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Abstract In fast muscle, isoforms of troponin T (TnT)

contain an N-terminal hypervariable region that does not

bind any protein of the thin filament. The N-terminal

domain of TnT is removed by calpain during stress con-

ditions and so could modulate the role of TnT in the reg-

ulation of contraction by affecting the TnT-binding affinity

for tropomyosin (Tm) depending on the sequence and

charge within the domain. During skeletal muscle con-

traction, the myokinase reaction is displaced by AMP

deaminase (AMPD), an allosteric metalloenzyme, toward

the formation of ATP. An unrestrained AMPD activity

follows the proteolytic cleavage of the enzyme in vivo that

releases a 97 aa N-terminal fragment, removing the inhi-

bition exerted by the binding of ATP to a zinc site in the

N-terminal region. Rabbit fast TnT or its phosphorylated

50-aa residue N-terminal peptide restores in AMPD the

inhibition by ATP, removed in vitro by the release of a 95

aa N-terminal fragment by trypsin. Since the N-terminal

region of fast rabbit TnT contains a putative zinc-binding

motif, it can be inferred that TnT mimics the regulatory

action exerted in native AMPD by the N-terminal domain

that holds the enzyme in a less active conformation due to

the presence of a zinc ion connecting the N-terminal and

C-terminal regions. Together with evidence that AMPD is

localized on the myofibril, the data reported in this review

on the interactions between AMPD and TnT strongly

suggest that these proteins mutually combine to fine-tune

the regulation of muscle contraction in fast muscle.

Keywords AMP deaminase � Fast skeletal muscle �
Troponin T � Calpain � Zinc-binding motif

1 Introduction

Troponin (Tn) is a complex of three proteins, namely tro-

ponin I (TnI), troponin C (TnC) and troponin T (TnT), that

is bound to tropomyosin (Tm) in the thin filament and

regulates the contractile activity of striated myofibrils. As

Ca2? binds to TnC, a cascade of conformational changes

occurs in Tn that causes the movement of Tm and the

release of the TnI inhibition on the actomyosin ATPase,

exposing the myosin-binding sites on F-actin subunits and

allowing cross-bridge cycling and fiber contraction (Gor-

don et al. 2000).

While the C-terminal domains of fast, slow and cardiac

TnT are conserved and their role in anchoring the Tn

complex to Tm on the thin filament is well established

(Perry 1998; Gomes et al. 2002), to date no clear function

has been envisaged for the N-terminal region that shows a

high degree of variability depending on the muscle type

and development stage (Medford et al. 1984; Breitbart

et al. 1985; Jin et al. 1992; Jin 2016). However, there is

evidence that the TnT N-terminal domain significantly

affects the TnT-binding affinity to Tm depending on its

sequence and charge (Amarasinghe and Jin 2015). This

observation could form the molecular basis for the

hypothesized role of TnT as modulator of Tn Ca2? sensi-

tivity and force production (Gomes et al. 2004). Actually,

TnT has been found to activate the Mg ATPase of acto-

myosin in the presence of Tm, but without the other

components of the troponin complex (Malnic et al. 1998).

While to date no protein that could bind in vivo the TnT

N-terminal elongated region has been identified, the data of
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the literature give evidence of the in vitro interaction of

