 2 (HMM-S2) or the neck (Lowey 

and others 1969). 

The LMM is a coiled-coil structure made of two α-helical coils that 

combine in the typical heptad repeat (Branden and Tooze 1999) (Fig. 1.7a and 

b) allowing for the most stable interaction of the two coils, with the hydrophobic 

residues located in a central core (McLachlan and Karn 1982).  
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Figure 1.7 (a) Schematic of transverse view of the heptad repeat model of 
a coiled coil showing the location of residues comprising the hydrophobic 
core and ionic interactions (b) schematic showing the longitudinal view of 

the heptad repeat model of a coiled coil showing the ionic interactions 
between charged residues (from Branden and Tooze 1999). 

 

The two grooves in the coil are occupied by residues that can form ionic 

bonds (Hoppe and Waterston 1996; Kohn and others 1997; Burkhard and 

others 2002). The exterior surface of the super coil is made up of the 

hydrophilic residues (Offer 1987; Arrizubieta and Bandman 1998). The two coils 

are offset at an 18° angle allowing for a “knobs in holes” model (Fig. 1.8) of 

interaction (Crick 1953). 
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Figure 1.8 Schematic of the knobs and holes representation of the heptad 
model of a coiled coil.  The helices are shown individually and then 
overlapped at the 18° offset (from Brandon and Tooze 1999). 
 

The LMM is the portion of the molecule that interacts with the LMM of 

other myosin molecules to form the basis of the thick filament (Lincee 1996).  

HMM-S2 is the region that connects the fibrous LMM to the head region, 

heavy meromyosin subfragment-1 (HMM-S1) (Fig. 1.6).  The higher solubility of 

HMM-S2 as compared to LMM, combined with low association with other 

fragments of myosin gives HMM-S2 substantial flexibility.  It is this flexibility that 

allows myosin to interact and contract during muscle contraction (Craig and 

Padron 2004).  

The myosin heads, HMM-S1, are two  globular structures located at the 

end of the myosin molecule weighing 130 kDa each (Vibert and Cohen 1988). 

Each head  is approximately 19nm long and 5nm wide (Rayment and others 

1993). Each head also has two regions, the motor domain and the regulatory 

domain. The motor domain, defined as the N-terminus, contains the large, 
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actin-binding clef and the central region of the protein.  The regulatory domain 

is located at the C-terminus portion, 5nm from the tip of the head and 4nm away 

from the actin-binding site (Vibert and Cohen 1988; Rayment and others 1993; 

Dominguez and others 1998). 

As mentioned previously, about 300 myosin molecules are polymerized 

to form the thick filament (Huxley 1963; Cooke 1999; Craig and Padron 2004). 

These myosin molecules arrange in a twisted fashion with tails pointing away 

from the center of the sarcomere in a staggered arrangement.  The end of each 

myosin tail is 34 nm away from the previous tail (Davis 1988a), the myosin 

heads point out in a right-handed helical manner, and  N, the number of coaxial 

helices, is equal to three (Kensler and Stewart 1983; Harford and Squire 1986; 

Davis 1988a; Eakins and others 2002). Each head is 14.3 nm away from the 

adjacent head with a helical rise of 42.9 nm and 14 myosin molecules per turn 

(Fig. 1.9) (Kensler and Stewart 1983; Harford and Squire 1986; Davis 1988a; 

Eakins and others 2002). It has been suggested that because the charge 

distribution on the myosin tail can account for both of the perodicies of the thick 

filament (Crick 1953; McLachlan and Karn 1982), it follows that electrostatic 

interactions are the major forces holding the thick filament together (Craig and 

Padron 2004). Additional support for this hypothesis is the reversibility of 

depolymerization/polymerization of the thick filaments depending upon ionic 

strength.  When thick filaments are exposed to high salt solutions, their 

solubility increases as they depolymerize, but upon a decrease in ionic strength 
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they will repolymerize to the native state (Huxley 1963; Lowey and others 1969; 

Craig and Knight 1983).  It is still not clear how the myosin molecules arrange 

with regard to the fiber core.  Three models have been suggested (Fig. 1.10). 

 

 

Figure 1.9 Schematic showing the orientation and location of the myosin 
heads on the thick filaments.  The rise (42.9nm) and space between 

adjacent heads (14.3nm) is noted (Adapted from Offer 1974). 
 
 

 

Figure 1.10 Schematic showing The transverse view of three proposed 
models for thick filament organization. Smallest circles represent myosin 

molecules in all models (from Chew and Squire 1995). 
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The first model is based on single myosin tails organized into the 

structure in a close packed fashion (Chew and Squire 1995). The second model 

is based on sub-filaments made of three myosin tails in a super coil.  Nine sub-

filaments are then arranged to form a tubular structure (Wray 1979; 1982). The 

third model is also based around a sub-filament made of three myosin tails.  

However, these sub-filaments are then used to form three larger filaments that 

then form the thick filament (Maw and Rowe 1980; Trinick 1981). 

In addition to the inter-myosin binding forces keeping the thick filament 

intact, another group of proteins serves to secure the thick filament structure.  

The myosin binding proteins, MyBP-C, also known as C-protein, and MyBP-H, 

also known as H-protein, and MyBP-X, also known as X-protein, have been 

indicated in assisting with keeping the thick filament intact.  MyBP-C is a rod 

shaped protein with a hinged midsection (Fischman and Reinach 1999), N-

terminus that mimics the N-terminus of LMM (Nabeshima and others 1984),and 

regions to bind HMM-S2 and titin (Fig. 1.11(a))(Bennett and others 1999).  It is 

35-40 nm long and approximately 3 nm in diameter (Hartzell and Sale 1985; 

Swan and Fischman 1986)  weighing approximately 125 kDa (Fischman and 

Reinach 1999). MyBP-H is a rod-shaped protein weighing between 52-86 kDa 

(Starr and Offer 1983; Bahler and others 1985; Vaughan and others 1993). 

MyBP-X is a different isoform of MyBP-C found in skeletal slow muscle (Bennett 

and others 1999). The location and number of these proteins on the thick 

filament varies with species and fiber type (Fischman and Reinach 1999), but 
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the suggested functions seem to be the same regardless of origin.  They bind to 

LMM, HMM-S2, and titin axially at one of the 11 binding site bands that span 

the thick filament (Gruen and Gautel 1999; Gruen and others 1999) in the A-

band. These hydrophobic patches are distributed every 43 nm along the 

diameter of the thick filament (Figs. 1.4 and 1.12) (Reinach and others 1982). 

In this mode of binding, the MyBP-C form a band around the thick filament 

(Bennett and others 1999; Gruen and others 1999), while their N-termini attach 

to actin in the thin filaments (Figs. 1.11b, 1.13, and 1.14a and b) (Squire and 

others 2003). In addition, MyBP-C appears to be the protein that links the thick 

filament to titin (Soteriou and others 1993). These interactions have lead to the 

suggestion of three potential roles for MyBP’s. These roles are to:  control the 

thick filament assembly and disassembly (Moos and others 1975; Koretz 1979; 

Davis 1988a; b), assist in the A-band assembly during myofibrillogenesis 

(Schultheiss and others 1990; Lin and others 1994; Gilbert and others 1996), 

and act as a modulator of muscle contraction and relaxation (Moos and others 

1978; Hartzell 1984; Hartzell and Glass 1984; Hartzell 1985; Hartzell and Sale 

1985; Hofmann and others 1991).  
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Figure 1.11 (a) The domain structures for cardiac and skeletal MyBP-C 
showing the myosin and titin binding regions. (b) Schematic showing the 

binding of MyBP-C to myosin and actin in both transverse and 
longitudinal views (from Squire and Others 2003). 
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Figure 1.12 Schematic showing the location of the MyBP-C binding 
between the thick filament and titin (Adapted from Gregorio and others 

1999). 
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Figure 1.13 (a) Transverse schematic of the positioning of the thin 
filament (silver circles), thick filament (yellow circle) and MyBP-C (grey, 

green and white circles).  (b) Longitudinal schematic of the position of the 
thin filament (dark grey circles), thick filament (red cylinder) and MyBP-C 

(grey, green and white circles) (from Squire and Others 2003). 
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Figure 1.14 (a) Longitudinal schematic showing the spacing (42.9nm) of 
MyBP-C (circles) on the thick filament. (b) Transverse schematic showing 
the interaction sites of MyBP-C with the thin filament.  Open circles and 
lines represent circles from (a), grey circles represent F-Actin and white 

circles represent sites of interaction between MyBP-C and Actin (Adapted 
from Squire and Others 2003). 

 

1.3.3 The Thick Filament and M-Line Ultrastructure 

The thick filaments are arranged in a set pattern when viewed in 

transverse.  This ordering is a function of both the Z-disk and M-line 

ultrastructure (Furst and others 1999). The M-line is the region at the center of 

the A-band that spans approximately 80 nm and contains protein scaffolding 

(Figs. 1.4 and 1.5).  This scaffolding connects each thick filament with its six 
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nearest neighbors in a hexagonal fashion (Fig. 1.15a) (Craig and Padron 2004). 

It is clear that there are three proteins; creatine kinase, MyBP-C, and 

myomesin, that make up the M-line in skeletal muscle (Wallimann and 

Eppenberger 1985; Furst and others 1999). However, only an initial model 

(Furst and others 1999) (Fig 1.8) has been developed, and more research 

needs to be completed before a more detailed model can be worked out (Craig 

and Padron 2004). The main connections between the thick filaments are 

formed by an undetermined combination of creatine kinase and M-protein. 

Creatine kinase is a globular dimer weighing 86 kDa total (Turner and others 

1973; Furst and others 1999). It is localized mainly in the M4 and M4’ locations 

on the M-line (Craig and Padron 2004). M-protein is a rod-like protein, 36 nm 

long and 4 nm wide weighing about 165 kDa (Eppenberger and others 1981). 

M-protein connects the thick filaments at M1 by binding its N-terminus to one 

filament and its C-terminus to the adjacent filament (Grove and others 1984). 

These connections, given the names M1, M4, and M4’ based on their location 

from the center of the M-line; serve to keep the thick filaments in the proper 

lateral register (Fig. 1.15b).  
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Figure 1.15 (a) Transverse schematic of the hexagonal lattice between the 
thick filaments at the M-line. (b) Longitudinal schematic of the lattice 

between the thick filaments at the M-line.  M1, M4, M4', M6 and M6' are 
cross links radiating out from the center of the M-Line (M1) (Adapted from 

Craig and Padron 2004). 
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However, myomesin and titin form additional support for the network.  

Myomesin is a flexible rod shaped protein weighing 185 kDa (Grove and others 

1984) that runs parallel to the thick filaments at its N-terminus allowing for 

binding with LMM. It then bends perpendicularly allowing the central region to 

interact with titin (Figs. 1.16a and b).  

One additional protein, skelemin, is thought to interact at the M-line.  

Skelemin appears to be a variant of myomesin and shows significant homology 

to both myomesin and M-protein (Steiner and others 1999). However, very little 

is currently known about the function of this protein.  It is thought to circle the M-

line and allow for interaction of the M-line with the intermediate fiber network 

(Price and Gomer 1993). 
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Figure 1.16 (a) Longitudinal schematic showing the protein network 
formed by myomesin at the M-Line.  (b) Transverse schematic showing 
the protein network formed by myomesin at the M-Line (Adapted from 

Lange and Others 2005). 
 

1.3.4 The Thick Filament and Titin Ultrastructure 

 None of the previously mentioned models of myosin arrangement in the 
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 thick filament integrate titin, which is actually the molecular template of the 

thick filament (Gregorio and others 1999). Titin, also known as connectin 

(Maruyama and others 1977; Maruyama and others 1981), is the largest protein 

known currently, 3-4 MDa, and is the third most abundant skeletal myofibrillar 

protein making up about 10% of the total (Gregorio and others 1999; Wang 

1999b). It is approximately 1μm long, 4 nm in diameter and made up of regions 

of two basic protein motifs, fibronectin type III and immunoglobulin (Wang 

1999b). These two motifs make up approximately 90% of titan’s structure with 

the remainder made up of a region high in proline, glutamine, valine, and lysine, 

called the PEVK region, which adopts a polyproline II type conformation (Fig. 

1.17). 

 

Figure 1.17 Schematic of the structural motif of titin from the Z-disk to the 
M-line (Adapted from Gregorio and Others 1999). 
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It is this PEVK region that permits the elasticity of the titin molecule  

(Furst and Gautel 1995; Labeit and others 1997; Horowits 1999) The C-

terminus of titin extends into the thick filament 60nm (Furst and others 1999) 

starting at the M-line and interacts with both the LMM  as well as MyBP-C 

overlapping for 120nm (approximately the length of the bare zone) (Furst and 

others 1999) with another titin molecule for 120 nm extending from the other 

half of the same sarcomere (Fig 1.4) (Gregorio and others 1999). This C-

terminus is anchored into the M-line by its interaction with the central region of 

myomesin.  Titin then extends into the I-band with two regions of 

immunoglobulin structure separated by the PEVK region (Labeit and Kolmerer 

1995b; Craig and Padron 2004). It then continues into the A-band with a series 

of repeating fibronectin and immunoglobulin motifs (Gregorio and others 1999; 

Kolmerer and others 1999). These repeating motifs are the binding sites of 

MyBP-C and MyBP-H and thus determine the location of these proteins on the 

thick filament (Craig and Padron 2004). The N-terminus region is located in the 

Z-disk where it is held in place by an interaction between T-cap, also known as 

telethonin or titin cap (Gregorio and others 1998), and a thin filament from the 

same sarcomere (Craig and Padron 2004). It should also be noted that this N-

terminus region of the titin molecule was once thought to be an individual 

protein, zeugmatin, but has since been determined to be a fragment of titin 

(Turnacioglu and others 1997). As in the M-line, the N-terminus overlaps with 
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another titin molecule (in the Z-disc) that extends in this case into the adjacent 

sarcomere (Gregorio and others 1999).  

 Titin has two main roles in the muscle ultrastructure. The first is to 

maintain the thick filaments in horizontal register, both at rest and in contraction, 

which allows for optimal organization for contraction (Craig and Padron 2004). 

The second role is to add elasticity to the ultrastructure, which allows for 

passive tension in the muscle at rest.  The passive tension allows for resistance 

to stretching (i.e. from contraction of an adjacent muscle) and prevents damage 

to the muscle from excessive stretching (Horowits 1999) 

1.3.5 Z-Disk Ultrastructure 

 Just as titin assists in a physical role in muscle contraction, the protein 

network in the Z-disk also plays a similar role (Vigoreaux 1994). The Z-disk, 

also known as the Z-line or Z-band, delineates the two ends of a sarcomere 

(Figs. 1.18 and 1.4) and is also the location of a polarity change in the thin 

filaments (Huxley 1963). It is made up of a series of proteins, which much like 

the M-line serve as scaffolding for lateral support.  However, the Z-disk 

functions to support both the thick and thin filaments.  Under microscopic 

evaluation, it appears as a woven structure longitudinally (Fig. 1.18) or as a box 

pattern in the transverse (Fig 1.19). 
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Figure 1.18 Longitudinal transmission electron micrograph of the Z-disk.  
The boxed area shows the woven nature of the Z-disk (Adapted from 

Luther 2000). 
 

 

Figure 1.19 Transverse schematic of the arrangement of the protein 
network at the Z-disk (Adapted from Luther 2000). 

 
The thickness of the woven structure is a function of the overlap of the thin 

filaments and the corresponding number of α-actinin links (Craig and Padron 

2004). 
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  The main protein of the Z-disk is α-actinin, which is a rod-shaped, anti-

parallel homodimer (Critchley and Flood 1999) approximately  35nm long and 

weighing 95kDa (Vigoreaux 1994). It serves to tie together all of the proteins 

that terminate in the z-disk.  It ties together titin molecules from adjacent 

sarcomeres and in turn, these “bind” the thick filaments to each other and to the 

Z-disk by interaction of their C-termini with the N-termini of titin.  Each N-

terminus of titin interacts with three α-actinin molecules separated by 

approximately 15 nm (Luther 2000). This interaction occurs in a gap in the Z-

disk  where thin filaments from adjacent sarcomeres merge (Fig. 1.4) (Gautel 

and others 1996; Gautel and others 1999). Titin is also held in place by its 

interaction with T-cap (Zou and others 2006) (Figs. 1.20a and b). 
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Figure 1.20 (a) Schematic showing the Z-disk structure highlighting the 
location of CapT (adapted from Zou and Others, 2006).  (b) Schematic of 
the Z-disk structure highlighting the location of nebulin (Adapted from 

Gautel and Others 1999). 
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Alpha-actinin also serves to anchor the thin filaments to the Z-disk via 

interaction with CapZ (Papa and others 1999). The interaction with α-actinin 

and the thin filaments allows for each thin filament to be connected to the 

adjacent four thin filaments of the same sarcomere of the same polarity (Craig 

and Padron 2004). The thin filaments are further tied to the Z-disk by interaction 

of nebulin filaments with α-actinin via the nebulin binding protein myopalladin 

(Bang and others 2001). Unfortunately, to date elucidation of these interactions 

has not been completed.  However, it is these interactions that allow for the box 

pattern observed under microscopic magnification (Luther 2000).  

1.3.6 Structure of the Thin Filament 

 The other major myofilament in the sarcomere is the thin filament that 

spans from the M-line to the Z-disk. It is made up mainly of polymerized G-actin 

forming a helical filament (Pollard 1990; Sheterline and others 1995). Each 

filament is approximately 1μm long and 10 nm in diameter (Craig and Padron 

2004) and plays a major role in muscle contraction through its interaction with 

the thick filament (Craig and Knight 1983). 

 G-actin is a globular protein (indicated by the G prefix) approximately 5 

nm in diameter (Pollard 1990; Sheterline and others 1995), weighing 42 kDa 

(Sheterline and others 1995), and possessing a dipole moment (Craig and 

Padron 2004). At physiological ionic strength (0.1M) G-actin forms a double 

helical polymer called F-actin (the F prefix indicating filamentous) (Craig and 

Padron 2004).  



 42

This structure is defined by 3-14 G-actins per turn (Hanson 1967) with a 

separation between the G-actins of 5.5 nm (Egelman 1985). The offset between 

the coils is 2.7 nm, which corresponds to approximately half a turn and a 

crossover approximately every 37 nm (Craig and Padron 2004). Additionally, 

the dipole moment of G-actin align head to tail producing positively and 

negatively charged ends (Craig and Padron 2004). The positive end, where 

rapid polymerization occurs, is called the barbed end, and the negatively 

charged end, where polymerization is slow, is called the pointed end (Fowler 

1996; Littlefield and Fowler 1998; Cooper and Schafer 2000). 

 At regular intervals along this double helix, other proteins are bound 

(Lehman and Craig 2004) (Fig. 1.21). These proteins, tropomyosin and the 

troponins, serve a regulatory function during muscle contraction (Zot and Potter 

1987; Gordon and Barbut 1997).  

Tropomyosin, is another α-helical coiled-coil structure following a heptad 

repeat model like LMM (Smillie 1999). The molecule is 41 nm long, 2 nm in 

diameter and weighs 65 kDa (Perry 2001). Within the thin filament, tropomyosin 

forms two strands that ride in the channels formed by F-actin (McLachlan and 

Stewart 1976). Each tropomyosin molecule spans seven G-actin molecules 

(Smillie 1999), and overlaps with the next tropomyosin molecule on each end 

by approximately 2 nm (McLachlan and Stewart 1976). The super coiling of the 

tropomyosin molecules around F-actin allows for seven actin-binding sites per 

tropomyosin molecule.  These sites allow for ionic interactions between 
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tropomyosin and actin (Perry 2001). 

 

Figure 1.21 Schematic showing the longitudinal and transverse views of 
the coiled coil structure and protein arrangement of the thin filament 
(Adapted from Lehman and Craig 2004). 
 
 The role of tropomyosin in the thin filament is both structural and 

regulatory.  It allows for greater strength of the thin filament and positions the 

troponin molecules across the actin filament (Cooper 2002; Craig and Padron 

2004).  Additionally, it is involved in muscle relaxation, where each tropomyosin 

molecule covers the myosin binding sites of 7 G-actin residues, preventing 

interaction between actin and myosin and thus maintaining the relaxed state 

(Perry 2001). 

The troponins are the other major component of the thin filament. Three 

forms of troponin, troponin I (TnI), troponin C (TnC), and troponin T (TnT), form 

a complex weighing approximately 80 kDa (Farah and Reinach 1995; Solaro 

and Rarick 1998; Gordon and others 2000) that physically links tropomyosin to 
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actin.  The structure as a whole is globular with a protruding tail.  The globular 

portion is approximately 26 nm in diameter, with the tail extending another 16 

nm with a 2 nm diameter (Flicker and others 1982). The complex is held onto 

the thin filament by the interaction of TnI with actin, TnC   is the globular 

calcium binding protein weighing approximately 17 kDa (Strynadka and James 

1989). It is held in place in the troponin complex by interaction of the N- and C-

termini with TnI (Leszyk and others 1990; Pearlstone and Smillie 1995; 

Pearlstone and others 1997).  TnT is the tropomyosin binding protein weighing 

approximately 30 kDa (Gergely and others 1999).   It interacts with two 

tropomyosin molecules at the overlap, one at each termini of the TnT molecule 

(Potter and others 1995) . The C-terminus also interacts with TnC and TnI 

(Craig and Padron 2004). 

Conformational changes in the troponin complex are responsible for 

moving tropomyosin on and off the myosin binding sites of actin.  When Tn-C 

binds calcium, the conformation changes such that the attached tropomyosin 

moves away from the myosin binding sites on actin, thereby permitting nearby 

myosin heads to interact with myosin binding sites, and contraction to occur 

(Perry 2001). 

 Additional proteins cap both ends of the thin filament.  The pointed end is 

capped by  tropomodulin, Tmod which weighs 40 kDa (Fowler 1996). The Tmod 

C-terminus binds to F-actin (Fowler and Conley 1999) and the Tmod N-

terminus binds to the N-terminus of tropomyosin (Fowler 1990). Tmod (Fig. 
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1.22) serves to regulate the length of the thin filament both during 

myofibrillogenesis (Gregorio and others 1995) and in completed muscle 

(Littlefield and others 2001). 

 

Figure 1.22 Schematic showing the location and orientation of the capping 
proteins at the ends of the thin filament (adapted from Fowler 1996). 

 
CapZ (Fig. 1.21) caps the barbed end of the thin filament, which extends 

into the z-disk.  It is also known as β-actinin and is a dimer weighing 68 kDa 

total (Maruyama and others 1990). It serves to anchor the thin filament into the 

Z-disk through its interaction with both actin and α-actinin.  Additionally, CapZ 

determines the polarity of the thin filament in the Z-disk (Fowler 1996). 

 The thin filament extends into the Z-disk approximately 25 nm, but this 

distance is variable (Luther 2000). It is here that several α-actinin are bound to 

the thin filament.  One is bound at the center of the Z-disk, Z0, and two others 

are bound 15 nm further in either direction, Z1’ and Z1 respectively (Fig 1.23).  
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As the thin filament overlap increases, the z-disk thickens and more α-actinin 

are bound (Yamaguchi and others 1985; Luther 2000). 

 

Figure 1.23 Schematic of the cross linking of the thin filaments at the Z-
disk by alpha-actinin. Z0, Z1 and Z1' are the labels for the cross linking as 
it radiates from the center (Z0) of the Z-disk (Adapted from Luther 2000). 

 

1.3.7 The Thin Filament and Nebulin Ultrastructure 

 Much like titin (see Sect. 1.2.3 above), nebulin, a large, filamentous 

protein, weighing approximately 800 kDa, is associated with the thin filament.  

Nebulin composes  approximately 2-3% of the skeletal myofibrillar protein 

content (Wang 1999a). It spans approximately 1 μm from the end of the thin 

filament to the Z-disk (Jin and Wang 1991) via its helical structure (Wang 

1999a). The N-terminus interacts with actin, tropomyosin, and troponin (Wang 

and others 1996) to tie the thin filament to nebulin. The protein runs in the same 

F-actin groove as tropomyosin (Wang and others 1996) binding to actin along 
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the way with a 35 residue repeat that makes up the bulk of the nebulin 

sequence (Labeit and Kolmerer 1995a; Wang and others 1996) (Fig. 1.24). The 

C-terminus extends only slightly into the Z-disk (Millevoi and others 1998) 

where it is anchored via its interaction with myopalladin (Bang and others 

2001).The interactions between nebulin and the other proteins suggest the 

function of nebulin. 

 

Figure 1.24 Schematic showing the location of nebulin in the groove of the 
coiled coil of the thin filament (Adapted from Wang and Others 1996). 

 
It is thought that the interactions at the N-terminus serve to  regulate thin 

filament length (McElhinny and others 2000) and this is perhaps enhanced by 

the other interactions with actin along the span of the thin filament (Kruger and 

others 1991). Additionally, the anchoring of nebulin onto the thin filament 

assists in keeping the thin filament in register (Craig and Padron 2004). 
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1.3.8 Intermediate Filament Ultrastructure 

 While intra-sarcomeric ultrastructure plays a major role in maintaining the 

integrity of muscle, an additional protein network, the intermediate filaments 

(IF), serve to hold the sarcomeres together.  

 The intermediate filaments connect to the sarcomeres at two locations, 

the M-line (Wang and Ramirez-Mitchell 1983) and the Z-disk (Stromer 1990). 

The M-line structure is composed of mainly skelemin, a splice variant of 

myomesin (Price and Gomer 1993; Steiner and others 1999). Skelemin 

encircles the sarcomere at the M-line, binding to myosin (Fig 1.25), and 

allowing for connections to other skelemin molecules (Price and Gomer 1993) 

as well as to the integrin protein system which connects to the sarcolemma 

(Weins and others 2001).   

The intermediate filaments system at the Z-disk is more complex, made 

of a network of proteins.  This network is mostly desmin along with smaller 

amounts of vimentin, synemin, paranemin, peripherin, vinculin, and plectin (Ip 

1999; Herrmann and Aebi 2000). These proteins all share a similarity in 

structure.  They are characterized by non-helical ends separated by a coiled 

coil structure (Bellin and others 1999; Herrmann and Aebi 2000). These coiled 

coil structures then associate end to end laterally to form fibrous filaments 10-

12 nm in diameter (Ip 1999). 
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Figure 1.25 Schematic showing the location of skelemin surrounding the 
sarcomere at the M-line (Adapted from Wang and Others 1996). 

 
Desmin, also known as skelemin (Small and Sobieszek 1977), a 53 kDa 

protein making up approximately 5% of the myofibrillar protein (Bellin and 

others 1999), surrounds the Z-disk forming “collars” stretching across multiple 

myofibrils (Gard and Lazarides 1980; Georgatos and Maison 1996) (Fig. 1.26). 

Vimentin, weighing approximately 55 kDa (Chou and Goldman 1999), and 

paranemin, weighing 180 kDa (Hemken and others 1997), appear to localize 

with desmin assisting in forming the collar structures (Craig and Padron 2004). 
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Figure 1.26 Schematic showing the "collars” present around the Z-disk 
allowing for extra-sarcomeric connections (Adapted from Bellin and 

Others 2001). 
 

Synemin, weighing approximately 230 kDa (Bellin and others 1999), 

contains two important binding locations in addition to its coiled coil structure. 

Synemin is able to bind α-actinin allowing the IF system to be tied to the Z-disk.  

Synemin also binds vinculin allowing for connection of the IF’s to the 

costameres (Bellin and others 2001). 

Plectin, weighing greater than 500 kDa (Wiche 1999), serves to link IF’s 

by interactions with several of the IF proteins (Foisner and others 1995). 

Additional connections to the IF system is made to the costameres.  The 

costameres, a network made of vinculin, talin, and α-actinin, serves to connect 

the IF’s to the sarcolemma (Geiger 1999; Clark and others 2002) (Fig 1.27). 
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Figure 1.27 Schematic showing the network of proteins forming the 
intermediate filaments at the Z-disk (Adapted from Clark and Others 2002). 
 

 

1.4 Molecular Forces in Protein Gelation 

1.4.1 Molecular Forces Involved in Muscle Protein 

Solubilization/Dispersion  

Primarily four types of intermolecular forces contribute to stabilization of  
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the myofibril ultrastructure and/or conformation of the proteins in chilled 

meat: covalent bonds, ionic (electrostatic) interactions, hydrogen bond, and 

hydrophobic interactions (Totosaus and others 2002; Lanier and others 2005). 

The overall contributions of these to the description of the system energetics 

are formalized in Eq. 1.1: 

ΔGtot = ΔGcov + ΔGion + ΔGhb + ΔGhpb – TΔS   1.1 

where Gtot is the total energy of the system, Gcov, Gion, Ghb and Ghpb are the free 

contribution of the covalent bonds, ionic bonds, hydrogen bonds and 

hydrophobic bonds respectively, T is the temperature and S is the entropy of 

the system. In most proteins, ΔGtot to facilitate a change in protein structure is 

only in the range of 10-20Kcal/mol. Thus, only small changes in the system are 

required to promote solubilization/dispersion of the proteins (Damodaran 1989).  

These forces stabilize both the native muscle ultrastructure (as 

intermolecular forces) as well as the native conformation of individual proteins 

(as intramolecular forces). According to our hypothesis, to maximize the gelling 

properties of meats the intermolecular forces which stabilize the muscle 

ultrastructure will preferably be minimized during processing to promote its 

disruption, and thereby also promote protein dispersion/solubilization. 

Conditions which lead to a weakening of intramolecular bonding, leading to 

protein conformational change, can similarly assist in the disruption of meat 

ultrastructure. Such conformational change can cause a steric misalignment 
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between adjacent proteins, which in turn could weaken the intermolecular 

forces binding them together.  

The strongest cohesive forces (30-150 kCal/mole) (Acton and Dick 1989) 

between proteins are covalent disulfide bonds. These bonds are formed either 

by oxidation of free sulfhydryl groups or by disulfide exchange, the interchange 

of one disulfide bond between three sulfhydryl groups. For myosin, the head 

region is most reactive for intermolecular disulfide bond formation during 

heating, likely because this is the location of the majority of the native, structural 

disulfide bonds in the myosin molecule (Regenstein and others 1984).  

 Much of the ultrastructure of myofibrils, and native conformation of the 

myofibrillar proteins, is stabilized by ionic interactions. This includes the coiled 

coil structures of the myosin tail and tropomyosin, the interaction between 

tropomyosin and actin, the capping interactions of T-cap and the interactions to 

form F-actin from G-actin. The binding of particular ions in active sites can also 

induce changes in protein conformation; this is seen in binding of calcium ions 

by Tn-C causing a portion of the muscle contraction cycle.  To facilitate 

solubilization/dispersion of the proteins during comminution, the attractive ionic 

interactions (10-20 kCal/mole) (Acton and Dick 1989) between and within 

proteins also should be minimized. Preferably a condition of repulsive charge-

charge interactions should exist, exerting a force to unfold the proteins and 

separate the myofibril subunits (Offer, 1987). Increasing pH and ionic strength 

have these effects; thus salts and basic phosphates are typically used along 
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with comminution to assist in protein dispersion and solubilization. The dramatic 

shift to high pH utilized in the pH shifting method for meat isolate manufacture 

(Hultin and Kelleher 2004) would have a similar effect in increasing protein 

surface repulsive forces. 

 While individual hydrogen bonds are relatively weak (1-5 kCal/mole) 

(Acton and Dick 1989), their great numbers (particularly under refrigerated 

conditions) contribute greatly to the stabilization of protein conformation 

(Creighton 1993). Slight heating can facilitate protein dispersion/solubilization 

by disrupting these bonds as a result of vibrational and rotational excitation of 

the protein molecules (Doruker and Bahar 1997). Hydrogen bonding also 

contributes to the formation of M-line structures between the thick filaments, M-

protein, and creatine kinase (Grove and others 1984; Price and Gomer 1983). 

 Hydrophobic interactions are similarly weak intermolecular bonds (1-3 

kCal/mole) (Acton and Dick 1989), but are numerous and significant to 

stabilization of protein conformation and function (Pace 1995; Sasaki and 

Maeda 1999). In coiled coil structures such as myosin, the core of the coiled 

coil is stabilized by hydrophobic bonds. Additionally, the hydrophobic patches 

on titin are the binding sites for HMM, LMM-2, and the MyBP proteins. 

Intermolecular bonding results from the preferential interaction of hydrophobic 

areas of one or more proteins immersed in a water environment.   

 Hydrophobic interactions are entropically driven in an aqueous 

environment.  Exposure of hydrophobic groups in water requires that water form 
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more organized structures decrease in the entropy of the system (Ablett and 

others 1975). Clustering of hydrophobic groups between or within proteins 

reduces their surface exposure to water, lessening the forced organization of 

water and thus allowing for a lower energy state. As the temperature of the 

system increases on cooking, the entropic driving force is increased (ΔG = ΔH – 

TΔS) which enhances the strength of the hydrophobic interactions (Baldwin 

1986).  

Like hydrogen bonds, hydrophobic interactions are reversibly sensitive to 

temperature, except that the latter strengthen rather than weaken upon heating.  

1.4.2 Molecular Forces Involved in the Heat-Induced Gelation of 

Muscle Proteins  

The same bonding forces that stabilize protein conformation and 

myofibrillar ultrastructure, and thus affect ease of protein 

dispersion/solubilization, also facilitate the aggregation of dispersed proteins to 

form gel structures.  

    Disulfide bond formation during gelation occurs mainly upon heating 

(>40°C) through the intra- or inter-molecular radical reaction of reactive 

sulfhydryl groups in the presence of a pro-radical oxidant. The reaction forms 

the disulfide bridge and releases a molecule of water (Kishi and others 1995; 

Kishi and others 1997).  Several pro-radical oxidants can  catalyze the disulfide 

cross linking reaction,  
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including potassium bromate (Okada and Nakayama 1961), ascorbic 

acid/deascorbate (Yoshinak.R and others 1972; Lee and others 1992; 

Nishimura and others 1994), copper ions (Kishi and others 1995), hypochlorite 

(Kishi and others 1997) and hydroxyl radicals (Ooizumi and Xiong 2004). 

However, most are either not legally permitted or are not practically useful for 

this purpose in the commercial production of gelled meat products. 

The addition of divalent cations, such as calcium, can serve to assist in 

gel formation by cross linking negatively charged amino acid residues. 

However, formation of these bonds alone  is not a major contributor to heat-

induced gelation of myofibrillar proteins, but may serve to strengthen such gels 

once formed (Lee and Park 1998).  

While it is clear that hydrogen bonds, due to their dissolution at higher 

temperatures, do not contribute to the heat-induced gelation of myofibrillar 

proteins, their reformation in cooled gels can add additional strength (Howe and 

others 1994). 

 On the other hand, formation of hydrophobic interactions is favored at 

higher temperatures. Heating denatures proteins, exposing buried hydrophobic 

residues of the protein and exposing them, in an aqueous environment, to 

similar residues on adjacent proteins.  Protein intermolecular binding results 

from the clustering of these hydrophobic groups to minimize the entropy of the 

system.  Such hydrophobic interaction of proteins is similar to the formation of 
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native structure during protein synthesis in vivo, in which the same forces drive 

the hydrophobic collapse in globular proteins (Creighton 1993).  

Damodaran (1996) suggests that the gel characteristics (mechanism and 

appearance) are regulated by the ratio of attractive hydrophobic interactions 

and repulsive ionic interactions. It can generally be assumed that proteins with 

a mole percent of greater than 31.5 of Val, Pro, Leu, Ile, Phe and Trp 

(hydrophobic residues) produce coagulum gels. Those with a lower mole 

percentage of these residues usually form translucent gels (Shimada and 

Matsushita 1980). The exceptions to this rule generally occur when the ionic 

interactions are vastly changed (e.g. addition of large amounts of salt) 

(Damodaran 1996). 

1.5 Mechanism of Muscle Food Heat-Induced Gelation  

  The mechanism of meat protein heat-induced gelation has long been an 

active area of scientific study (Parnas 1932) and still remains such, with 

approximately 200 scientific papers produced worldwide on the topic in 2005 

alone. Myosin is the predominate myofibrillar protein (Foegeding and others 

1996); thus to simplify the study of myofibrillar gelation, the greatest amount of 

effort has been devoted to studying its gelation mechanism. Other studies have 

attempted to build on this understanding of myosin gelation to better understand 

the gelation mechanism of comminuted whole meat by adding other proteins, 

notably actin or sarcoplasmic proteins, to a pure myosin system. 
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1.5.1 Mechanism of Heat-Induced Gelation of Isolated Myosin 

 Studies by Fukazawa and others (Fukazawa and others 1961a; b) and 

MacFarland (1977) showed that it is myosin that mainly contributes to gel 

formation and water holding in cooked comminuted meat products. The 

extraction of myosin usually involves first chopping with a solution of salt and 

inorganic pyrophosphate (Banga and Szent-Gyorgyi 1942; Straub 1942; Szent-

Gyorgyi 1943a; b). The salt, usually sodium or potassium chloride, facilitates 

solubilization of the myosin. Phosphate addition facilitates the separation of 

myosin from the actomyosin. A centrifugation step to remove non-soluble 

materials generally follows. The myosin is then selectively precipitated by salt 

gradations (Kristinsson 2001).  

 The gelation mechanism of myosin under process conditions closely 

aligned with those of commercial meat product production is most often studied. 

The concentrations of sodium chloride typically reached in the initial 

comminution stage of producing commercial meat products range from 1.7 to 

3.5% (0.47-0.68M) (Ishioroshi and others 1979; Lin and Park 1998). At these 

concentrations, myosin has been observed to melt between 36 and 70°C in 

differential scanning calorimetry (DSC) experiments (typical heating rates 5-

10C/min) with a series of peaks corresponding to unfolding of the subunits of 

myosin (Smyth and others 1996). However, differences in species, fiber type, 

salt concentration, pH, method of measurement, isolation process and purity 
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show differences in the thermal denaturation temperatures of myosin and its 

sub fragments. 

Gill and Conway (1989) found that cod LMM begins to melt at between 

30-44°C  and suggested that it is the interactions of these tail regions that 

initiates gelation,  based on joint DSC and rheological experiments. This 

hypothesis was also supported by Sano and others (Sano and others 1990b; a).  

Samejima and others (1981), however, concluded that rabbit myosin 

aggregation was initiated by the interactions of denatured HMM-S1 (head 

region of myosin) via formation of disulfide cross linking. Taguchi and others 

(1987) similarly found that initiation of intermolecular aggregation occurred at 

the S1 region and also showed that continued heating caused a subsequent 

melting of LMM in the tail region. The exposed regions of LMM were then able 

to further aggregate and contribute to formation of the gel network.  

Additional support for head-initiated gel formation of myosin comes from 

work on the oxidation of free sulfhydryl groups. Both Taguchi and others (1987) 

and Chan and others (1993; 1993) noted a large decrease in free sulfhydryl 

groups between 20-30°C during the heating ramp (10K/min). It is known that 

the majority of the sulfhydryl groups in myosin are present in the S1 (head) 

region (Lowey and others 1969)  so that this decrease upon heating implies that  

disulfide linkage is occurring at temperatures lower than required for LMM 

melting (Visessanguan and others 2000).  
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Sharp and Offer (1992) showed that in the initial steps of myosin 

aggregation intra- and intermolecular linking of hydrophobic patches occurs. It 

is known that the aggregation of myosin seems to depend on the amount of 

hydrophobic surfaces exposed (Wicker and others 1986; Chan and Gill 1994). 

The S1 region has also been shown to be richer in hydrophobic residues than 

the LMM region (Maita and others 1991) and thus should afford more sites for  

cross linking. 

  Tazawa and others (2002) visualized, by electron microscopy, the 

aggregation of individual myosin molecules during heating (Fig. 1.28). As 

heating proceeded, clusters of myosin molecules initially aggregated with the 

HMM regions forming large clusters and the LMM extending outward.  