rabbit fast-twitch TnT and of its N-terminal domain with

AMP deaminase (AMPD), a strictly regulated zinc metal-

loenzyme that is highly expressed in white muscle. The

N-terminal region of rabbit skeletal muscle AMPD con-

tains a zinc-binding site that plays a critical role in pre-

serving the conformation of the catalytic dinuclear zinc

center that is involved in the modulation of the enzyme

activity (Mangani et al. 2007; Martini et al. 2007). During

muscle strenuous exercise, upon removal of the N-terminal

region by a calpain-like protease, AMPD is no longer

inhibited by ATP and the ensuing enzyme activation is

responsible for the observed large muscle ammonia accu-

mulation (Martini et al. 2004). Based on the observations

summarized in this paper that the N-terminal domain of

rabbit fast TnT contains a putative zinc-binding motif and

that the addition of native TnT or the phosphorylated

N-terminal peptide of TnT restores the allosteric properties

of native AMPD that were removed by the limited prote-

olysis, i.e., inhibition by ATP, we hypothesize that, fol-

lowing the proteolytic cleavage of the enzyme during

strenuous exercise, the unrestrained AMPD could revert to

the less active native conformation, possibly through the

interaction of the catalytic Zn ion present at the C-terminus

of the enzyme with the putative metal-binding site found at

the N-terminal regulatory region of TnT.

In summary, we suggest that among the physiological

roles envisaged for TnT, the interaction in vivo of its

N-terminal region with AMPD should be taken in consid-

eration as a physiological mechanism that switches off the

activated enzyme to allow the recovery of the adenylate

pools after intense muscle contraction.

2 Troponin T and the calcium sensitivity
of the MgATPase of actomyosin

Contraction of striated (i.e., cardiac and skeletal) muscle is

regulated via the thin (actin) filament by the concerted

efforts of Tm and the Tn complex. It is generally accepted

that in the resting state, the myofibrillar actomyosin

MgATPase of striated muscle is inhibited by the blocking

of the interaction of actin with myosin, although some of

the molecular details of this mechanism are as yet unclear.

It is well known that TnI is the component of the tro-

ponin complex that inhibits the MgATPase of actomyosin

(Perry 1999). Calcium is required for TnI to switch from

the inhibitory to the non-inhibitory mode—the so-called

calcium sensitivity of the MgATPase of actomyosin. Using

actomyosin preparations, it has been observed that TnC

neutralizes the inhibitory activity of TnI even in the

absence of calcium, but sensitivity to calcium is restored

when the whole troponin complex is present (Amphlett

et al. 1976). These results indicate that the calcium-induced

switch of the troponin complex on the thin filament is

promoted by TnT, the Tm-binding subunit of the Tn

complex that presumably lowers the affinity of TnC for TnI

(Potter et al. 1995).

The functional domains of skeletal muscle TnT (Fig. 1)

have been identified using fragments of TnT obtained by

limited chymotryptic and CNBr digestions (Ohtsuki 1979;

Jackson et al. 1975; Pearlstone et al. 1977; Pearlstone and

Smillie 1977, 1981) (Fig. 1). Both chymotryptic fragments

T1 and T2 bind Tm (Ohtsuki 1979). Although it had been

shown that CNBr fragment CB2 [comprising amino acid

(aa) residues 91–171 of rabbit skeletal muscle TnT] binds

to tropomyosin less strongly than the TnT CNBr fragment

CB1 (aa residues 1–171) (Pearlstone and Smillie 1982), it

was subsequently reported that TnT46–259 produced by

endogenous muscle protease activity has the same affinity

(Ohtsuki et al. 1984) or even a greater affinity (Pan et al.

1991) than the intact protein for Tm. More recent studies

using genetically engineered TnT fragments (Jin and

Chong 2010) confirmed that the Tm-binding site in the T1

region lies inside a region that corresponds to aa residues

79–117 of the longest rabbit fast skeletal muscle TnT

variant, in agreement with the previous observation that the

CNBr peptide CB2 forms a complex with Tm (Jackson

et al. 1975). The Tm-binding site located in the T2 region

encompasses the aa residues 179–218 (Jin and Chong

2010).