 Thus it presently appears most likely that in isolated myosin systems the 

mode of heat-induced aggregation and gel formation proceeds initially via 

unfolding at the S1 region followed by intermolecular interaction of the S1 

region via both disulfide bond formation and hydrophobic interactions. As 

heating progresses, the LMM melts and intra- and intermolecular interactions of 

this sub-region further serve to form the gel network.  
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Figure 1.28 Electron micrographs (60,000x) of carp myosin solutions 
heated at 30°C for (a) 0 min, (b) 5 min, (c) 15 min and (d) 30 min. From 

Tazawa and others 2002. 
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1.5.2 Mechanism of Heat-Induced Gelation of Myofibrillar Protein 

Mixtures 

 Myosin constitutes approximately 50% of the myofibrillar proteins and 

approximately 40% of the total muscle proteins (Foegeding and others 1996).

 Actin composes approximately 20% of the total myofibrillar proteins 

(Umemoto and Kanna 1970) and post-rigor is intimately associated with myosin 

as actomyosin. Inorganic pyrophosphate, (which can separate actomyosin into 

its constituent proteins) (Lawrie 1998), or its precursor tripolyphosphate, is 

typically added to commercial products. Gill and Conway (1989) found that, 

upon heating to 40°C, free actin interacted with myosin via hydrophobic 

interactions. Other studies however showed little change in the elasticity of such 

gels produced at 40°C, suggesting that myosin is the major contributor to the 

gel network (Sano and others 1989b). Additional work by Sano and others 

(1989a) found that when actin alone was heated to 80°C a viscous, curdy sol 

was formed. When actin and myosin solutions were heated together to 80°C, 

gels with actin levels up to 6.1% showed an increase in rigidity when compared 

to gels composed of myosin alone (Sano and others 1989b). The elasticity of 

the gels containing both myosin and actin was found to decrease, suggesting 

that increases in actin content were responsible for increasing the viscous 

nature of the gels (Stone and Stanley 1992). This assumption was supported by 

experiments conducted by Wang and Smith (1995) who found that addition of 

free actin to myosin decreased gel elasticity more than the  presence of 
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naturally bound actin. The authors suggest that this change in gel elasticity may 

be a result of the interaction of actin and myosin during thermal denaturation. 

They found that actin addition stabilized the S1 region of myosin which in turn 

stabilized some regions of the LMM. This stabilization was indicated by a shift in 

DSC peaks to higher temperatures. These two changes were thought to affect 

the mechanism of myosin gelation, particularly since myosin gelation is initiated 

in the S1 region.  

 Similar reactions to heating are observed for naturally occurring 

actomyosin as for mixtures of free myosin and actin. A two step, S1 initiated 

gelation pathway has been observed, similar to that of myosin alone; however, 

a shift to approximately 10°C higher is observed for both steps (O'Neill and 

others 1993). Thus the presence of actin; whether in a free form, F-actin, or a 

bound form, actomyosin, in a myofibrillar gel results in a lower gel elasticity and 

higher thermal requirement than the corresponding pure myosin gel. 

 The effects of included sarcoplasmic proteins on meat gel formation are 

not clear. A body of work suggests that the presence of the sarcoplasmic 

proteins decreases gel strength by the interactions of the myofibrillar proteins 

(Okada and Nakayama 1961; Lee 1984; Rodger and Wilding 1990). 

Alternatively, Morioka and Shimizu (1993) found no such effects. The numerous 

other proteins present in muscle have not been studied with regard to their 

possible roles in affecting the gel forming ability.   
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1.6 Role of Muscle Ultrastructure Disruption in Improving Batter 

Gelation 

Pure myosin, or myosin plus other soluble proteins, has been the model system 

most used in mechanistic studies, but commercial products prior to heating 

likely do not represent a totally solubilized system of proteins.  Thus a critical 

step in maximizing the gelling properties of myofibrillar proteins is their 

dispersion and/or solubilization prior to heating.  

1.6.1 Effects of Chopping (Comminution) and Salt Addition 

It has been shown that high speed chopping to achieve a fine 

comminution of the meat, even for up to several hours, cannot in the absence of 

added salts replicate the improved gel forming ability induced by the addition of 

salt to the normal chopping procedure (Niwa 1992).  At typical  levels of salt 

(NaCl) addition used for meat paste or batter production, approximately 0.3M 

(2%), cod myosin is 80% soluble (Stefansson and Hultin 1994). Salt addition is 

thought to aid in disruption of ionic bonds which stabilize both the muscle 

ultrastructure (intermolecular) and protein native structure (intramolecular). At 

higher salt concentrations (>0.5M KCl), the thick filaments largely depolymerize 

(Cohen 1998), with maximum solubility (salting in) of myofibrillar proteins 

occurring at approximately 1.1M for monovalent chloride salts (Munasinghe and 

Sakai 2004).  
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The ability of a salt’s cation and anion to form interactions with charges 

on the surface of protein, thereby shielding the protein from interaction with 

water, determines the level of salt needed for the salting in of the protein. The 

protein shielding effect occurs because electron clouds of ionic compounds 

more easily interact with the hybridized orbitals of the organic molecules of 

proteins than can the hybridized orbitals of water. The basis of these orbital 

interactions are a function of the allowed and forbidden electron transition 

states (Weinhold 2005). This shielding effect is beneficial for solubility because, 

along with the ionic residues, hydrophobic ones are also present. These 

hydrophobic residues when placed in an aqueous environment produce a less 

entropic system. For maximal solubility, a high entropy system is desired. 

These solubilizing/desolubilizing effects, defined by the Hofmeister 

series, are thus a reflection of these shielding effects. The salts of weaker acids 

solubilize proteins well, while salts of stronger acids solubilize proteins less 

effectively (Kunz and others 2004). This is related to the ability of the ions to 

hold onto their electrons or accept electrons.  Larger, negatively charged ions 

are less able to hold onto their electrons while smaller, positive ions are able to 

better interact and solubilize proteins. When positive ions interact with negative 

charges (electrons) on the surface of a protein, smaller ions more strongly 

attract electrons. When negative ions interact with positive charges on the 

surface of a protein, larger ions can more easily donate electrons to the protein 

(Chang 2005).  
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In addition to shielding water from the surface of the protein, salts can 

also shield one protein surface from another protein surface. The removal of 

these ionic protein-protein attractions thus allows for increased solubility of the 

molecules in water (Niwa 1992; Lanier and others 2005). As discussed above, 

inter- and intra-molecular ionic bonds are relatively strong, and this loss of 

charge-charge interactions usually leads to conformational change. This 

conformational change allows for more surface to be exposed and also for 

better solvation by the salt and water present in the bulk solvent (Creighton 

1993).  

The addition of salt, which promotes solubilization of the myofibrillar 

proteins, also logically promotes a concomitant disruption of the muscle 

ultrastructure (Niwa 1992). Gordon and Barbut (1997) have shown that with 

2.5% added sodium chloride, at a typical meat pH (pH 5.9), the main proteins 

solubilized are myosin, Z-disk proteins, and IF proteins. Release of myosin from 

the ultrastructure also apparently results in a lowering of its thermal 

denaturation temperature, measurable by DSC (Wu and others 1985).  

1.6.2 Selective Removal of Proteins Key to Disrupting Ultrastructural 

Integrity 

Particular cytoskeletal proteins, such as Z-disk protein and IF proteins, 

are thought to be critical to maintaining the myofibril ultrastructure. For example, 

(Feng and Hultin 1997) found that washing with low ionic strength salt solutions 
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 at neutral pH (25 or 150 mM, pH 7) removes certain ultrastructural proteins, 

which thereby facilitates the subsequent solubilization of myosin, titin, and 

nebulin at salt concentrations approaching zero, conditions at which otherwise 

myosin is not typically extractable from myofibrils. They concluded that these 

more easily extracted proteins provide ultrastructural support at the sarcomeric 

IF, Z-disk, and M-line locations, since myosin, titin, and nebulin are otherwise 

three of the most tightly bound proteins in the sarcomere (Craig and Padron 

2004).  

 Follow up work (Kelleher and others 2004) showed that the ionic 

strength required for removal of these “solubility inhibitory proteins” (SIPs) falls 

into two groups, dependent upon the ultimate pH of the muscle of the species. 

Those species with higher ultimate pH, above pH 6.6 (e.g. cod, hake, whiting), 

showed easier removal of the SIPs and myosin with only water washing alone, 

while those with lower ultimate pH, below pH 6.6 (e.g. menhaden, mackerel, 

homeotherms) first required washing with low ionic strength salt solutions to 

remove the SIPs, which subsequently facilitated the solubilization of myosin at 

near-zero ionic strength. When muscle from species with higher ultimate pH 

was artificially reduced to a pH below 6.6, the solubility of myosin at near-zero 

ionic strength was greatly reduced (Kelleher and others 2004).  

It may be concluded that removal of specific ultrastructural proteins, the 

so-called SIPs, would facilitate better solubilization of myosin.  This was 

hypothesized to be a consequence of a high level of disruption of the 
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ultrastructure facilitated by the SIP removal (Stefansson and Hultin 1994; 

Krishnamurthy and others 1996; Chang and others 2001a).  

Chang and others (2001a) found that selective removal of SIPS allowed 

for the production of good gels even at low salt concentrations (0.88 and 

0.15%) and thus (because of such low ionic strength) producing no measurable 

solubilization of myosin and actin. Thus simply the greater disruption of muscle, 

and resulting greater dispersability of the released myofibrillar proteins, may 

suffice alone to improve the heat-induced gelation of meat pastes.  

At higher ionic strengths, it would be expected that SIP removal would 

occur for almost any meat species, leading to release of myosin and its 

enhanced solubilization during comminution. Ito and others (2003) similarly 

showed that ultrasonication of washed muscle samples cleaved ultrastructural 

proteins (e.g. titin and desmin) which resulted in increased solubilization of 

myosin upon subsequent comminution with a high ionic strength of added salt.  

1.6.3 Evidence Possibly Contrary to the Role of Ultrastructure 

Disruption/Protein Dispersion in Improving Gelation 

Ito and Others (2003) also found, however, that there were no 

differences between fresh and aged muscle in the extent of myosin solubility 

measurable after ultrasonication and subsequent comminution with salt. Aging 

of meat is known to causes deterioration of the z-disk structure and IF network  
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(Dransfield 1994; Koohmaraie 1994; Wheeler and Koohmaraie 1994; Taylor 

and others 1995; Nishimura and others 1998; Pospiech and others 2003; Riley 

and others 2003; Shimada and Takahashi 2003; Tatsumi and Takahashi 2003; 

Ilian and others 2004; Maher and others 2005).Thus it would be expected that 

aging would contribute to greater ease of ultrastructure disruption during 

ultrasonication, in turn resulting in better myosin solubility. However, the authors 

did not speculate to a cause of this finding.  

A hydrodyne (shock wave) treatment is also known to induce physical 

tearing of the myofibril ultrastructure at the Z-disk, I-band, and M-line (Meek 

1997). When Schilling and others (2002) applied such a treatment to meat prior 

to using  the meat to prepare heat-induced gels, these gels exhibited decreased 

gel fracture stress and strain values relative to controls. This could be 

interpreted as an indication that myosin was less extractable in the hydrodyne-

treated meat. However, a relatively high level of salt was added during the 

subsequent comminution of the meats in preparation for gel formation, such 

that the muscle ultrastructure disruption effected by the hydrodyne treatment 

prior to comminution may not have significantly contributed to better myosin 

solubility. 
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1.7 Mechanism(s) of Gelation Improving Effect by the pH 

Shifting Process 

1.7.1 Introduction 

The pH shifting process, developed by Hultin and co-workers for 

recovering meat proteins (Kristinsson and Hultin 2003b; a; Undeland and others 

2003) involves chopping the muscle with 5-10 volumes of water and then 

adjustment of the pH to low (2-3) or high (10.5-11) values to solubilize the 

myofibrillar proteins.  At this point, centrifugation can be used to remove the fats 

and insoluble matter (connective tissue, scales, bone, etc.). The solubilized 

material is then precipitated by adjusting pH to the isoelectric point (5.3-5.5). 

The resulting meat protein isolate is then dewatered and ready for further use, 

typically after adjusting to a more neutral pH.  

This work began primarily as an approach to refine functional proteins 

from high fat fish species (Undeland and others 2002). Interestingly, the 

proteins isolated by this process were found to be enhanced in their gel forming 

ability, even without the addition of salt during comminution (Kristinsson and 

Hultin 2003b). 

Several possible mechanisms have been put forward to explain the 

enhanced gelling functionality of the meat protein isolates produced by the pH 

shifting process.  
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1.7.2 Conformational Changes In pH Shifted Proteins 

A first hypothesis is that the pH shifting process induces changes in 

conformation of the proteins, particularly myosin, which favors better gelation. 

Kristinsson and others (Kristinsson and Hultin 2003a) found that significant 

conformational changes in myosin did occur upon pH shifting. These included 

uncoiling and recoiling of the myosin tail, loss of light chains, and changes in 

the globular head. They additionally measured an increase in reactive thiol 

groups and an increase in exposure of the hydrophobic core of myosin. The 

latter properties, in particular, could imply that the myosin might exhibit 

improved gelling properties as discussed in the molecular forces leading to 

gelation (Sect. 1.4.2). 

The organization of protein molecules is categorized at four levels. 

Primary structure consists of the amino acid order as the protein is expressed 

from the gene. Secondary structure is folding of the smaller segments of the 

protein into structures or motifs common to many proteins. These motifs include 

alpha-helices and beta-sheets. Tertiary structure is folding of the motifs into 

even larger structures, called domains. Quaternary structure is the interaction of 

the domains of one or more proteins to form the overall structure as it functions 

in nature (Branden and Tooze 1999).  

Conformational change is a disturbance in any, or a combination, of 

these structural levels from the so-called “native state”, defined as the 

equilibrium conformation of the protein in vivo. In some cases, conformational 
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changes are desirable for protein function. An example is the conformational 

change that occurs in the troponin complex in vivo upon binding of ATP or 

calcium that allows for contraction of muscle (Perry 1996). Conformational 

changes in meat proteins post-mortem are generally viewed as 

counterproductive to subsequent gelling properties, as these may result in 

premature aggregation that is irreversible and therefore does not contribute to 

subsequent formation of the gel during heating.  

In the first step of the pH shifting process to make meat isolates, the pH 

of the aqueous matrix is adjusted to ≥10.5 at ionic strength of approximately 

150mM (physiological ionic strength). Under these high pH conditions, changes 

in the conformation of myosin were observed (Kristinsson and Hultin 2003b; a). 

The authors suggested that the shifting to this extreme pH allows for the 

deprotonation of all acidic (pKa <4.5), imidazole (pKa <7.0), thiol (pKa < 9.5), 

phenolic (pKa <10.3), ε-amino (pKa < 11.1) and part of the δ-guanido (pKa < 

12) residues (Creighton 1993) present in myosin. This increase in charge, as a 

result of deprotonation, in turn forces a conformational change in the HMM 

region of myosin  to allow for a better charge distribution on the surface of the 

protein (Kristinsson and Hultin 2003a) and a corresponding lower energy state, 

creating a molten globule state (Dill and Shortle 1991). This molten globule 

state is characterized by loss of LC binding by HMM binding sites and maximal 

unfolding of the HMM region.  The presence of the myosin molecule, and 

especially the HMM region, in the molten globule state has been shown to favor 
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gel formation during heating as discussed in Sect. 1.2.3 (Chan and others 

1992; Fukushima and others 2003).  

Upon subsequent isoelectric precipitation (pH 5.5) and neutralization (pH 

7.5), some refolding of the HMM was seen. However, substantial 

conformational changes were still detected in the HMM. Near-ultraviolet (UV) 

circular dichromism spectroscopy of the precipitated and neutralized isolates 

showed that the majority of the secondary structure was retained, while much 

the tertiary structure of myosin was lost. The majority of myosin tertiary 

structure is located in the HMM, while the LMM is mostly secondary structure 

(Lowey 1965; Harrington and Burke 1972; King and Lehrer 1989).  

Fluorescence quenching experiments on the same isolates (Kristinsson 

and Hultin 2003a) showed that the buried tryptophan residues in the both the 

HMM and LMM were not exposed fully.  This suggests that both regions had 

not adopted a random chain conformation and that some original structure was 

still present.  

Furthermore, a 29% increase of reactive thiols in the isolate samples as 

compared to corresponding untreated samples was found by UV 

spectrophotometry. The authors suggested that these combined data imply that 

the isolates are composed of a partially refolded HMM in an extended state with 

LMM remaining relatively intact. This assumption of an extended state is 

consistent with other work showing that proteins in a partially refolded state are 
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also found in the extended state (Lowey 1965; King and Lehrer 1989; Chang 

and Ludescher 1993). 

Thus the authors suggest that the increase in gel forming ability of 

isolates produced via the pH shifting mechanism is at least in part due to 

increased thiol exposure present in the extended state. This would be very 

similar to the S1 denaturation process that is thought to occur during heat-

induced gelation of myosin. Thus, isolates produced during the pH shifting 

process are very similar in reactive thiol exposure to myosin in a heated 

(>30°C) environment.  

It should be noted that the loss of the essential LC during the process 

also allows for additional exposure of the S1 region (Sect. 1.3.2) potentially 

exposing even more reactive thiols for aggregation (Lowey 1965; Gazith and 

others 1970).  This loss of the LC also allows for additional hydrophobic 

patches to be formed (Kristinsson and Hultin 2003b) which could participate in 

gel forming upon heating. 

The sum of these changes could also explain why no salt addition is 

required for gel formation in isolates produced by this pH shifting process. Salt 

addition and heating are usually necessary to produce the extended state and 

the loss of the LC in myosin (Hennigar and others 1988).  

However, other factors would suggest that this proposed mechanism 

does not completely explain the increased gel forming ability of the pH shifted 

meat isolates. While myosin has been shown to be largely responsible for the 
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functionality of myofibrillar proteins (Xiong 1997), myosin only makes up 53% of 

the total myofibrillar proteins (Perry 1996).   Research into the role of actin in 

gelation has shown that the ratio of myosin to actin modulates the  fracture 

properties of heat set gels with an optimum occurring at 1:1.3 w/w actomyosin 

to myosin  (Wang and Smith 1995). Undeland and others (2002) have shown 

that the pH shifting process also solubilizes many other myofibrillar proteins, 

including titin and nebulin. The addition of these fibrillar proteins that co-locate 

with and structurally mimic myosin (Sects. 1.3.4 and 1.3.7) could potentially 

have an effect on gelation much like actin. Additionally, the effect of the 

solubilization of these ultrastructural proteins on the ability of myosin to 

crosslink with other proteins was not considered.  

1.7.3 Fractal Arrangement of Proteins  

 A second possible explanation for why pH shifting improves the gelation 

properties of meat proteins might be that aggregates form in a particular size or 

shape when the protein is precipitated out of solution. The fractal geometry of 

the aggregates and pre-aggregates could secondarily influence the formation of 

different types of gel networks. A similar hypothesis has been promulgated to 

explain gelling and other functional properties of dairy protein products 

(Marangoni and others 2000; Ould Eleya and others 2004; Zhong and Daubert 

2004; Zhong and others 2004a; b). Differences in the gel structures of these 

dairy gels were manifested as different gel types (stranded vs. beaded) and 
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differing numbers and orientations of connections between aggregates with the 

gel network (Zhong 2003). 

The pH shifting process, in the isoelectric precipitation step, produces 

aggregate/flocculate products. Thus there is the possibility that the fractal size, 

shape and/or organization of the aggregates could affect that of the gel matrix 

subsequently formed from them.  

 When aggregates bond to form larger structures, the relative position of 

these pre-aggregates remains essentially the same. Thus, as the structures of 

the aggregates grow, the relationship is defined by Eq. 1.2: 
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where Np is the number of particles that and aggregate will contain, R is the 

radius that characterizes the aggregate, a is the radius of the pre-aggregates, 

and D is the fractal dimensionality. The number of connections within an 

aggregate can be determined by Eq. 1.3: 
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where Ns is the number on connections within an aggregate. The ratio of 

the number of particles in the aggregate to the number of connections in the 

aggregate (Np / Ns) is proportional to the volume fraction, ϕ, of the pre-

aggregates in the aggregate. This volume fraction can be extended to gelation 

with Eq. 1.4. These parameters can often define gel properties such as when 
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 gel formation will occur, the strength and permeability of the gel (Dickinson 

1992; Walstra 2003). This idea fits well within the theoretical work on particle 

gel formation by van Vliet and Walstra (1995) (1995) who suggested that the 

point at which a gel is formed can be defined by Eq. 2.1: 

( )3
1

−= D
c aR φ                       1.4 

where Rc is critical aggregate radius for gelation, a is the radius of the primary 

particles (myosin molecules), φ is total volume fraction of the primary particles, 

and D is the fractional dimensionality of the gel: clearly, smaller particles can 

lead to gelation at a lower concentration.  In the next section, this lower critical 

gelling concentration will be shown to possibly relate also to stronger, more 

deformable gels.  

1.7.4 Solubility, Disruption and Dispersion 

A third explanation for the increased gelling functionality caused by the 

pH shifting process is that the process may induce increased disruption of the 

myofibrillar ultrastructure. This disruption could in turn promote better dispersion 

of the myofibrillar gelling proteins at the time of heating to form the gel.  

This third proposed mechanism forms the main hypothesis of this 

dissertation work; that any process or treatment that promotes greater 

disruption of muscle ultrastructure, during comminution to form the meat paste, 

will likely also contribute to better protein dispersion and therefore enhanced 

gelling properties of the paste upon subsequent heating. 
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 The selective removal of certain ultrastructural proteins such as titin, 

nebulin, MyBP-C, and α-actinin, termed solubility inhibitory proteins (SIPS), by 

washing with low ionic strength solutions has been shown to lead to increases 

in myofibrillar protein solubility and dispersibility, and to good gelling properties, 

even at low ionic strength (Feng and Hultin 1997; Chang and others 2001a; 

Chang and others 2001b; Chang 2003; Kelleher and others 2004). Undeland 

and others (2002) showed that these SIPS are extracted during the pH shifting 

process. The selective removal of SIPS by the increasing pH step of pH shifting 

could allow for a more even distribution of the myosin even when little or no salt 

is added during comminution, as suggested by Chang and others (2001a).  

Because these authors found that removal of SIPS allowed for the 

production of good gels even at low salt concentration (0.88 and 0.15%), and 

with no solubilization of myosin and actin apparently solubilization of the major 

gel producing proteins is not a requirement for gel formation. The authors 

suggested that merely the attaining of an even dispersion of the gelling proteins 

could account for these findings.  

 Meat protein which has been subjected to pH shifting can also form heat 

induced gels of very good quality in the absence of added salt.  This suggests 

that the pH-shifting regime, which also results in removal of SIPs (Undeland 

and others, 2002) effectively, disrupts muscle ultrastructure, causing the 

myofibrillar proteins to be well dispersed without the requirement for added salt.  

Salt typically is necessary in the preparation of good gelling meat batters to 
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disintegrate the meat ultrastructure, leading to better myofibrillar protein 

dispersion and solubility.  The pH-shifting process evidently effects good 

dispersion of the myofibrillar proteins without the need for added salt, which 

causes the myofibrillar proteins to be well dispersed. This dispersion seems 

more important to the subsequent gelation properties than does true solubility, 

since at low salt levels (low ionic strength) myosin and actin would not be 

soluble (Chang and others, 2001a). 

When myosin (or any gelling protein) is well distributed, the critical 

gelling radius Rc is smaller and a gel would be formed more quickly. 

Additionally, lower Rc has been shown by confocal microscopy to correspond to 

smaller sized holes in the gels (Walstra and others 1991). Observation of surimi 

by TEM showed that as processing increased the disruption of the protein 

ultrastructure and even dispersion of the protein in the gel, higher rigidity and 

elasticity was found. Samples that showed higher textural properties also had 

finer gel structures than the lower textural properties (Sato and Tsuchiya 1992). 

Similarly, Andersson and others (1997) found using scanning electron 

microscopy (SEM), that emulsion sausages produced with proteins that had 

aggregated prior to heating had lower fracture stress and fracture strain values 

than corresponding sausages which displayed an even dispersion of non- 

aggregated proteins. 
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1.8 Calpain as an Agent to Promote Muscle Ultrastructure 

Disruption 

1.8.1 Introduction  

 Calpain is a naturally occurring enzyme in meats known to disrupt the 

myofibril integrity by attacking proteins at the Z-disk region (Asghar and Bhatti 

1987). Its use might therefore serve as one experimental means of disrupting 

myofibrillar structure and dispersing proteins without otherwise affecting protein 

conformation or ionic/pH conditions and thereby be useful in testing our 

hypothesis. 

Calpain is a family of neutral, calcium activated endopeptidases 

commonly found in mammalian muscle. They are non-lysosomal thiol 

proteases. Although several different isoforms of calpain have been isolated 

from skeletal muscle, two forms are implicated important in meat production. 

These are μ-calpain (E.C. 3.4.22.52), also known as calpain-1, and m-calpain 

(E.C. 3.4.22.53), also known as calpain-2 (Kishimoto and others 1981; 

Murakami and others 1981; Suzuki and others 1981). The major difference 

between the two isoforms is the quantity of calcium needed to activate the 

enzyme. The amount needed to activate μ-calpain is approximately 5-50μM, 

while 150-1000μM is needed to activate m-calpain (Goll and others 1990). 

Additionally, calpain have been implicated as one of the major 

contributors to tenderization of meat during aging. Tenderization results from 
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the disruption of muscle protein ultrastructure at the Z-disk and IF networks 

(Goll and others 1992; Jiang 1998).  

Several factors inherent to calpain suggest that they are the proteinases 

causing tenderization. First, they are located in the cytosol adjacent to the Z-

disk. This freedom of mobility allows for interaction with the protein networks 

without the necessity of being freed from a lysosome. Additionally, calpain has 

been shown to be extremely active on the proteins of the Z-disk and 

ultrastructure. Specifically, calpain has been shown to degrade α-actinin, 

desmin, filamin, nebulin and connectin (Z-disk), MyBP-C and MyBP-M (M-line), 

and tropomyosin, troponin I and T (thin filament) (Davies and others 1978; 

Lusby and others 1983; King 1984; Asghar and Bhatti 1987). Final supporting 

evidence for the role of calpain in meat tenderization is shown in ultrastructural 

disintegration resembling that of naturally aged meat caused by adding calpain 

(Dayton and others 1976; Dayton and others 1981). 

  In addition to it being a well studied (Bartoli and Richard 2005; Costelli 

and others 2005; Geesink and others 2005; Huff-Lonergan and Lonergan 2005; 

Kent and others 2005; Kitamura and others 2005; Maddock and others 2005; 

Obanor and others 2005; Oliete and others 2005; Perez-Chabela and others 

2005; Raynaud and others 2005; Salem and others 2005; Sorimachi and others 

2005; Gil and others 2006; Kannan and others 2006; Kristensen and others 

2006; Muroya and others 2006; Nagaraj and Santhanam 2006), and naturally 

occurring proteolytic enzyme in muscle, there is little evidence to suggest that 
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calpain attacks myosin, which  is the main protein involved in the gel-forming 

ability of meat. 

The use of isolated calpain for our purpose has several advantages. 

First, the activity of the calpain to be used in tests can be confirmed prior to the 

trial. Since calpain can undergo autolysis in the presence of high levels of Ca2+ 

and can be inhibited by calpastatin, activation of the in vivo calpain is less 

desirable. Additionally, a controlled level of calpain can be added to allow for 

trial to trial consistency. Thus, the system is well controlled and evaluates the 

two effects directly.   

1.9 Review of Analytical Methods Used 

1.9.1 Transmission Electron Microscopy 

 The visual evaluation of protein gels spans a large range of techniques 

from colorimetric evaluation of visual color (Montero and others 1998) to Atomic 

Force Microscopy, AFM, of individual protein molecules (Ikeda 2003). A 

common way to evaluate structure of protein gels is with microscopy.  

 Microscopy allows visualization of structures smaller than can be seen 

by the human eye.  The unaided human eye is capable of detecting objects 

separated by 1mm- 100μm depending on the subject viewing the object.  

However, with the aid of a light microscope, humans can see separations down 

to approximately 1μm (Bozzola and Russell 1999). It is this ability of a 

microscope to resolve two closely placed objects that defines the resolution 
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power of the microscope.  The theoretical resolution power in light microscopy 

is 0.1 μm (Bozzola and Russell 1999).  As with all microscopes, the resolution 

power is defined by the amount of aberration present in the lenses of the 

microscope (Horiuchi 1994). 

 Fig. 1.29 depicts how diffraction aberration affects the resolving power 

by shifting the perceived location on the focal plane. This shifting can be 

defined by the equation (Eq. 1.5) 

Roo /61.0sin λ=Θ≈Θ    1.5 

where θo is the diffraction angle, λ is the wave length of light used, and R is the 

radius of the aperture. This diffraction aberration can also be defined by the 

blurring value,δ, defined by Eq. 1.6 

α
λδ

sin
61.0/

1n
Mbo ≈Θ=     1.6 

where b is the distance from the lens to the focal plane, M is the magnification 

(defined by Eq. 1.7), n1 is the refractive index of the objective side, and α is the 

divergent angle of the lens.  

βα sin/sin/ 21 nnabM ==    1.7 

where a is the distance from the light source to the lens, n2 is the refractive 

index of the image side, and β is the convergent angle of the lens. When δ is 

equal to or larger than the distance between two points, the points are no longer 

resolvable. The two practical ways to increase the resolving power in a light  
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microscope then are the increase n1 (oil immersion) and use of a smaller 

wavelength of light. It should be noted that this diffraction aberration is not due 

to the lens, and assuming a perfect lens the maximum magnification one could 

expect from a light microscope is approximately 1000x (Horiuchi 1994). 

 

 

Figure 1.29 Schematic showing diffraction aberration in a light 
microscope. O represents the light source, α is the divergent angle, R is 
the radius of the aperture, β is the convergent angle, θo is the diffraction 

angle, a is the distance from the light source to the lens, f is the focal 
distance,  and b is the distance between the lens and the focal plane 

(Adapted from Horiuchi 1994). 
 

To increase the magnification and resolution power, Knoll and Ruska (1932) 

first suggested using the wave nature of an electron as the light source. The 

wavelength of an electron is a function of its energy and is defined by Eq. 1.8 
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where λthe wavelength, h is is Planck’s constant, mo is the rest mass of the 

electron, eU is the electrostatic potential drop and c is the speed of light. For an 

electron with a 100keV acceleration (typical for electron microscopy), the 

wavelength is 0.0037nm (Murr 1991). The greater than 10^5 difference in 

wavelength allows for a difference in δ (and correspondingly resolving power) of 

greater than 10^4 between the two light sources (visible light and electrons). 

 Image collection in both electron and light microscopy for photographic 

reproduction is the same. The film stock is exposed to the light source, visible 

light or electrons, which imprints on the film. Typical photo processing allows for 

development of the final print picture. However, recent advances in computing 

have allowed for the digitizing of the electron detector output. This process 

produces a digital image where pixel brightness corresponds to the number of 

electrons detected (Bozzola and Russell 1999). 

 Magnification in light microscopes is achieved by increasing the power of 

the lenses of the optical system. However, in electron microscopes, 

magnification occurs by rasterizing a smaller area. Since the area scanned by 

the electron beam is placed into the same size image (digital or film), scanning 

a smaller area allows for a magnifying effect (Bozzola and Russell 1999).   

1.9.2 Rheology 

 Rheology is the study of the deformation and flow of materials (Daubert 

and Foegeding 1998). Rheology is one method to evaluate the textural 
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 properties of foods.  It is able to relate the structural and functional properties 

of gel networks (Steffe 1996). Because protein gels exhibit properties of both 

fluid (viscous) and solid (elastic) when a force is applied to them (deformed), 

they are termed viscoelastic.  To simulate the textural properties of food in the 

mouth, the large deformational rheological testing is used. In this testing, the 

samples is deformed to an extent that permanent structural changes result 

(Hamann and MacDonald 1992). One method is torsional testing which twists a 

capstan shaped sample to determine the fundamental parameters of a sample, 

shear stress (σ) and shear strain (γ). Shear stress is the force that is applied 

parallel to the surface of the material and is related to its strength. Shear strain 

is related to is deformability and is defined by Eq. 1.9  and Fig. 1.30 (Hamann 

and MacDonald 1992): 

h
LΔ

== δγ tan      1.9 

where δ is the angle of deformation, ΔL is the change in sample length and h is 

the height of the sample. 
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Figure 1.30 Schematic showing the shape changes of a sample during 
application of a shear force. H is the original height of the sample, L is the 
original length of the sample, F is the direction of the applied shear force, 
δ is the angle formed between the original location of the sample side and 

the sheared sample side, and ΔL is the change in length after the shear 
force is applied (Adapted From Hamann and MacDonald 1992). 

 

Torsion has the advantages of utilizing pure shear, minimizing geometric 

considerations (Hamann and MacDonald 1992) and correlating well with 

sensory evaluation (Barrangou and others 2006).  However, because the shape 

and force are not the same as shown in Fig. 1.30, different formulae must be 

used to calculate shear stress and shear strain.  Shear stress and shear strain 

are defined by Eqs. 1.10 and 1.11 (Montejano and others 1983): 

3
min

2
r
kM

π
σ =       1.10 

where k is the shape constant for the capstan (1.08) (Diehl and others 1979), M 

is the twisting moment (N•m) and r is the minimum radius of the sample. 
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where k is the shape constant for the capstan (1.08) (Diehl and others 1979), ϕ 

is the angle of specimen twist (rad), r is the minimum radius of the samples and 

Q is the shape constant for a capstan (8.45x106 m-3) (Diehl and others 1979). 

However, a correction needs to be made for samples with a shear strain above 

1.0 which is defined by Eq. 1.12 (Nadai 1937; Hamann and MacDonald 1992): 
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where γc is the corrected shear strain and γ is the uncorrected shear strain. 

Plotting of these two parameters allows for the production of a texture map (Fig. 

1.31) that relates rheological measurements to sensory texture profiles. 

 

Figure 1.31 Generalized texture map depicting the general sensory 
attributes correlated to increasing and decreasing fracture stress and 

fracture strain. 
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Chapter 2:  
Effects of pH Shifting on  

Gel-forming Ability of King Mackerel Muscle 

2.1 Introduction, Approach and Hypothesis 

2.1.1 Introduction 

Recent work (Chang and others 2001a; Kristinsson and Hultin 2003; 

Kelleher and others 2004; Thawornchinsombut and Park 2004) has shown that 

use of a pH shifting process to isolate muscle proteins from fat and connective 

tissue can produce isolates with uniquely enhanced gelling properties.  Such 

isolates when made into pastes (even without salt addition) produce heat-

induced gels exhibiting higher fracture stress and strain values than cooked, 

salted and chopped batters made from intact meat or conventionally produced 

surimi (minced, water-leached meat) of the same species. Gel-forming ability of 

surimi, relative to unwashed meat, is said to be improved by selective removal 

of the water-soluble fraction of proteins (Toyoda and others 1992). Yet the 

gelling properties of this new, pH-shifting processed, meat protein isolate 

generally exceed even that of surimi made from the same meat, even though it 

still contains this water soluble protein fraction. 

One proposed mechanism to explain this enhancement of gelling 

properties is that the process effects changes in the conformation of the 

proteins (Kristinsson and Hultin 2003). As the pH is shifted upwards and later 
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readjusted to the isoelectric point, the light chains are removed, the LMM 

unwound and recoiled, and the shape of the globular head changed.   

In the present work we explore another possible mechanism: that the 

observed increased gelling functionality may result from increased disruption of 

the myofibrillar ultrastructure that in turn promotes greater dispersion of the 

gelling myofibrillar proteins. Sato and Tsuchiya (1992) observed that stronger 

and more deformable meat gels correlated with a more homogeneous 

dispersion of myofibrillar proteins, when viewed by transmission electron 

microscopy (TEM). Stefansson and Hultin (1994) reported that selective 

removal of ultrastructural proteins allowed for dramatic increases in myosin 

solubility; the pH shifting procedure has been shown to similarly affect some of 

these same proteins that restrain dissolution of the myofibril (Undeland and 

others 2003). The near total dissolution of myofibrillar structure, likely effected 

by the pH shifting process, could allow for a better dispersion of muscle 

proteins and thus for the formation, during heating of this dispersion, of 

stronger, more deformable gels. 

2.1.2   Experimental Approach and Hypothesis 

The present work examined, by transmission electron microscopy 

(TEM), the changes to muscle tissue, and cooked gels prepared from this 

treated muscle, as it progressed through an alkaline solubilization and 

isoelectric precipitation (pH shifting) refinement process. A human panel was 
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trained to examine representative TEM micrographs and evaluate progressive 

levels of ultrastructural disintegration of muscle and accompanying dispersion 

of muscle proteins. Cooked gels were also evaluated for fracture strength and 

deformability (fracture stress and strain). On the basis of the hypothesis to be 

tested, we expected that a positive correlation would be observed between 

increasing fracture values and higher levels of protein dispersion, resulting 

from greater ultrastructural disintegration induced by the pH shifting process, 

as detected by the panel. 

2.2 Materials and Methods 

2.2.1 Materials 

 King mackerel, Scomberomorus cavalla, was cleaned and immediately 

put on ice following long line harvest off the North Carolina coast and the meat 

was used within 24 hours.  

2.2.2 pH Shifting Process 

Cleaned king mackerel were filleted and the white muscle collected. The 

muscle was then blended with chilled (~5°) deionized water 1:7 (w:v muscle: 

water) for 3 minutes on high in a Waring Blender (Waring Laboratory and 

Science, Torrington, CT) to produce mince. The mince slurry was then placed 

in a plastic container on ice, and the pH was adjusted by manual stirring using  
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a slotted spoon with 2N NaOH to pH 11 ± 0.03 at 60ml/min. The protein 

solution was screened with two layers of cheese cloth to remove any insoluble 

material, and aiding in the removal of fat. The screened protein solution was 

then adjusted to near the isoelectric point of muscle proteins, pH 5.5 ± 0.3, with 

2N HCl added at 30ml/min with manual stirring with a slotted spoon to induce 

formation of a protein flocculate (isolate). The flocculate was collected in 

organza fabric and dewatered to approximately 68% moisture content with 

hand pressing. All pH values were measured with a model IQ150 pH meter 

equipped with an ISFET probe (IQ Scientific, Carlsbad, CA). All processes 

were carried out at 5°C ± 2°C. 

2.2.3 Sampling of Uncooked Samples for Transmission Electron 

Microscopic (TEM) Analysis  

Samples for TEM evaluation were taken as the pH shifting process 

proceeded. Intact meat was sampled before the isolation process. As pH was 

increased, 3mL samples of the slurry were taken at pH 7, 9, and 11. After 

screening, 3ml samples of the slurry (containing precipitated protein) were 

taken at pH 9, 7, and 5.5 during pH decrease.  

For fixation, the slurry samples were drawn into a glass pipette, and the 

opening of the pipette was then placed under the surface of a solution of 1% 

w/w formalin in 0.1M sodium phosphate buffer. The slurry was then slowly 

expelled from the pipette and allowed to remain in the fixative for 15 min. This 
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pre-fixation allowed for a more solid sample to be produced that could be more 

easily handled. The partially fixed slurry and intact muscle samples were then 

carefully cut with a scalpel into 1mmx1mmx1mm cubes. The cubes were then 

fixed with a 2.5% w/w glutaraldehyde in 0.1M sodium phosphate buffer (pH 

7.2). The samples were post-fixed with1% OsO4 for 1 h and dried with graded 

ethanol. Dried samples were embedded in Quetol 615 resin and sectioned to 

90nm. Sectioned samples were stained with 4% uranyl acetate and Reynold’s 

lead citrate solution.  Samples were evaluated with a JEOL JEM-100S 

transmission electron microscope (JEOL U.S.A. Peabody, MA).  