Even though the aa sequences of the two Tm-binding

sites of fast, slow and cardiac TnT isoforms are conserved

in avian and mammalian species (Jin and Chong 2010),

major differences have been reported in the literature

regarding the binding of TnT isoforms to Tm: in rabbit fast

skeletal muscle, fragments T1 and T2 have comparably

high affinity for Tm (Heeley et al. 1987), while mouse slow

skeletal muscle T1 binds to Tm with an affinity much lower

than that shown by T2 (Jin and Chong 2010). These dis-

crepancies have been attributed to the hypervariability of

the N-terminal T1 region of the different muscle TnT

isoforms (Wei and Jin 2011, 2016) that might affect the

affinity of the Tm-binding sites. A functional role of the

N-terminus of TnT is suggested by the observation that its

structure is regulated by alternative splicing during post-

natal development of skeletal muscle with the production

of variants that alter the length and acidity of the N-ter-

minal domain (Perry 1998).

The strongly acidic N-terminal domain of TnT probably

adopts an extended and accessible conformation, since ser1

is readily phosphorylated by TnT kinase (Dobroval’skii

et al. 1976) and phosphorylase b kinase (Moir et al. 1977).

While functional differences are found between intact TnT

isoforms, deletion of the N-terminal region does not

eliminate the TnT activity in the Ca2? activation of
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actomyosin ATPase (Pearlstone and Smillie 1982; Ohtsuki

et al. 1984), indicating that the N-terminal variable region

is not essential for TnT’s core activity in the regulation of

muscle contraction. Moreover, the CB3 fragment encom-

passing residues 1–90 in rabbit fast skeletal TnT represents

a hypervariable region of the protein that does not bind any

known thin filament protein (Perry 2001). However, a

special role in the calcium switch has been envisaged for

this region of TnT on the basis of the observation that

chicken skeletal muscle TnT1–191, i.e., a fragment derived

from a single troponin subunit, activates the MgATPase of

actomyosin in the presence of Tm to levels observed for the

whole Tn complex in the presence of calcium (Malnic et al.

1998). It had previously been reported that removal of the

N-terminal 38 residues of bovine cardiac TnT by chemical

cleavage (TnT39–284) lowered the calcium sensitivity of

acto-S1 ATPase (Tobacman 1988). The hypothesis that the

structural variations of the N-terminus region might induce

secondary conformational changes in other domains of

TnT has also been suggested by Amarasinghe and Jin

(2015) who have shown that the T1 fragment obtained

from chicken breast muscle TnT, which contains an

unusually long and charged N-terminal region, binds with a

lower affinity to a Tm-affinity column compared to the

recombinant T1 fragment of rabbit fast TnT, while no

differences in affinity for Tm were observed for the

C-terminal Tm-binding site within the T2 fragment of fast

TnT from the two species. These data were further cor-

roborated by the observation that the deletion of the

N-terminus of the T1 fragment abolishes the differences of

fast, slow and cardiac T1 recombinant fragments in the

binding affinity for Tm, indicating that the N-terminal

region exerts a modulatory role on reducing the affinity for

Tm.

It has been clear from a number of studies that TnC and

TnI (Pearlstone and Smillie 1978; Tanokura et al. 1983) are

anchored in the C-terminal region of TnT. By using dele-

tion mutants, Malnic et al. (1998) mapped the binding of

TnI to the C-terminal region of chicken fast muscle (aa

216–263). More recent crystallization analyses localized

the TnI-binding site on the region 200–245 of chicken fast

skeletal muscle TnT, corresponding to aa 190–235 in rabbit

fast skeletal muscle TnT as indicated in Fig. 1 (Vino-

gradova et al. 2005) and the binding of TnC was mapped to

the 256–270 region of human cardiac TnT, corresponding

to aa 244–258 in rabbit fast skeletal muscle TnT (Fig. 1)

(Takeda et al. 2003). However, the crystallography data

only determined the structure for a portion of the TnT

C-terminal region in the Tn complex.

In addition to the ascertained interaction of the TnT T2

region with TnI and TnC, there is some evidence that the

N-terminal hypervariable region of the various TnT iso-

forms might contain sites of contact for TnC (Moir et al.

1977; Tanokura et al. 1983) and for TnI (Raggi et al. 1989).