2.2.4 Sampling and Preparation of Cooked Gels  

During the isolation process, samples were taken for measurement of 

gel forming ability.  In this case, samples of the slurry were removed at pH 7, 9, 

and 11 as the pH was increased; and then each of these slurries was adjusted 

to pH 5.5 to produce isolate by then dewatering through organza fabric. After 

screening with cheesecloth to remove connective tissues and during the pH 

decreasing steps, samples were taken at pH 9 and 7 and immediately 

dewatered in organza fabric.  

The isolate samples were chopped for 4 min at maximum speed in a 

Stephan UMC5 vacuum chopper (Stephan Food Processing Machinery, 

Mundelein, IL) with or without 2% NaCl (as applicable) and enough chilled 

(~5°C) water to yield a final moisture content of 78%.  During chopping the 
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samples were adjusted to pH 7 with sodium carbonate. The chopped materials 

were then stuffed into stainless steel tubes 19 mm in diameter 150mm in length 

and cooked in a water bath held at 90°C for 20 minutes. The cooked gels were 

immediately cooled in an ice bath for 20 minutes.  

2.2.5 TEM of Cooked Gels 

Cooked gel samples for electron microscopy were cut into cubes 

1mmx1mmx1mm and were fixed with 2:1 (w/w) formalin: glutaraldehyde in 

0.1M sodium phosphate buffer (pH 7.2), and prepared as described previously.  

Samples were evaluated with a Philips/FEI EM208S (FEI Company, Hillsboro, 

OR). Samples were coded by the electron micrographic technician without 

knowledge of the samples or experiment. Evaluation of the multiple sections on 

multiple screens was carried out by the researcher using the codes assigned 

by the technician. Images were selected that best represented the sum of the 

sections. Images were associated with their corresponding samples only after 

negative development. These micrographs were then used for all further 

analyses. 

2.2.6 Fracture Properties of Cooked Gels 

The cooked and cooled gels were equilibrated to room temperature and 

cut into 2.54 cm long segments. The segments were then ground into capstan 

shapes for torsional testing (Foegeding 1992), and evaluated for fracture stress 
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and strain on a Torsion Gelometer (Gel Consultants, Raleigh, NC) (Wu and 

others 1991).  

2.2.7 SDS- PAGE Electrophoresis 

Samples of slurries for SDS-PAGE were centrifuged at 15,000xg in a 

Marathon Micro A (Fisher Scientific, Pittsburg, PA) to separate solubilized 

(supernatant) and non-soluble (pellet) proteins. The supernatant and pellet 

were evaluated separately under denaturing SDS-PAGE (Laemmli 1970). 

Samples were solubilized under denaturing conditions using dithiothreitol and 

sodium dodecylsulfate. Individual wells were loaded with 0.7μg protein/well.  

2.2.8 Trained Panel Evaluation of Transmission Electron 

Micrographs 

Micrograph negatives were scanned at 1200 dpi, cropped and reduced 

to 300 dpi using bicubic interpolation using Adobe Photoshop (Adobe Systems 

Inc., San Jose, CA). The professionally printed 300 dpi images were presented 

to a trained panel (n = 10) with extensive training in visual evaluation and 5 h 

training with myofibrillar protein gel micrographs. Panelists were trained to 

distinguish differences in levels of disruption and dispersion. Larger disruption 

scores indicate higher disruption of ultrastructure.  Dispersion scores were 

determined accounting for both ultrastructural disruption and protein dispersion 

with higher scores indicating higher degrees of protein dispersion and  
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ultrastructural disruption.   

Samples were presented with random three digit codes, and evaluated 

in duplicate in a balanced, randomized block presentation.  Protein dispersion 

and ultrastructural disruption were evaluated on a 15cm line scale with anchors 

These references provided a means to standardize the replications across the 

length of the panel.   

The use of a trained panel to evaluate the micrographs provided for 

objective interpretation of the micrographs in order to remove bias from the 

observations.  Additionally, the panel was able to give a quantitative score for 

disruption and dispersion data, thus allowing for correlation with other 

quantitative experimental data. Additional details, reference photos and the 

ballot used are presented in Appendix 1. 

2.2.9 Statistical Analysis 

All statistical analysis was carried out with SAS 9.1.3 (SAS Institute, 

Cary, NC) using ANOVA with means separation. 

2.3 Results and Discussion 

2.3.1 Description of Changes in Ultrastructure and Protein 

Dispersion Evidenced by TEM of Uncooked Slurries  

Micrographs of samples taken during the pH shifting process revealed  
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that dramatic changes were induced in the muscle ultrastructure. Initially, intact 

muscle micrographs (Figs. 2.1 and 2.2) exhibited typical muscle ultrastructure. 

As the pH was increased, the M-line structures were the first to be disrupted as 

shown in the micrographs of the slurry sampled at pH 7 (Figs. 2.3 and 2.4). At 

this point in the process the myofilaments also show fraying where they attach 

to the M-line, but the myofilaments as a whole are mostly intact and visible 

(Katsaras and Budras 1993).  
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Figure 2.1 Transmission electron micrograph of intact King Mackerel 
muscle – 10,000x. Scale bar represents 1 micron. 
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Figure 2.2 Transmission electron micrograph of intact King Mackerel 
muscle – 30,000x. Scale bar represents 1 micron. 
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Figure 2.3 Transmission electron micrograph of pH shifted King Mackerel 
muscle at pH 7 (Increasing pH) – 10,000x. Scale bar represents 1 micron. 
Arrow heads indicate areas of M-line disruption. Arrows indicate Z-disk 

structures. 
 
 



 
 

127

 
 

Figure 2.4 Transmission electron micrograph of pH shifted King Mackerel 
muscle at pH 7 (increasing pH) – 30,000x. Scale bar represents 1 micron. 
Arrow heads indicate areas of M-line disruption. Arrows indicate Z-disk 

structures. 
 

As the pH was increased further to pH 9, progressively greater 

destruction of the myofilaments occurred (Figs. 2.5 and 2.6). While still 

discernable, the myofilaments at this point now show significant changes in 

ultrastructure. M-lines are barely visible, and the ends of the myofilaments are 

more frayed than at pH7. Additionally, the myofilaments appear more “fuzzy”,  
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indicating an initial dispersion of the proteins (Katsaras and Budras 1993). The 

Z-disk structures are still visible as dark lines in a striped pattern, but also show 

significant breaks and disruption (“fuzziness”).  As the pH was increased to 11, 

complete disruption of the ultrastructure was apparent from micrographs for the 

slurry sampled at pH 11 (Figs. 2.7 and 2.8).  

 

 

Figure 2.5 Transmission electron micrograph of pH shifted King Mackerel 
muscle at pH 9 (increasing pH) – 10,000x. Scale bar represents 1 micron. 

Arrow heads indicate Z-disk structures. 
 



 
 

129

 

 

 

 

 

Figure 2.6 Transmission electron micrograph of pH shifted King Mackerel 
muscle at pH 9 (increasing pH) – 30,000x. Scale bar represents 1 micron. 
Arrow heads indicate Z-disk structures. Arrows indicate myofilaments. 
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Figure 2.7 Transmission electron micrograph of pH shifted King Mackerel 
muscle at pH 11 – 10,000x. Scale bar represents 1 micron.  
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Figure 2.8 Transmission electron micrograph of pH shifted King Mackerel 
muscle at pH 11 – 30,000x. Scale bar represents 1 micron.  

 

Upon decrease in pH of the slurry toward the isoelectric point, the high 

degree of dispersion evident at pH 11 appeared to persist, but some filament-

like  structures had reformed,  as is evident in the micrographs for the slurry 

sampled upon again reaching pH 7 (decreasing pH) (Figs. 2.9 and 2.10). 
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Figure 2.9 Transmission electron micrograph of pH shifted King Mackerel 
muscle at pH 7 (decreasing pH) – 10,000x. Scale bar represents 1 micron. 

Arrows indicate fiber structures. 
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Figure 2.10 Transmission electron micrograph of pH shifted King 
Mackerel muscle at pH 7 (decreasing pH) – 30,000x. Scale bar represents 

1 micron. Arrows indicate fiber structures. 
 

TEM micrographs evidenced parallel changes in muscle microstructure 

disruption and dispersion. As the pH was increased to pH 7 M-lines begin to 

lose coherence in the TEM micrographs. The dissolution of the m-line, first 

evidenced at pH 7 and completed by pH 9 during the increase in pH, coincided 

with the appearance of M-protein, a SIP, in the electrophoretic gels of the  
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soluble fraction. It is reasonable to expect that these two events would occur 

simultaneously if M-line ultrastructure was being disrupted, because M-protein 

forms a large portion of the m-line scaffolding. At pH 7, some portion of the M-

protein was likely solubilized, but not enough to be visible by electrophoresis. 

However at pH 9, it is likely that a large portion of the m-protein found is 

solubilized. A similar disintegration in z-disk structure occurred, evidenced first 

at pH 9 and completed upon reaching pH 11. At pH 9 Z-disk ultrastructure in 

the micrographs has begun to be disrupted and at pH 11 the disruption is 

complete.  

Likewise, in SDS-PAGE gels of samples taken at pH 9 during pH 

increase, no α-actin (one of the scaffolding proteins SIPs of the Z-disk) was 

detectable.  But upon apparent complete disruption of the Z-disks at pH 11, the 

presence of α-actinin in the soluble fraction was evidenced by electrophoresis. 

2.3.2 Trained Panel Scoring of Slurry Micrographs   

Panelist scores (for ultrastructure disruption and protein dispersion) of 

raw slurry TEM micrographs at 10,000x and 30,000x were significantly different 

(p<0.05) between most sampling points of the pH shifting process up to 

attaining pH 11, but not thereafter (Table 2.1). Panelist scores, when plotted 

against process step (Figs 2.11-2.14), evidenced a trend of increasing 

disruption and dispersion as the pH was increased, both scores reaching  
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maxima at pH 11. Those scores held relatively constant for micrographs of 

slurries sampled as the pH was subsequently decreased down to the 

isoelectric point. 

 

Table 2.1 Trained panel scores for uncooked samples +/- SEM. Different 
letters within a column indicate a significant difference at p < 0.05. 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

Sample 
  

10,000x 
  

30,000x 
  

Disruption Dispersion Disruption Dispersion 
Whole Muscle 21+/-6 a 10+/-6 a 32+/-9 a 22+/-5 a 

pH 7 (Increasing) 72+/-7 b 22+/-1 b 110+/-5 b 69+/-8 b 
pH 9 (Increasing) 107+/-1 c 38+/-4 c 110+/-6 b  97+/-3 c  

pH 11 135+/-8 d 137+/-8 d 136+/-7 c 132+/-9 d 
pH 7 (Decreasing) 137+/-6 d 136+/-5 d 129+/-6 d  116+/-4 e 

Cooked Gel 117+/-8 e 79+/-6 e 131+/-5 c 114+/-10 e 
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Figure 2.11 Plot of trained panel disruption scores – 10,000x vs. 
processing step. Error bars represent SEM. 
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Figure 2.12 Plot of trained panel disruption scores - 30,000x vs. 
processing step. Error bars represent SEM. 
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Figure 2.13 Plot of trained panel dispersion scores - 10,000x vs. 
processing step. Error bars represent SEM. 
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Figure 2.14 Plot of trained panel dispersion scores - 30,000x vs. 
processing step. Error bars represent SEM. 
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2.3.3 Description of Changes in Ultrastructure and Protein 

Dispersion Evidenced by TEM of Cooked Gels 

Similar trends in the disruption of ultrastructure, resulting in increased 

protein dispersion, are evident in TEM micrographs of cooked gels as were 

seen in those of the slurries from which they were prepared, despite the fact 

that many of the gels (from slurries at pH 7, 9 and 11; pH increasing) were 

prepared by first precipitating the proteins at the isoelectric point and 

dewatering to produce a meat isolate. As the pH was increased to 11 by the 

addition of base during the process, more disruption of ultrastructure and 

dispersion of proteins were progressively apparent in micrographs of the 

resulting cooked gels.   

Isolates made from slurries that were increased only to pH 7 during the 

process produced gels with a significant amount of sarcomeric bundling and 

myofilaments still remaining after isoelectric precipitation and cooking (Figs. 

2.15-2.18). 
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Figure 2.15 Transmission electron micrograph of pH shifted King 
Mackerel muscle gel at pH 7 (increasing pH) without salt – 16,000x. Scale 

bar represents 0.3 micron. Arrows heads indicate remaining 
ultrastructure. 
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Fig. 2.16 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 7 (increasing pH) without salt – 28,000x. Scale bar 

represents 0.3 micron. Arrows heads indicate remaining ultrastructure. 
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Fig. 2.17 Transmission electron micrograph of pH shifted King Mackerel 

muscle gel at pH 7 (increasing pH) with salt – 16,000x. Scale bar 
represents 0.3 micron.  
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Fig. 2.18 Transmission electron micrograph of pH shifted King Mackerel 

muscle gel at pH 7 (increasing pH) with salt – 28,000x. Scale bar 
represents 0.3 micron.  

 

Cooked gels made from isolates of slurry upon reaching pH 9 

(increasing pH) exhibited striping indicative of semi-intact Z-disks (Figs. 2.19-

2.22), similar to micrographs of the raw slurry at pH 9 (increasing) (Figs. 2.5 

and 2.6). 
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Fig. 2.19 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 9 (increasing pH) without salt – 16,000x. Scale bar 

represents 0.3 micron.  
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 Fig. 2.20 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 9 (increasing pH) without salt – 28,000x. Scale bar 

represents 0.3 micron.  
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Fig. 2.21 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 9 (increasing pH) with salt – 16,000x. Scale bar 

represents 0.3 micron.  
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Fig. 2.22 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 9 (increasing pH) with salt – 28,000x. Scale bar 

represents 0.3 micron.  
 

Because no remaining ultrastructural features could be seen in 

micrographs of slurries at pH 11, any apparent structural features evident in 

micrographs of gels made from the insoluble fractions as the pH was 

decreased are more likely indications of gel network formation and not remnant 

muscle structural elements.    Micrographs of gels made from proteins 

collected at pH 9 (decreasing pH) evidenced a dense structure of protein 

aggregates (Figs. 2.23-2.26).  When proteins were collected at pH 7 
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(decreasing pH), the resulting cooked gels evidenced fiber-like structures. 

(Figs. 2.27-2.30). Protein aggregates in these gels were considerably less 

dense than those apparent in the pH 9 (decreasing pH) cooked gels.  In 

cooked gels made from isolate precipitated at pH 5.5, (Figs. 2.31-2.34) the 

protein aggregates are much smaller and very well dispersed.  The fiber-like 

structures seen in the pH 7 (decreasing pH) cooked gel are also evident in the 

gels made from isolate taken to pH 11, and screened and precipitated at pH 

5.5, but particularly in those gels made without salt.  
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Fig. 2.23 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 9 (decreasing pH) without salt – 16,000x. Scale bar 

represents 0.3 micron.  
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Fig. 2.24 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 9 (decreasing pH) without salt – 28,000x. Scale bar 

represents 0.3 micron.  
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Fig. 2.25 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 9 (decreasing pH) with salt – 16,000x. Scale bar 

represents 0.3 micron.  
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Fig. 2.26 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 9 (decreasing pH) with salt – 28,000x. Scale bar 

represents 0.3 micron.  
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Fig. 2.27 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 7 (decreasing pH) without salt – 16,000x. Scale bar 

represents 0.3 micron. 
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Fig. 2.28 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 7 (decreasing pH) without salt – 28,000x. Scale bar 

represents 0.3 micron. 
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Fig. 2.29 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 7 (decreasing pH) with salt – 16,000x. Scale bar 

represents 0.3 micron. 
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Fig. 2.30 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 7 (decreasing pH) with salt – 28,000x. Scale bar 

represents 0.3 micron. 
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Fig. 2.31 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 5.5 (decreasing pH) without salt – 16,000x. Scale bar 

represents 0.3 micron. 
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Fig. 2.32 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 5.5 (decreasing pH) without salt – 28,000x. Scale bar 

represents 0.3 micron. 
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Fig. 2.33 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 5.5 (decreasing pH) with salt – 16,000x. Scale bar 

represents 0.3 micron. 
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Fig. 2.34 Transmission electron micrograph of pH shifted King Mackerel 
muscle gel at pH 5.5 (decreasing pH) with salt – 28,000x. Scale bar 

represents 0.3 micron. 
 

Indeed, salt addition had effects on the microstructure of nearly all 

cooked gels, regardless of at what point in the pH shifting process the proteins 

were sampled.  At pH 7 (pH increasing) gels containing added salt evidenced 

more fine, spider web-like network indicative of protein solubilization than the 

corresponding salted meat gels. This was similar to published micrographs of  
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comminuted meat gels containing added salt (Tornberg 2005). Gels made 

without salt exhibited much less solubilized protein network. However, as the 

pH was increased to 9 this distinction in extracted protein network was no 

longer evident likely due to the increasing solubilization of myofibrillar proteins 

revealed by the slurry micrographs. At pH 9 (decreasing) cooked gels made 

with added salt appeared to contain more fibrillar content than corresponding 

gels without salt addition. This fibrillar content was evident as long string-like 

structures. A similar effect of salt addition was seen in micrographs of gels 

prepared from proteins recovered at pH 7 (pH decreasing). Gels made at pH 

5.5 (after first having been taken to pH 11) seemed to evidence greater protein 

dispersion than if there was no salt addition. These same gels that had no 

added salt were more fibrous, while gels made with added salt were more 

aggregated in nature; fibrous structures appearing as long and string-like, while 

aggregate structures were more spherical and bead-like. When gels were 

made with added salt the spaces between the fibers/aggregates appeared to 

be more filled with solubilized protein than for gels made without salt. 

2.3.4 Trained Panel Scoring of Cooked Gel Micrographs 

The trends with respect to detectable (in this case, by trained panel) 

disruption of muscle ultrastructure and protein dispersion in TEM micrographs 

for cooked gels differed slightly from those that were evident for slurries 

sampled at the same stage of the pH shifting process. Panel scores for both 
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disruption and dispersion were significantly different (p<0.05) (Tab. 2.2) when 

comparing gels made from samples taken at pH 7 and 9 (increasing pH). 

Following the apparently complete solubilization of proteins at pH 11, the panel 

scores of micrographs for gels made as the pH was decreased clustered into 

two sets; those of pH 7 and 9 (decreasing pH) in one and that for pH 5.5 in the 

other made of those that had been taken to pH 11. This clustering could be a 

residual effect of the initial good dispersion and disruption that was shown in 

the process at pH 11 (Figs 2.7 and 2.8) 
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Table 2.2 Fracture Stress and Strain and Panel Scores for Cooked Gels +/- SEM – Letters differences within 

a column indicate a significant difference at p < 0.05 

 

  
Sample 

  
Fracture Stress 

(kpa) 

  
Fracture Strain 

16,000x 28000x 

Disruption Dispersion Disruption Dispersion 

pH 7 (increasing) without salt 97.57+/-4.2 a 21.5+/-2.0 a 98+/-4 a 74+/-5 a 81+/-4 a 58+/-4 a 
pH 7 (increasing) with salt 103.5+/-6.0 b 29.2+/-3.5 b 104+/-6 b 77+/-7 a 89+/-4 a 60+/-4 a 

pH 9 (increasing) without salt 110+/-6.7 c 32.0+/-2.4 b 110+/-7 c 76+/-3 a 96+/-2 b 74+/-4 b 
pH 9 (increasing) with salt 112.7+/-4.7 c 35.3+/-4.4 c 113+/-5 c 80+/-3 a  99+/-4 b 76+/-5 b 

pH 9 (decreasing) without salt 116.7+/-6.6 d 47.1+/-1.5 d 117+/-7 d 85+/-4 b 103+/-4 b 82+/-5 c 
pH 9 (decreasing) with salt 115+/-6.4 d 49.3+/-4.8 d  115+/-6 d 90+/-4 b  105+/-3 b 85+/-6  c 

pH 7 (decreasing) without salt 120.1+/-1.1 e 58.9+/-6.6 e 120+/-1 e 91+/-4 b  110+/-3 c 82+/-5 c 
pH 7 (decreasing) with salt 121.5+/-3.9 e 60.9+/-4.5 e  122+/-4 e 91+/-4 b 110+/-2 c 84+/-6 c 

pH 5.5 (decreasing) without salt 125.2+/-4.6 e 62.2+/-6.4 e 125+/-5 e 94+/-2 c  114+/-3 c 87+/-6 c  
pH 5.5 (decreasing) with salt 127.3+/-4.7 e 67.3+/-5.3 f 127+/-5 e 96+/-6 c 117+/-2 c 88+/-5 c 
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2.3.5 SDS-PAGE Electrophoresis of Protein Slurries 

Electrophoresis results revealed changes in protein solubilization that 

parallel the changes in ultrastructure disruption visualized in TEM micrographs.  

As pH of the slurry was increased to 7, SDS-PAGE revealed that mainly low 

weight proteins (sarcoplasmic proteins) and actin (mw = 42 kDa) were 

solubilized into the supernatant while myosin (mw = 520 kDa) was only 

detected in the pellet (Fig. 2.35; lanes 1 and 2 respectively). As pH of the slurry 

was increased to 9, bands corresponding to M-protein (mw = 165 kDa) and 

myosin appeared in the supernatant. However, the majority of the myosin was 

still present in the pellet (lanes 3 and 4 respectively). When pH of the slurry 

reached 11, an additional band corresponding to α-actinin (mw = 97 kDa) 

appeared in the supernatant, and the amount of myosin in the supernatant 

increased substantially (lanes 5 and 6 respectively).  

As pH of the slurry was decreased back to 9, the band corresponding to 

α-actinin returned to the pellet and the myosin band density in the supernatant 

decreased (bands 7 and 8 respectively). This trend continued with further 

decrease in pH such that, upon reaching  pH 7, myosin was again present 

mainly in the pellet with very little remaining in the supernatant (lanes 9 and 10 

respectively).  

The two ultrastructural proteins, M-protein and α-actinin, detected here 

as having been solubilized by the pH-shifting process, are two of the proteins  
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suspected to inhibit myosin solubility when located within the intact myofibril 

(Krishnamurthy and others 1996). These results thus lend support to that 

finding. Additionally, the removal of these proteins also confirms an almost 

completed disruption of the muscle ultrastructure by the shift to high pH (11), 

since α-actinin and M-protein form the scaffolding of the Z-disk and M-line, 

respectively. Their removal would therefore have been expected to play a 

major role in the disruption of the myofilaments with a corresponding increased 

dispersion of the myofibrillar proteins, which was evident in micrographs of 

slurries upon reaching pH 11 and thereafter in the pH shifting process. 
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Figure. 2.35 Electrophoretic evaluation of soluble proteins during the pH 
shifting process – Lanes - 1: pH 7 (increasing) supernatant, 2: pH 7 
(increasing) sediment, 3: pH 9 (increasing) supernatant, 4: pH 9 
(increasing) sediment, 5: pH11 supernatant, 6: pH 11 sediment, 7: pH 9 
(decreasing) supernatant, 8: pH 9 (decreasing) sediment, 9: pH 7 
(decreasing) supernatant, 10: pH 7 (decreasing) sediment. 
 

2.3.6 Fracture Stress and Strain of Cooked Gels 

Increases in both fracture stress and fracture strain were evident in 

cooked gels prepared from samples taken as the pH shifting process 

progressed (Table 2.2) Fracture stress values increased up to the point in the 

process at which pH 7 was reached during the acidification step, while fracture 

strain continued to increase to completion of the process.  
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Salt addition had slight to no effect on fracture stress or strain of gels made 

from samples taken at any point in the pH shifting process.  

This proposed mechanism could likewise help explain why meat isolates 

produced by the pH shifting process generally gel equally well with or without 

the addition of salt (NaCl) to pastes, prior to heating (Thawornchinsombut and 

Park 2005). Prior work by others (Feng and Hultin 1997; Chang and others 

2001a; Chang and others 2001b) has indicated that it is also possible, with 

very low salt addition, to produce cooked gels of relatively high fracture stress 

and strain where the so-called solubility inhibitory proteins, (SIPs) have been 

selectively removed.  Their explanation was that the selective removal 

(solubilization) of the SIPs led to disruption of the muscle microstructure and to 

greater protein dispersion, the latter being responsible for the excellent gelation 

obtained. Thus in both cases, pH shifting process and selective removal of 

SIPS, the underlying mechanism could be the same: greater disruption of 

muscle ultrastructure, leading to better dispersion of cytoskeletal proteins, and 

improved heat gelation properties, even without salt addition. 

2.3.7 Implications for the Hypothesized Role of Increased 

Disruption/Dispersion in Gelling Improvement  

Prior to this investigation no investigators had documented changes 

effected by the pH shifting process on the ultrastructure of meat, nor were 

changes in the solubility of particular ultrastructural proteins as effected by the  
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process ever correlated to TEM evaluation of meat ultrastructural integrity. 

From these data it can be seen that the pH shifting process effects a near total 

solubilization of myofibrillar proteins; which should result in a near complete 

(homogeneous) dispersion of these proteins when preparing comminuted 

pastes for heat-induced gelation, regardless of whether salt is added during the 

comminution.  According to the findings of Sato and Tsuchiya (1992) such a 

homogeneous dispersion of proteins should maximize the cooked gel fracture 

stress and strain properties.  

Correlation was in fact high (p<0.05) between panel scoring of TEM 

micrographs for degree of  ultrastructure disruption and protein dispersion, and 

measured fracture stress and strain values for cooked gels, at any stage of the 

pH shifting process (Figs. 2.36-2.43). Certainly, then, in these experiments the 

pH shifting process did appear to have a positive effect on both fracture stress 

and strain of cooked gels, in agreement with other authors (Chang and others 

2001a; Undeland and others 2002; Kristinsson and Hultin 2003).  

Our present results also indicate that as the pH shifting process 

progresses to its most extreme pH (11), the meat ultrastructure is progressively 

disrupted and its protein constituents progressively more greatly dispersed, 

and that gels made at each progressive step evidence increased fracture 

stress and strain. Thus gel-forming ability improves, not only as a result of the 

process as a whole as has been previously documented, but also progressively 

along the process. Clearly one explanation for this could be the increasing 
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disruption and dispersion of the ultrastructural proteins that occurs as the pH 

shifting process progresses. 

These conclusions are strengthened by use of a trained panel to 

evaluation meat ultrastructure disruption and protein dispersion in micrographs 

of slurries and cooked gels, sampled during the pH shifting process. Because 

the panel was unaware of the association between any particular micrograph 

and the step in the process with which it was associated, they could not have 

been influenced when evaluating the micrographs.  
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 Figure 2.36 Plot of trained panel disruption scores vs. fracture stress 
(kPa) of cooked gels – 16,000x. Error bars represent SEM. 
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 Figure 2.37 Plot of trained panel disruption scores vs. fracture stress of 
cooked gels – 28,000x. Error bars represent SEM. 
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 Figure 2.38 Plot of trained panel dispersion scores vs. fracture stress of 
cooked gels – 16,000x. Error bars represent SEM. 
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 Figure 2.39 Plot of trained panel dispersion scores vs. fracture stress of 
cooked gels – 28,000x. Error bars represent SEM. 

 

 

 

 

 

 

 

 

 

 

 



 175

Fracture Strain

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

P
an

el
 S

co
re

 - 
D
is
ru

pt
io

n

90

100

110

120

130

140

 Figure 2.40 Plot of trained panel disruption scores vs. fracture strain of 
cooked gels -16,000x. Error bars represent SEM. 
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 Figure 2.41 Plot of trained panel disruption scores vs. fracture strain of 
cooked gels – 28,000x. Error bars represent SEM. 
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 Figure 2.42 Plot of trained panel dispersion scores vs. fracture strain of 
cooked gels – 16,000x. Error bars represent SEM. 
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 Figure 2.43 Plot of trained panel dispersion scores vs. fracture strain of 
cooked gels – 28,000x. Error bars represent SEM. 

 

2.4 Conclusions 

The pH shifting process results in disruption of the muscle ultrastructure 

and better dispersion of myofibrillar proteins. These two factors, in turn, 

positively affect the gel forming ability (fracture stress, strain values) of the 

meat so treated.  

From the limited work of this study it appears that maximal effects on 

disruption and dispersion occur when the pH is raised to (at least) 11. This 

requirement for pH 11 could be related to the removal of ultrastructural 

proteins, including the so-called SIPs identified by previous authors. The pH 
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shifting treatment eliminates the necessity for salt addition in order to maximize 

the strength and deformability of cooked gels made from the meat so treated.  

However, at pH 11 not only is the muscle ultrastructure completely 

destroyed, but other workers have shown that the conformation of the freed 

individual protein molecules are changed. This means that in a study of the 

present design the role of protein conformational changes can not be 

separated from that of muscle ultrastructure disruption and dispersion effects. 

Experiments which replicate the disruption and dispersion process, but which 

minimize the conformational changes induced in the individual proteins, could 

deconvolute the two effects.  
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CHAPTER 3:   
Effects of Isolated Mackerel Calpain Treatment on  
Gel-forming Ability of Isolated Chicken Myofibrils 

 

3.1 Introduction 

Myosin, thought to be the main gelling protein of meat, is restricted within the 

thick filaments of the sarcomere by a series of ultrastructural proteins which 

include desmin, titin, C-protein, and alpha-actinin. Chang and others (2001a; 

2001b) provided evidence that selective solubilization  of these proteins (termed 

“solubility inhibitory proteins”, SIPs) acted to release myosin from the muscle 

ultrastructure such that it more easily dispersed (but not actually solubilized) and, 

upon heating, formed strong, deformable gels, even at low ionic strength wherein 

myosin would not be solubilized. Indeed, Stefansson and Hultin (1994) had 

earlier postulated that myosin must only be well dispersed, not truly soluble 

(defined as remaining suspended after high speed centrifugation), in order to gel 

optimally when heated. 

Under these well dispersed conditions no addition of salts was required to 

achieve strong gelation, such as is commonly necessary when meats are finely 

chopped in the commercial manufacture of gelled meat products like frankfurters. 

This typical requirement for salt addition can probably be explained thus: added 

salts facilitate the disruption of muscle ultrastructure and subsequent 

solubilization (and therefore, good dispersion) of myofibrillar proteins (particularly 

myosin) during fine comminution of meat (MacFarlane and others 1977; Ofstad 

and others 1995; 1996).   
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 In Chapter 2, transmission electron microscopy (TEM) and SDS-

PolyAcrylamide Gel Electrophoresis (SDS-PAGE) were used to demonstrate the 

occurrence of progressive disruption and myofibrillar protein dispersion in meat 

sampled during the successive pH rise and fall which comprises the pH shifting 

process of meat isolate manufacture (Undeland and others 2002; Kristinsson and 

Hultin 2003a; Kelleher and others 2004). A progressively increasing degree of 

disruption of muscle ultrastructure and protein dispersion caused  by pH shifting, 

as assessed by human panel visual scoring of TEM micrographs, correlated 

positively with increases in the fracture stress and strain (strength and 

deformability) of heat induced gels made from the treated meat samples. Sato 

and Tsuchiya (1992) had similarly observed that, amongst commercial 

‘kamaboko’ (gelled surimi-based products) they examined, the stronger and more 

deformable gels evidenced a more homogeneous dispersion of myofibrillar 

proteins when viewed by transmission electron microscopy. More recent work 

(Chang and others 2001a; Kristinsson and Hultin 2003b; Kelleher and others 

2004; Thawornchinsombut and Park 2005) has shown that meat treated by the 

pH shifting process produces heat-induced gels (with or without added salts) that 

are stronger than those made from salted batters of chopped intact meat, or even 

of surimi (water-leached meat minces, wherein the myofibrillar proteins are 

concentrated). 

 It therefore seems likely that the pH shifting process produces a greater 

degree of muscle structure disruption and myofibrillar protein dispersion than 

does the typical comminution of meat or surimi with added salt. Thus a pattern 
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emerges supporting our general hypothesis, which states that processes or 

additives which promote disruption of muscle ultrastructure, and which therefore 

facilitate greater dispersion of myofibrillar proteins, also lead to development of 

stronger, more deformable heat-induced gels.  

The pH shifting process has been shown to induce conformational 

changes in myofibrillar proteins, which also could facilitate their improved 

gelation. Therefore during the pH shifting process both protein conformational 

changes and muscle ultrastructural disruption/dispersion effects may occur 

simultaneously.  So it is difficult to distinguish the relative degree to which 

ultrastructure disruption and protein dispersion contributes to the superior gelling 

properties of pH-shifted meat isolates.  

 The present work employs an experimental approach other than pH 

shifting or selective removal of SIPs (Chang and others 2001a; b) to explore our 

general hypothesis, that ultrastructure disruption and protein dispersion are 

important to the heat-induced gelling properties of gelled meat products.   

3.1.1 Experimental Approach 

   These experiments were designed to determine whether calpain-assisted 

disintegration of the ultrastructural proteins that encase myosin in the muscle 

sarcomere would promote greater disruption of muscle ultrastructure during meat 

comminution without added salts. This in turn would be expected to facilitate 

greater myofibrillar protein dispersion leading to improved heat-induced gelation 

(formation of gels of greater strength and/or deformability). An advantage of this 

experimental approach is that calpain treatment, unlike pH shifting used for the 
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TEM/SDS-PAGE study of Chapter 2, should not markedly influence the 

conformation of the individual myofibrillar proteins, particularly myosin.  

 Calpains are a family of neutral, calcium activated endopeptidases 

commonly found in the muscle of many species. They have been shown to have 

an important post-mortem role in hydrolyzing many of the ultrastructural proteins 

of the Z-disk, M-line and intermediate filaments which bundle the myosin fibers 

together (Dayton and others 1976; Asghar and Bhatti 1987; Jiang 1998; Ho and 

others 2000). Thus calpain action may function in a similar manner as did the 

selective removal of SIPs (Krishnamurthy and others 1996; Chang and others 

2001a; Kelleher and others 2004), which facilitated myosin dispersion (but not 

solubilization) and led to good gelation of meat pastes at low ionic strength.  

 Calpain is an appropriate choice for use as a controlled “ultrastructure 

disintegration tool” to test our hypothesis because there is little evidence to 

suggest that calpain degrades myosin, the main protein involved in the gel-

forming ability of meat gels (Asghar and Bhatti 1987; Riley and others 2003; 

Kitamura and others 2005; Salem and others 2005). Degradation of myosin by 

other proteases is known to have adverse effects on strength and deformability 

of muscle food gels (Jiang 1998).  

Calpain proteolysis is activated at pH 7 using only calcium salts at low 

ionic strength (Murakami and others 1981; Suzuki and others 1981). It should be 

noted that the salt addition required for calpain activity is 50µM, while a minimum 

of 0.15M salt addition is typically required for removal of SIPs (Chang and others 

2001a). Therefore, no significant removal of SIPs should occur during calpain 
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activation. Neither of these requirements will likely induce significant 

conformational changes in either the isolated myofibrils or the myosin molecules 

(Chang and others 2001b; Kristinsson and Hultin 2003a; Thawornchinsombut 

and Park 2005).  

3.1.2 Control of Calpain-mediated Meat Ultrastructure Disintegration 

The use of isolated myofibrils as a substrate adds experimental control in 

calpain treatment since the isolation process removes much of the proteolytic 

material present naturally in muscle cells that would compete with the added 

calpain. Isolated myofibrils are also a poor substrate for the proteosome that 

attacks many of the same protein structures as calpain (Jiang and others 1994; 

Taylor and others 1995b; Koohmaraie and others 1996).  Furthermore, the use in 

these experiments of chicken muscle myofibrils as a substrate allows for 

additional control over the experiment, since chicken meat has less naturally 

occurring calpain than meats of other species (Suzuki and others 1981). 

Additional control is afforded because the activity of the added calpain can 

be confirmed. Because calpain occurring in vivo can undergo autolysis in the 

presence of high levels of Ca2+ and can be inhibited by calpastatin, its activation 

in vivo is less desirable. Also a controlled level of calpain can be added to allow 

for trial-to-trial consistency.  

3.1.3 Likely Effects of Calpain Action As Compared to SIP Removal 

 Typically in the commercial production of gelled meat and seafood 

products salt is added to assure the disruption of myofibrils, release of key 

proteins like myosin, and their homogeneous dispersion during comminution, 
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which all likely leads to formation of stronger, more deformable heat-induced gels 

(Sato and Tsuchiya 1992).   Salt addition facilitates removal of SIPs (Feng and 

Hultin 1997). The authors defined SIPs as X-protein, C-protein, M-protein, α-

actinin, and desmin. As discussed in Chapter 1, (Sect. 1.3.3) the first three of 

these proteins are located in the M-line area, while the latter two in the z-disk. 

Fig. 3.1 is a diagram of intact muscle ultrastructure showing the location of these 

ultrastructural proteins.  

Fig 3.2 is a modification of this diagram to illustrate the effect of removing 

these SIPs. This removal would significantly disrupt the Z-disk and M-line 

structure. Only the thin filament capping regions of the Z-disk would remain 

untouched. However, the basic structures of both the thick and thin filaments 

should remain as they are partially tied together by titin.  

 The main sites of calpain activity are desmin, C-protein, titin and nebulin. 

Desmin is located in the Z-disk, C-protein in the M-line, and titin and desmin span 

the thick and thin filaments respectively. Fig. 3.3 illustrates the likely effect of 

cleavage by calpain at all these sites. The structure of the Z-disk would be 

expected to be significantly disrupted, producing α-actinin fragments. Similarly, 

the M-line would likely be broken into two free fragments as titin is removed from 

the core, and the two C-protein connections to the thick filaments would be 

removed.   

Mobility of the thick and thin filaments would also likely be significantly 

affected as a result. The thin filament ends would be exposed after loss of the 

desmin attachment to the Z-disk and nebulin cleavage at the growing end. The 
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cleavage of nebulin also removes the core of the thin filament. Similarly, 

cleavage of titin removes the core of the thick filament and the attachment 

between the thick filament and the Z-disk. The structural support at the center of 

the thick filament would also likely be affected by cleavage of C-protein. 

 Overall it would appear that a greater degree of ultrastructural disruption 

would likely occur as a result of calpain action than might be afforded by salt-

induced removal of SIPs. While the removal of SIPS should facilitate an increase 

in mobility of the thick filament, the ultrastructure of the filament itself would likely 

still be largely intact.  Alternatively, calpain attack would have the additional effect 

of removing the core of the thick filament. This could significantly affect the gel-

forming ability because this core holds the myosin molecules in place via 

hydrophobic interactions between the myosin tail and titin.  However, it seems 

quite likely that the removal of titan from the core of the thick filament may not be 

detectable by TEM microscopy. 

Thus we might predict, based on our hypothesis that increased disruption 

of meat ultrastructure will result in a corresponding increase in heat-induced gel-

forming ability, that the order of treatment effects in the present experiment 

relative to the degree of ultrastructure disruption, and particularly their effect on 

resulting strength and deformability of heat-induced gels, should be (low to high): 

untreated myofibrils, myofibrils chopped with added salt, calpain-treated 

myofibrils, calpain plus salt-added myofibrils. 
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Figure 3.1 Schematic of intact muscle ultrastructure showing the locations 
of individual proteins (from Au 2004). 
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Figure 3.2 Schematic of muscle ultrastructure after removal of SIPs 
(adapted from Au 2004). 
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Figure 3.3 Schematic of muscle ultrastructure after calpain action (adapted 
from Au 2004). 

 

3.2 Materials and Methods 

3.2.1 Materials 

 King mackerel, Scomberomorus cavalla, caught commercially off the 

coast of North Carolina on long lines, was immediately put on ice after harvest 

and used within 24 hours of catch. Chicken breasts were obtained from a 

commercial processor, chilled with ice and used the same day.   
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3.2.2 Isolation of Myofibrils 

 To produce the isolated myofibrils a modified method from Northcutt and 

others (1993) was used. Raw chicken breasts were blended and added to a 

solution of 20mM EDTA in water (pH 7.0) at a ratio of 1:3 w: v. The solution was 

blended for 3 min on high in a Waring Blender (Waring Laboratory and Science, 

Torrington, CT) to produce a slurry.  The slurry was then centrifuged at 6000x g 

for 20 min in a Sorvall R51 (Thermo Electron Corp., Asheville, NC).  After 

centrifugation, the supernatant was discarded and the pellet was again 

suspended in 20mM EDTA solution and blended for 3 min at an original 1:3 ratio 

w: v. The blended material was again centrifuged at 6000x g for 20 minutes.  