The chimera proteins composed of an acidic or a basic

chicken fast muscle T1 and the mouse cardiac T2 showed

that the charge variation of the N-terminus region indeed

affected the binding to Tm and TnI, suggesting that the

Fig. 1 Schematic ribbon diagram representing the primary structure

and the functional domains of Troponin T from rabbit fast skeletal

muscle. The residue numbers are those of the 279 aa long rabbit fast

TnT (accession number P02641.4). The scheme indicates the

positions of the CNBr peptides (CB) (Jackson et al. 1975; Pearlstone

et al. 1977). CB1, not shown, is a partial digestion product comprising

CB3 and CB2. T1 and T2 are the chymotryptic fragments of rabbit

fast TnT (Ohtsuki 1979). The Tm-binding sites 1 (79–117 region) and

2 (179–218 region) (Jin and Chong 2010) are the Tm-binding sites

located in the T1 and T2 fragments, respectively. The region 244–257

corresponds to the human cardiac TnC-binding site (Takeda et al.

2003) and the region 190–235 corresponds to the chicken fast skeletal

muscle TnI-binding site (Vinogradova et al. 2005) when the rabbit

fast TnT sequence is aligned with those from the two different species

using Clustal Omega. The 29–50 region corresponds to the putative

metal-binding site at the N-terminal variable region of rabbit fast

TnT. represents the position of ser 1 residue that can be

phosphorylated by phosphorylase b kinase and TnT kinase (Moir

et al. 1977; Dobroval’skii et al. 1976)
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TnT N-terminus region, whose primary sequence varies

along with the development of the different muscle types,

might modulate the regulatory role of TnT in the fiber

contractility (Biesiadecki et al. 2007).

3 AMP deaminase, a very active regulated enzyme
of white skeletal muscle

During the various phases of cell metabolism, the adenine

nucleotide pool, i.e., the sum of ATP, ADP and AMP

concentrations, remains relatively constant; however, the

relative concentrations of the adenine nucleotides, repre-

sented by the energy charge (Atkinson 1968), is determined

by the energy status of the cell and a high value of energy

charge is essential for the various forms of cellular work.

When utilization of ATP is kept low, a constant energy

charge value is assured by the equilibrium of the adeny-

late kinase (AK) reaction (2ADP = ATP ? AMP). Under

conditions of impaired energy metabolism, such as during

sustained contractile activity of skeletal muscle that

occurs with a rapid utilization of ATP, recovery of normal

values of energy charge might be achieved by shifting the

equilibrium of the AK reaction toward the production of

ATP through the acceleration of the breakdown of AMP

that could take place by two different mechanisms, either

deamination to IMP or dephosphorylation to adenosine

(Fig. 2a). The distribution data in various animal tissues

of the two enzymes catalyzing the breakdown of AMP

show that in skeletal muscle the AMP deaminase (AMPD)

activity is very high as compared to all other tissues,

including heart and smooth muscle (Conway and Cooke

1939). While in the heart the two enzymes potentially

have similar levels of activity, in white skeletal muscle

the catabolism of AMP operates almost exclusively via

AMPD (Rubio et al. 1973; Bockman and McKenzie

1979).

AMPD is a multimeric enzyme that was first isolated by

Schmidt (1928). Extensive work carried out by Parnas and

his school well established that ammonia formed by muscle

during work arises from deamination of AMP to IMP

catalyzed by AMPD (Parnas 1929; Parnas et al. 1930).