After the second centrifugation the supernatant was again discarded and the 

pellet was added to a solution of 0.1 M NaCl, 0.2mM MgCl2, and 10mM sodium 

phosphate in water at a ratio of 1:3 (w/v) weight of pellet to volume of solution.  

The suspension was blended for 3 min and then centrifuged again at 6000x g for 

20 min.  The pellet from the final centrifugation was collected as the isolated 

myofibrils. Temperature of the samples during processing was kept between 0 

and 7°C throughout the process via the use of ice baths. 

3.2.3 Isolation of Crude Calpain 

 Isolation of crude calpain from king mackerel was modified from Ho and 

others (2000). Sepharose column chromatography was used for separation. The 

column was eluted with salt solutions of increasing strength with 50 12mL 

samples collected. A change from Tris-HCl to Tris-base was made to facilitate  
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ease of pH adjustment. Calpain activity was determined using casein as a 

substrate.  One mL of reaction mixture contained 300 mg casein in 50 mM Tris-

HCl (pH 7.5) and 5 mM calcium chloride (or 5 mM EDTA for the blank).  One mL 

of each column fraction was added to a test tube, as well as 1 mL of casein 

solution.   Samples were then incubated at 25°C for 30 minutes in a water bath 

followed by addition of 10% trichloroacetic acid (TCA) to stop the reaction.  The 

content of the TCA soluble component was collected by centrifugation at 4,000 g 

for 10 minutes and determined by measuring the absorbance at 280 nm.  This 

process was repeated for all 50 samples. Samples with high activity produced 

high absorbance measurements by spectroscopy. Purity of the collected calpain 

fractions was confirmed by denaturing SDS-PAGE electrophoresis (Laemmli 

1970). 

3.2.4 Treatment of Isolated Myofibrils with Crude Calpain 

The crude enzyme fractions with the highest activity (corresponding to the 

highest absorbance at 280 nm) were pooled and used to treat the isolated 

myofibrils. The molarity of 300 g of myofibrils was increased to 50μM CaCl2. 

Thirty mL of the crude calpain isolate was added to the treated samples and 30 

mL of deionized water was added to the control. The treated and control 

myofibrils were then incubated at 10C for 18 h. After incubation, both sets of 

myofibrils were centrifuged at 10,000x g for 1 h to remove excess water. 
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3.2.5 Preparation and Torsional Evaluation of Gels 

 The myofibrils treated with calpain, untreated myofibrils, or intact muscle 

were chopped for approximately 3 min in a Stephan UMC5 vacuum chopper  

(Stephan Food Processing Machinery, Mundelein, IL) with sufficient water added 

to yield a final moisture content of 78% (measured by forced air drying), with or 

without 2% NaCl added after moisture adjustment.  During chopping the samples 

were also adjusted to pH 7 with sodium carbonate. The chopped materials were 

then stuffed into stainless steel tubes 19 mm in diameter and 150mm in length 

and cooked at 90°C for 20 minutes. The tubes containing the cooked gels were 

then immediately cooled in ice for 20 minutes, then removed from the tubes and 

cut into 1 inch segments. The segments were then ground into capstans for 

torsional testing (Foegeding 1992), and evaluated for fracture stress and strain 

on a Torsion Gelometer (Gel Consultants, Raleigh, NC) (Wu and others 1991).  

3.2.6 Determination of Cook Loss 

Weight of the raw batter in each tube was determined by difference 

between stuffed and empty tubes.  After cooking, the gels were removed from 

the tubes, blotted and weighed.  Moisture lost during cooking was calculated 

using the difference in weight between the cooked and raw samples divided by 

the original weight of the raw material. 

3.2.7 Transmission Electron Micrographic Evaluation of Meat Gels 

 Cooked gel samples for electron microscopy were cut into cubes 

1mmx1mmx1mm and were fixed with 2:1 (w/w) formalin: glutaraldehyde in 0.1M 
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sodium phosphate buffer (pH 7). The samples were then post-fixed with1% OsO4 

for 1 h and dried with a graded ethanol series. Dried samples were embedded in 

Quetol 615 resin and sectioned to 90nm. Sectioned samples were then stained 

with 4% uranyl acetate and Reynold’s lead citrate solution.  Samples were 

evaluated with a Philips/FEI EM208S (FEI Company, Hillsboro, OR). 

 Samples were coded by the electron micrographic technician without 

knowledge of the samples or experiment. Evaluation of the multiple sections on 

multiple screens was carried out by the researcher using the codes assigned by 

the technician. Images were selected that best represented the sum of the 

sections. Images were associated with their corresponding samples only after 

negative development. These images were used for all subsequent steps. 

3.2.8 Trained Panel Scoring of Transmission Electron Micrographs 

 Micrograph negatives were scanned at 1200 dpi, cropped and reduced to 

300 dpi using interpolation using Adobe Photoshop (Adobe Systems Inc., San 

Jose, CA). The professionally printed 300 dpi images were presented to a trained 

panel (n = 10) with extensive training in visual evaluation and 5 h training with 

myofibrillar protein gel micrographs. Panelists were trained to distinguish 

differences in levels of disruption and dispersion.  Scores were anchored by 

reference micrographs presented along with the 3 digit coded samples.  These 

references provided a means to standardize the replications.  Larger disruption 

scores indicate higher disruption of ultrastructure.  Dispersion scores were 

determined accounting for both ultrastructural disruption and protein dispersion 
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with higher scores indicating higher degrees of protein dispersion and 

ultrastructural disruption.   

Samples were presented with random three digit codes, and evaluated in 

duplicate in a balanced, randomized presentation.  Protein dispersion and 

ultrastructural disruption were evaluated on a 15cm line scale with anchors  

 The use of a trained panel to evaluate the micrographs provided for 

objective interpretation of the micrographs in order to remove bias from the 

observations.  Additionally, the panel was able to give a quantitative score for 

disruption and dispersion data, thus allowing for correlation with other 

quantitative experimental data. Additional details and discussion of panel use 

and training is discussed in Appendix 1. 

3.3 Results and Discussion 

3.3.1 Isolation of Calpain  

The crude calpain showed similar isolation (fractionation) to that obtained 

by Ho and others (2000) when tested with a casein substrate. The active 

fractions, those showing the highest turbidity at 280nm: column fractions 10-20 

(Fig. 3.4), were pooled and found to have approximately 1AU/mL. Evaluation of 

the level of purification of the crude calpain was carried out via gel 

electrophoresis (Fig 3.5). The appearance of two bands, corresponding to the 

correct molecular weights for calpain large subunit (81kDa) and calpain small 

subunit (29kDa) (Kubota and others 1981), suggested that the purification 

eliminated the majority of other materials in the crude calpain. It should be noted 
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that this separation of calpain into its subunits is likely a result of the denaturing 

conditions of the electrophoresis experiment and not due to breakdown of the 

active enzyme prior to electrophoresis. High activity of the enzyme is shown in 

the spectrophotometric measurement with casein. 

 

 

 

 

Figure 3.4 Plot of individual fraction absorbances for the 
chromatographic isolation of King Mackerel calpain. 
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Figure 3.5 Electrophoretogram of isolated crude calpain from King 
Mackerel. 
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3.3.2 Analysis and Trained Panel Scoring of TEM Micrographs 

 Isolation of washed chicken myofibrils was carried out such that only 

minor ultrastructural disruption was evident in TEM micrographs (Figs. 3.6 and 

3.7) as compared to reported micrographic data of similar treatments (Taylor and 

others 1995a). A small amount of protein solubilization is apparent at the 

periphery of the sarcomeric structures, evidenced as a fine, web-like network 

(Tornberg 2005). However, the round shapes observed in cross section, 

consistent with presence of intact myofibrils, are clearly evident (Rowe 1989). 
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Figure 3.6 Isolated, uncooked chicken myofibrils – 16,000x. Scale bar 
represents 0.3 microns. 
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Figure 3.7 Isolated, uncooked chicken myofibrils – 28,000x. Scale bar 
represents 0.3 microns. 

 
 
 
 
 
 

As would be expected, both pretreatment with calpain and mechanical 

comminution contributed to increased scores for ultrastructural disruption (UD) 

and protein dispersion (PD) of cooked gel micrographs (Tab 3.1). Highest scores 
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were for micrographs of gels made by the combination of these two treatments.  

Addition of salt during comminution had a greater effect on these scores when 

only mechanical comminution, with no calpain pretreatment, was used for gel 

preparation. 
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 Panel scores (Tab. 3.1; Fig. 3.8) for degree of protein dispersion 

observed in micrographs (16000x magnification) of cooked gels were grouped 

(p<0.05) thus by treatment:  

[myofibrils –salt]   <   [mince -/+salt,  myofibrils +salt]  <  [calpain -/+salt ] 
[PD=23]                                  [PD=78, 80, 81]                           [PD=96, 103] 

                     
Panel scores for degree of ultrastructure disruption observed in micrographs 

(16000x magnification) of cooked gels were grouped (p<0.05) thus by treatment:  

[myofibrils -salt] < [mince -salt] < [mince +salt] < [myofibrils +salt, calpain -/+salt] 
[UD=27]                 [UD=34]              [UD=60]                    [UD=109, 111, 114] 

 
Scoring for protein dispersion of micrographs made at 28000x 

magnification of the same gelled treatments (Tab. 3.1, Fig. 3.9) seemed to rank 

the treatments in roughly the same order as at 16,000x magnification, but with 

the particular treatments which were significantly different (p<0.05) between 

treatments varying slightly, with overlapping.   The only large significant 

difference (p<0.05) in degree of ultrastructure disruption noted in micrographs by 

the panel was between micrographs of gels made from myofibrils -salt and all 

other treatments.  
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Figure 3.8 Plot of panel score for disruption vs. panel score for 
dispersion for cooked gels (78% moisture, pH 7) made from each 
treatment – 16,000x. 
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Figure 3.9 Plot of panel score for disruption vs. panel score for dispersion 
for cooked gels (78% moisture, pH 7) made from each treatment tested – 
28,000x. 
 

 Examination of the micrographs of these treatments, some of which were 

scored by the trained panel, can help explain these trends in the panel scoring 

data. Gels made from the myofibrils (–) salt treatment (Figs. 3.10 and 3.11) 

showed changes from uncooked myofibrils evidenced (over many areas of the 

sectioned samples) as a more random orientation of myofibrils in the cooked gel 

The mince (–) salt treatment (Figs. 3.12 and 3.13) appeared more similar to 

uncooked myofibrils with the majority of the myofibrillar structure oriented in the 

same direction. 

Although the myofibril (-) salt treatment exhibits some dispersed protein 

network (fine, spider web-like network) and slight fraying of the edges of 
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myofibrils and myofilaments, the majority of the myofibril ultrastructure is still 

visible. Alternatively, the mince (-) salt treatment showed considerably more 

dispersed protein network and frayed edges.  

It is likely that it is this larger amount of solubilized network, plus the lesser 

degree of organization, that was apparent in micrographs of other treatments 

with higher scores than myofibrils (-) salt that contributed to scores for this latter 

treatment being so low. These two factors are accentuated in the images taken 

at 28,000x magnification.  
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Figure 3.10 Cooked gel (without NaCl) made from isolated chicken 
myofibrils (78% moisture; pH 7) – 16,000x. Scale bar represents 0.3 
microns. Arrow heads point to areas of muscle ultrastructure and 

arrows point to fibers. 
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Figure 3.11 Cooked gel (without NaCl) made from isolated chicken 
myofibrils (78% moisture; pH 7) – 28,000x. Scale bar represents 0.3 
microns. Arrow heads point to areas of muscle ultrastructure and 

arrows point to fibers. 
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Figure 3.12 Cooked gel (without NaCl) made with mechanically minced 
chicken muscle (78% moisture; pH 7) – 16,000x. Scale bar represents 0.3 
microns.  
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Figure 3.13 Cooked gel (without NaCl) made with mechanically minced 

chicken muscle (78% moisture; pH 7) – 28,000x. Scale bar represents 
0.3 microns. 

 

 

 

The change in order (myofibrils (–) salt and control (–) salt) might be 

explained in mince retaining the sarcoplasmic proteins, which could possibly form 

a portion of the protein network. Sarcoplasmic proteins have been suggested to 
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play a role in gelation (Morioka and others 1992). These sarcoplasmic proteins 

would have been mostly removed by the washing process of myofibril extraction 

(Lin and Park 1996).  

Micrographs of gels from the treatments mince (-/+) salt (Figs. 3.12 - 3.13 

and 3.14 – 3.15 respectively) and myofibrils (+) salt (Figs. 3.16 and 3.17) all 

evidence a higher degree of disintegration of myofibrillar structure (e.g. fraying of 

edges, presence of individual myofilament) and increased amounts of dispersed 

protein network. This trend, as discussed previously, was exacerbated at 

28,000x making the samples even more difficult to distinguish amongst one 

another.  
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Figure 3.14 Cooked gel (with 2% NaCl) made with mechanically minced 
chicken muscle (78% moisture; pH 7) – 16,000x. Scale bar represents 
0.3 microns. Arrow heads point to areas of muscle ultrastructure and 

arrows point to fibers. 
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Figure 3.15 Cooked gel (with 2% NaCl) made from mechanically minced 
chicken muscle (78% moisture; pH 7) – 28,000x. Scale bar represents 
0.3 microns. Arrow heads point to areas of muscle ultrastructure and 

arrows point to fibers. 
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Figure 3.16 Cooked gel (with 2% salt) made from isolated chicken 
myofibrils (78% moisture; pH 7) – 16,000x. Scale bar represents 0.3 
microns. Arrow heads point to areas of muscle ultrastructure and 

arrows point to fibers. 
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Figure 3.17 Cooked gel (with 2% NaCl) made with isolated chicken 

myofibrils (78% moisture; pH 7) – 28,000x. Scale bar represents 0.3 
microns. Arrow heads point to areas of muscle ultrastructure and 

arrows point to fibers. 
 

 

The final grouping of calpain (-/+ ) salt gelled treatments (Figs. 3.18 – 3.19 

and 3.20 – 3.21 respectively), which were scored significantly higher for UD and 

PD, correspond with micrographs that showed the most significant levels of 

disruption and dispersion. After calpain treatment, the gels had very little 
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myofibrillar structure remaining when compared to non-calpain treated samples 

such as the isolated myofibrils. Fewer sarcomeres are visible, and remaining 

sarcomeres no longer show Z-line or M-line structures. Additionally, the 

myofilaments seen are “fuzzy” similar to the disruption seen in the pH shifting 

process.  
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Figure 3.18 Cooked gel (without NaCl) made with isolated chicken 
myofibrils treated with isolated King Mackerel calpain (78% moisture; 
pH 7) – 16,000x. Scale bar represents 0.3 microns. Arrow heads point 

to areas of muscle ultrastructure and arrows point to fibers. 
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Figure 3.19 Cooked gel (without NaCl) made with isolated chicken 
myofibrils treated with isolated King Mackerel calpain (78% moisture; 
pH 7) – 28,000x. Scale bar represents 0.3 microns. Arrow heads point 

to areas of muscle ultrastructure and arrows point to fibers. 
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Figure 3.20 Cooked gel (with 2% salt) made from isolated chicken 
myofibrils treated with isolated King Mackerel calpain (78% moisture; 
pH 7) – 16,000x. Scale bar represents 0.3 microns. Arrow heads point 

to areas of muscle ultrastructure and arrows point to fibers. 
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Figure 3.21 Cooked gel (with 2% NaCl) made with isolated chicken 
myofibrils treated with isolated King Mackerel calpain (78% moisture; 
pH 7) – 28,000x. Scale bar represents 0.3 microns. Arrow heads point 

to areas of muscle ultrastructure and arrows point to fibers. 
 

 

The effect of calpain pretreatment was so extensive that the addition of 

salt apparently had little additional effect at this level of sensitivity in visualization. 

Previous researchers have shown limited disruption of ultrastructure by calpain 

(Asghar and Bhatti, 1987), but the level of calpain activity used in the present 
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study is several times higher than the native calpain activity levels present in their 

studies. This increased level of calpain allowed for the extensive disruption and 

dispersion desired as an objective in the present study.   

3.3.3 Correspondence of Gel Fracture Testing with Panel Micrograph 

Scores 

 Gel fracture stress values generally increased correspondingly with 

increasing panel scores for microstructure disruption and protein dispersion (Tab. 

3.1). Gels made from calpain-treated myofibrils had very high fracture stress and 

strain values, similar to those associated with higher commercial grades of surimi 

(Hamann and MacDonald 1992). Fracture strain scores did not quite show the 

same correspondence with panel scoring of gel micrographs. However the 

highest values for gel strain were still obtained for the calpain-treated myofibril 

gels. 

To better visualize the relationship between these, changes in fracture 

stress scores (gel strengths) were plotted relative to changes in panel scores for 

both disruption (Figs. 3.22 and 3.23) and dispersion (Figs. 3.24 and 3.25).  As 

disruption/dispersion scores increased markedly in treatments ranging from the 

immediate left side of this plot, the corresponding fracture stress scores also 

increased.  However, at some critical level of disruption/dispersion detectable in 

micrographs by the panel, further modest increases in disruption/dispersion due 

to other treatments resulted in very substantial increases in gel stress (strength) 

values. Thus treatments that initially affected the greatest percentage of the 

visible change in disruption/dispersion scores of micrographs had a relatively 
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smaller effect on increasing the fracture stress of gels, whereas large increases 

in gel strength occurred due to treatments that seemed to evidence only 

incremental further increases in visible disruption of ultrastructure and protein 

dispersion.  

 

Figure 3.22 Plot of fracture stress (kPa) vs. panel score for disruption 
for cooked gels (78% moisture, pH 7) – 16,000x. 
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Figure 3.23 Plot of fracture stress (kPa) vs. panel score for disruption for 
cooked gels (78% moisture, pH 7) – 28,000x. 

 

  

Figure 3.24 Plot of fracture strain vs. panel score for dispersion for 
cooked gels (78% moisture, pH 7) – 16,000x. 
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Figure 3.25 Plot of fracture strain vs. panel score for dispersion for 
cooked gels (78% moisture, pH 7) – 28,000x. 

 

One possible explanation could be that any type of sensory evaluation is 

limited by sensitivity of the observers.  In this case the upper limit on sensitivity 

could be the combined lack of visual acuity in human observers, possibly coupled 

with limits to the sensitivity of TEM micrographs to capture crucial changes 

important to gelation.  This lack of sensitivity of human subjects (in our case, to 

visual stimuli, if present in micrographs) relative to more sensitive measurement 

of physical properties (such as gel strength) by instruments has been termed 

Stevens’ Power Law (Stevens 1957). Many researchers have verified this power 

law relationship when comparing panelist scoring of an attribute to an 

instrumental measure of the same attribute (Otero-Losada 2003; Pollen and 

others 2004; Schober and Peterson 2004; Greenman and others 2005). The 

basis of this power law relationship is that human panelists are able to detect 
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differences to a certain level after which the panelists are no longer able to 

distinguish change. This relationship also assumes that instrumental detection 

does not fail in this way. 

However, in the present case the panelists are scoring attributes (visual 

stimuli of micrographs) different from that being measured by the rheological 

instrument. As previously mentioned, those visual stimuli may not even be 

present in the micrographs, due to possible poor sensitivity of the TEM technique 

and photography, or the observers may just not be able to distinguish them.  In 

either case the present data being related are not the simple case normally 

attributed to Steven’s Power Law. 

 Alternatively, it could be that the there is a point at which visualization of 

further ultrastructure disruption and protein dispersion cannot be measured using 

human observers of TEM micrographs, even though these further changes in fact 

do occur and markedly affect the gelling characteristics of the protein 

dispersions. The changes in ultrastructural alterations that could be expected for 

calpain pretreatment, as explained in the introduction (Figs. 3.1-3.3), may 

produce changes likely difficult to distinguish in micrographs of gels, even at 

28,000x magnification. However, these undistinguishable changes certainly could 

also result in much more complete dispersion of large filaments and individual 

myosin molecules, and therefore in better gelling properties (Sato and Tsuchiya 

1992). 
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3.4 Conclusions 

 These data support the hypothesis that increased disruption of myofibril 

microstructure and protein dispersion in comminuted meats prior to cooking may 

play a major role in myofibrillar protein gel formation.  Increases in both 

properties (UD and PD), as evaluated by a trained panel scoring TEM 

micrographs of gels, generally correlate well to increases in fracture stress.  

These data reinforce the observation of Sato and Tsuchiya (1992) that stronger 

gels display greater homogeneity of protein dispersion, when viewed by TEM. 

Calpain pretreatment produced the strongest gelling properties in 

subsequently comminuted myofibrils, but the degree of disruption/dispersion as 

scored by the panel did not increase significantly over other treatments that 

yielded somewhat less strong gels than this treatment. However, almost certainly 

the greater effect of calpain pretreatment on gelation can be attributed to its 

ability to better disperse the myosin and actin, due to its known ability to disrupt 

the Z-line and titin; it is also does not degrade the major gelling proteins and its 

action should have little effect on the native conformation of these proteins.  

However, conclusive proof that this is the mechanism whereby calpain 

pretreatment affects this increase in gelling ability will require further study.  It is 

quite significant that this is the first report that a proteolytic treatment, in particular 

that using calpain, results in an increased gelling ability of comminuted meat. 
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Chapter 4:  

Summary and Proposed Future Work 

4.1 Summary 

This dissertation presents a discussion of published evidence to support, plus 

data from experiments conducted to test, the hypothesis that increased disruption of 

muscle ultrastructure and dispersion of myofibrillar proteins will lead to formation of 

heat-induced gels which exhibit properties of increased fracture stress and strain 

(i.e., improved gelling properties). This hypothesis can be viewed on the one hand 

as merely augmenting a widely held view among meat scientists: that good gelation 

of meat batters depends mainly on extraction (solubilization by salt, comminution) of 

the maximal amount of myofibrillar proteins. Certainly meat ultrastructure would be 

disrupted maximally if myofibrillar proteins are maximally solubilized. However, there 

seems to be little appreciation noted of how important the disruption of ultrastructure 

is to the proper dispersion of the myofibrillar proteins, and how this will affect the 

properties of gels formed upon heating the batter. 

On this point of protein dispersion, until the work of Hultin’s group in recent 

years there was also no recognition that proper dispersion of meat proteins, even 

without their solubilization by salt, could lead to good gelling properties.  Thus even 

in the absence of salt during comminution, if a pretreatment could be applied that 

effected a high level of ultrastructural disruption, and thus led to a high degree of 

protein dispersion, good gels could be obtained upon heating even though 

myofibrillar proteins remained insoluble.  
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This aspect of our present hypothesis is, then, a distinct paradigm shift in our 

understanding of what factors direct the gelation of meat proteins in processed 

products.  This hypothesis thus takes a quite novel approach in examining the 

requirements for producing a strong and deformable myofibrillar gel.   

Two main sets of experiments were conducted. Data collected from the pH 

shifting experiments supports the hypothesis, in that the process affected a high 

level of disruption of the muscle ultrastructure and dispersion of myofibrillar proteins, 

which positively correlated with increases in the gel forming ability (fracture stress, 

strain values) of the meat so treated.  

The maximal effects on disruption and dispersion occurred when the pH was 

raised to 11. We suggest that these observations are related to the removal of 

critical ultrastructural proteins, including the so-called SIPs as suggested by previous 

authors. If so, this new evidence further supports that the ultrastructural proteins of 

meat play an important role in optimizing its gel-forming ability. Additionally this is 

the first published micrographic documentation of the effects of the pH shifting 

process on muscle ultrastructure. 

However, other workers have shown that, in addition to the destruction of the 

muscle ultrastructure which occurs, at this high pH also the conformation of the freed 

individual protein molecules are changed. Such a study as this was not able to 

separate effects of conformational change from that of muscle ultrastructure 

disruption and dispersion. Experiments which replicate the disruption and dispersion 

process, but which minimize the conformational changes induced in the individual  
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proteins, could deconvolute these two effects.  

Thus in the second set of experiments a calpain pretreatment was trialed for 

this purpose. These data support the proposed hypothesis as well.  Increases in 

both meat ultrastructure disruption, and concurrent protein dispersion, generally 

correlated well to increases in fracture stress and water holding ability of the same 

gels.  These data reinforced work by Sato and Tsuchi that stronger gels display 

greater homogeneity of protein dispersion, when viewed by TEM. 

However, though calpain pretreatment produced the strongest gelling 

properties in subsequently comminuted myofibrils, distinctions in ultrastructure 

disruption and protein dispersion between this and non-calpain treatments which 

produced gels of somewhat lower strength could not be distinguished on TEM 

micrographs by the panelists. This must be attributed to the failure of TEM, at the 

levels of magnification used, to reveal the minute differential changes in 

ultrastructure that could be affected by calpain pretreatment alone.  Almost certainly 

the greater effect of calpain pretreatment on gelation can be attributed to its ability to 

better disperse the myosin and actin, due to its known ability to disrupt the Z-line and 

titin; it is also does not degrade the major gelling proteins and its action should have 

little effect on the native conformation of these proteins.  

Conclusive proof of the mechanism whereby calpain pretreatment affects this 

increase in gelling ability will require further study.  However, our work is the first 

report that a proteolytic treatment, in particular that using calpain, results in an 

increased gelling ability of comminuted meat. In a sense this is counter-intuitive to  
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the bulk of scientific literature, which suggests that proteolyic activity decreases gel-

forming ability. The key difference here is that the protease being used for meat 

pretreatment does not degrade myosin; it in fact frees it to be more reactive in 

gelation. 

Ancillary to the testing of our hypothesis, an innovative use of sensory 

evaluation was introduced, in that the first use of a trained panel for the quantative 

evaluation of electron micrographs was employed. Previous to this, trained panel 

evaluation of micrographs had been used only in a qualitative manner, in only a 

handful of cases. This opens a possibly preferable alternative to computational 

image analysis, which with present methodologies is not always feasible due to the 

complex images produced by myofibrillar gels. 

4.2 Future Work 

 While these experiments suggest that a new set of parameters might be 

usefully measured in future evaluations of the gel forming ability of myofibrillar 

preparations, a series of related questions arises as a result. The role of removal of 

the so-called SIPs, which apparently helps prepare meat for good gel formation, is 

still unclear.  This is especially true during the pH shifting process, but even when 

meat is conventionally chopped with salt, exactly which proteins can be removed, 

and under what solution conditions (which may be meat species-specific), are 

questions that remain. It may be that some of these SIPs themselves may 

participate with myosin/actin in gel formation, and thus are dually important to the 

preparation/gelation process of making meat gels..  With regard to the study of both 
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possible functions of these otherwise minor components of meat, confocal 

microscopy experiments using immunolabeling to visualize the particular SIPs in 

relation to myosin and actin could give insight to how they function during batter 

preparation and gel formation. 

 Because calpain had a greater effect on gel formation than could be 

explained simply by examination of the TEM micrographs, a more sensitive form of 

microscopy (possibly atomic force) should be employed to examine differences 

between the relatively good gels that can be obtained by simple chopping of meat 

with salts, vs. those which employed a calpain pretreatment of the meat or 

myofibrils. It might be however that it is specific interactions of some proteins 

released or modified by calpain with myosin/actin that also lead to better gelation; 

thus immunolabeling might also be able to identify these particular interactions. 
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A1:  

Use of a Trained Panel for Evaluation of Transmission 
Electron Micrographs 

A1.1 Introduction 

A1.1.1 Introduction 

 Electron microscopy is a powerful tool for conducting research in muscle 

ultrastructure, allowing the production of images of muscle components below a 

micron is size. However, a common fault cited in micrographic studies is the 

subjective nature of the evaluation. Thus an objective measurement of the 

information portrayed in a micrograph is often desired.  

 The advent of powerful and inexpensive computers and peripherals has 

allowed for the digitization of images from electron microscopes. This has 

allowed for more accurate objective measurements of objects in micrographs 

(Russ 1995). 

Perhaps the easiest measurement carried out digitally is size 

measurement. A scale bar of known length is added to the image to allow for size 

measurements. This process has become virtually standard on all images. A 

common example of size measurement is its use in measurement of fiber 

shrinkage in meat during cooling regimes (Jin and others 2006). However, some 

materials do not lend themselves to measurements using a scale bar for the 

desired measurements (e.g. irregular shapes, two areas overlapping, unclear 

edges) (Antwi and others 2006; Christiansen and others 2006; Dickinson 2006). 

In such cases as these, measurements such as mean particle diameter, area, 
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and center of mass (centroid) are taken. (Russ 1995). However, these 

techniques also suffer from problems (e.g. increased computational 

requirements, selection of appropriate sized tools, and selection of appropriate 

methods).  

Since measurements for disruption and dispersion were desired, 

advanced techniques were required for our images. Measurement of 

ultrastructural changes in gels made from the pH shifting and calpain treatments 

using thresholding was attempted. Thresholding is an advanced technique where 

differences in shades of black and white are used to make edges of structures for 

easily identifiable. With distinct edges, area calculations are easier to carry out. It 

was hoped that fiber orientation, inter-fiber distance, and amount of original 

structure present could be measured. Figs.  A1.1 a and b show the effects of 

thresholding on micrographs of intact muscle.  

In this situation, thresholding works well with the sarcomeres and 

myofilaments well defined. However, as ultrastructural disruption and protein 

dispersion increase, thresholding fails to impart enough information. Figs. A1.1 c 

and d show the effect of thresholding on (Fig. 2.5). Thresholding still allows for 

the easy recognition of sarcomeric structures, but significantly fewer smaller 

ultrastructural features are discernable. Additionally, the extracted matrix network 

is no longer visible. This trend is further shown in thresholding (Figs. A1.1 e and 

f) of a more disrupted and dispersed sample (Fig 2.3). While Z-disk structures is 

still discernable, much of the additional information present (e.g. myofilament 

structures, connections at the Z-disk) in the unaltered image is no longer visible. 
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Figure A1.1 (a) Unedited micrograph (16,000x) showing intact chicken 
muscle, (b) Thresholded version of (a), (c) Unedited version of image (Fig 

2.3), (d) Thresholded version of (c), (e) Unedited version of (Fig 2.5), (f) 
Thresholded version of (e). 

 



 
 

241

These trends are not surprising since thresholding is effectively a data 

compression technique. The number of levels of black and white shown is 

reduced. This means that the resolution of the image is reduced. This is helpful in 

situations where loss of some data allows for an increase in understanding. 

However, in the case of our work, the data that is lost is critical to complete 

understanding. So the problem of an objective (numerical) evaluation of the 

images remains.   

 Thus, the use of a trained sensory evaluation panel was 

undertaken. Trained panels have been used the in the evaluation of visual stimuli 

in a wide variety of situations such as chocolate milk color, whey and buttermilk 

color and egg color (Thompson and others 2004; Jinjarak and others 2006; 

Juliano and others 2006). However, the only instance we are aware of from the 

literature of sensory evaluation of images was carried out by Langton and 

Hermansson (1996) who evaluated particulate whey protein gels by both image 

analysis and trained panel. The type of gel structure (e.g. beaded, stranded) 

were evaluated by panel of less than ten individuals who were experts at 

observation of election micrographs.  

 Since there was a precedent for visual analysis of samples, and that 

image analysis of our TEM micrographs was not viable, a trained descriptive 

panel was formed to evaluate the micrographs. 

A1.1.2 Selection of Trained Panel Participants 

 Ten panelists for the trained panel were selected from three pools. The 

first pool were individuals that were familiar with muscle ultrastructure. Individuals 
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from this pool were selected because they were assumed to be able to easily 

distinguish the ultrastructural images and be trainable in sensory evaluation. The 

second pool were individuals who had >500 hours of training in sensory analysis 

and >100 hours in training of visual sensory analysis of color. Individuals in this 

pool were selected because they were assumed to be able to easily evaluate the 

desired ultrastructural attributes in the samples after training of ultrastructural 

components of muscle. The third pool was composed of individuals who were 

both trained in sensory evaluation and familiar with muscle ultrastructure. Ten 

individuals were selected, two from the first pool, four from the second pool and 

three from pool three.. These individual were composed of three males and 

seven females, with one male in each of the three pools. This panel size allowed 

for a manageability and statistical strength as suggested by Stone and Sidel 

(1985). Use of a panel requires a balance of two opposing characteristics. As 

one increases the size of the panel, the statistical power increases since more 

individual samplings are taken. However, the practical aspect of using a large 

panel causes problems. As the panel size increases, more samples and ballots 

much be made and entered. In the use of a trained panel, training larger and 

larger groups becomes difficult because the panel leader has less interaction 

with the panel.  

A1.1.3 Selection of Methods and Tools 

 The panel was trained to use a 15cm line scale for rating attributes as 

described by Stone and others (1974; 1985). This scale is based on the 

functional measurement graphic rating scale of Anderson (1970). In this system, 
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relative differences between samples are measured, and are strongly influenced 

by training and use of anchors (Stone and Sidel 1985). As the panel gains 

experience and training, the reproducibility of scale use and sample scoring for 

repeated measures of the same sample increases. To assist in reproducibility in 

less trained panels, anchors are used. These anchors serve as guideposts for 

the panelists allowing them to use the scale similarly each time measurements 

are used.   

In this application, grayscale images were used as anchors along the line. 

This type of scale allows for removal of two sources of bias. Removal of numbers 

and words eliminates bias associated with particular numbers that have positive 

or negative connotations. This approach also reduces bias introduced when a 

subject uses numbers differently over time. Thus, with anchors as guideposts, 

the panelist knows what a particular point on the scale represents each time. 

Since the anchor does not change, consistency is increased and drift, the change 

in use of a scale by a panelists, is reduced (Stone and Sidel 1985). Additionally, 

the scale maximizes the power of human subjects, as humans can better 

discriminate between relative differences than between universal descriptions 

(Lawless and Heymann 1999). 

A1.1.4 Training of the Panelists and Development of Lexicon Terms 

Training of the panel began with 5 sessions lasting 1 hour each centered 

on training the panel on muscle ultrastructure. Included in these sessions was a 

basic explanation of the major structures in muscle, including Z-disk, M-line, A-

band, I-band, sarcomere, and myofilaments. Sample images showing intact 
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muscle through highly disrupted samples were shown to the panelists. 

Ultrastructural features in each image were identified. At the end of the five 

sessions, the panel leader confirmed the panelists could identify the basic 

muscle ultrastructural features listed above. 

 Development of lexicon terms was driven by the panelists. Employing 

panelists in development of a lexicon promotes its effective subsequent use by 

the panel (Zook and Wessman 1997). The panel leader works to facilitate a 

consensus, assists in consistent use of terminology, and attempts to influence 

the panel as little as possible (Meilgaard and others 1987). The panel thus 

determined that three terms would be used to differentiate between slides 

‘disruption’, ‘dispersion (structure)’ and ‘dispersion (image color)’ based on a 

selection of images from samples and images used in training muscle 

ultrastructure. Disruption was defined as the presence or absence of typical 

muscle ultrastructure, with low disruption being intact muscle and high disruption 

being little muscle ultrastructure present.  Dispersion (structure) was defined as 

the degree of homogeneous distribution of the protein in the image, with low 

dispersion being defined as evidencing areas of high protein along with areas of 

no or low protein and high dispersion being defined as even distribution of protein 

across the field of view. Dispersion (image color) was defined as the evenness of 

grayscale (lightness or darkness) across the image, with low dispersion defined 

as evidencing a large number of areas differing markedly in degree of darkness 

and high dispersion defined as a uniform grayscale across the image. The 

completed ballot is shown in Fig A1.2. 
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Once the lexicon was defined, the panel leader selected images to serve 

as references for the line scales. These images were selected from ultrastructure 

training images, sample images, and other muscle and gel images produced by 

the panel leader. As with lexicon development, the panel determined a 

consensus rating for each term over the course of several training panels. At 

each training session, panelists were given instruction on the consistent use of 

the lexicons, focusing on one term at a time. This technique allows for increased 

panelist motivation and improvement. This approach additionally reduced the 

time required to train panelists and accuracy over time is increased (Rainey 

1997).  

When the coefficient of variance between panelists was reduced to less than 

10% for a reference, the mean of all the panelists was set as the location of the 

reference. For each term in the lexicon, five references were selected which 

ranged across the 15cm line scale. The line scale was organized such that low 

levels of a term were located on the left of the line and the high levels on the right 

Ordering in this fashion allows for ease of use by the panelists (Lawless and 

Heymann 1999). At least one experimental sample micrograph was included as a 

reference for each line. These served as internal controls in subsequent panel 

trials to verify that the panel was functioning properly (Lawless and Heymann 

1999). The completed ballot is shown in Fig A1.2. The images selected for 

references are shown in Figs A1.3-A1.9. 
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Figure A1.2 Ballot used for the trained panel evaluation of micrographs. 
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Figure A1.3 Reference photo A used with trained panel evaluation of 

micrographs. 
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Figure A1.4 Reference photo B used with trained panel evaluation of 

micrographs. 
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Figure A1.5 Reference photo C used with trained panel evaluation of 

micrographs. 
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Figure A1.6 Reference photo D used with trained panel evaluation of 

micrographs. 
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Figure A1.7 Reference photo E used with trained panel evaluation of 

micrographs. 
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Figure A1.8 Reference photo F used with trained panel evaluation of 

micrographs. 
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Figure A1.9 Reference photo G used with trained panel evaluation of 

micrographs. 

 

After panelists were trained on ultrastructure, the lexicon, and scale 

usage, training sessions were conducted at which samples that varied greatly in 

appearance were presented. The images were selected from non-experimental 

samples obtained by the panel leader. Once the panel was able to consistently 

rate these sample micrographs, additional samples were selected by the panel 

leader which had smaller evident differences. Final individual training was carried 

out to address problems with specific panelists. This process of training 

panelists, as suggested by Meilgaard and others (1987), allows for efficient 

training of a panel. Prior to the initiation of evaluating actual experimental  
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samples with the panel, ANOVA analysis using SAS 9.1.3 (SAS Institute Cary, 

NC) was conducted on data from the final training session to confirm that the 

probability value for each panelists was acceptably small. This method of 

evaluation of panelists performance is a standard method (Stone and Sidel 1985; 

Meilgaard and others 1987). From this ANOVA analysis it was noted that a large 

percentage of panelists were unable to consistently detect differences in 

dispersion (color). This was not surprising, since it is known that panelists ability 

to perceive grayscale levels are variable over all of the grey scale color space 

(ASTM 2003). Since another term in the lexicon covered the same measurement, 

the dispersion (color) term was not used further. 

A1.1.5 Panel Analysis of Experimental Samples 

Micrograph negatives were digitized at 8bit/1200 dpi, cropped and 

reduced to 8bit/300 dpi using interpolation using Adobe Photoshop (Adobe 

Systems Inc., San Jose, CA). The 300 dpi images were professionally printed 

with a matte finish and presented to the trained panel labeled with the three digit 

codes to prevent bias in samples labeling (Lawless and Heymann 1999).  .   

Samples were evaluated in duplicate in a balanced, randomized 

presentation. Each evaluation session presented 10 samples at a time. Care was 

taken to assure that photos did not have scratches or other surface imperfections 

and that the glossiness was similar for all (ASTM 2003).  

Since the course of the evaluations stretched over several months, the 

panel leader carried out refresher training as necessary. Additionally, as the 

panel sessions progressed, the panel leader carried out ANOVA analysis to 
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evaluate panelists’ performance. If the F-value of the samples was several 

magnitudes larger than the panelist F-value, the panel was deemed to be 

performing properly (Drake 2006). The panel was found to be performing 

properly at all times during the evaluations. Statistical analysis of the replicate 

data was carried out using ANOVA with means separation.  
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