Parnas considered irreversible the deamination processing

of AMP, which could occur during anaerobic contraction,

and hypothesized the existence of a regenerative process of

AMP from IMP occurring during periods of oxidative

recovery (Parnas and Lewinski 1935). The results of sub-

sequent work have fully confirmed this hypothesis (Newton

and Perry 1960; Davey 1961). Lowenstein and Tornheim

(1971) gave evidence for the occurrence in muscle of a

cyclical process, termed the purine nucleotide cycle, con-

sisting of the reactions catalyzed by AMPD, adenylosuc-

cinate synthetase and adenylosuccinase (Fig. 2b) that plays

a major role in the reamination of IMP during recovery,

when the concentration of the total purine nucleotides

slowly reaches the resting values (Lowenstein 1972;

Westra et al. 1982). It should be noted that in this context,

the deamination of AMP to IMP by AMPD reduces the

formation of adenosine, a nucleoside that could leak out of

the cell (Rubio et al. 1973), thereby depleting the muscle

fiber of the substrate that is required to restore AMP and

ATP concentrations during recovery. Nonetheless, there is

no doubt that the main function of the removal of AMP by

deamination is to favor the AK reaction toward ATP pro-

duction through the utilization of b-phosphate of ADP in

the phases of rapid utilization of ATP by myosin ATPase.

Enzyme distribution data have shown that white muscle

from different species catalyzes the deamination of AMP

four to ten times more effectively than red muscle that

showed about 15% of the AK activity of white muscle

(Raggi et al. 1969). It has also been shown that AMPD

exists in striated muscle as two different isoenzymes

(Raggi et al. 1975; Raggi and Ranieri-Raggi 1987;

Barsacchi et al. 1979). In red muscle, the prevalent form

Fig. 2 Pathways of adenylate metabolism in exercising white skeletal muscle
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(form A) has the chromatographic properties of the single

form present in the heart, while the minor form of AMPD

found in red muscle corresponds to that which accounts for

the greatly increased AMPD activity of white muscle (form

B) (Raggi et al. 1975). At the optimal pH value 6.5, both

enzymes show hyperbolic substrate–velocity curves and

are inhibited by GTP, inducing sigmoid kinetics. An effect

similar to that of GTP is exerted on form B by ATP, while

form A is almost insensitive to this nucleotide. At pH 7.1,

both enzymes follow sigmoid kinetics. ATP enhances the

sigmoidicity of the substrate–velocity curve of form B, but

it stimulates form A, reverting sigmoidal to hyperbolic

kinetics shown by the enzyme at optimal pH (Raggi and

Ranieri-Raggi 1987). According to these data, during

moderate contractile activity of white skeletal muscle,

AMPD is inhibited by ATP (Fig. 2a) and is activated only

during the performance of exhaustive work, when a drop of

the ATP level occurs and the increase of ADP concentra-

tion together with the acidification of tissue due to the

production of lactate cancel the action of all inhibitors

(Fig. 2b). Interestingly, as reported for the N-terminus of

fast skeletal TnT (Wang and Jin 1997), a transition was

observed by Kendrick-Jones and Perry (1967) also for

AMPD, as well as AK, creatine phosphokinase (CK) and

fructose 1,6-diphosphate aldolase, whose activities increase

in skeletal muscle during development from fetal to adult

type; the adult skeletal muscle, differently from other tis-

sues, showed a more highly developed anaerobic metabo-

lism than its fetal counterpart (Hartshorne and Perry 1962).

Three distinct AMPD isoforms are sequentially expressed

during the development in rat. The embryonal muscles

express the AMPD isoform that is specific of adult non-

muscle tissues such as spleen, lung, thymus, blood and

liver. Near birth and for the first 2–3 week of life, a dif-

ferent perinatal AMPD isoform is found only in skeletal

muscle together with the adult skeletal muscle AMPD

isoform that reaches the maximum expression level after

3 week of development (Marquetant et al. 1987).

4 AMPD is a zinc metalloenzyme and HPRG is
the subunit that functions as a metallochaperone

The characterization of skeletal muscle AMPD as a zinc

metalloenzyme was reported for the rat enzyme (Raggi

et al. 1970) as well as for the rabbit enzyme (Zielke and

Suelter 1971) on the basis of its interaction with chelating

agents and metal ions. Atomic absorption analysis estab-

lished the presence of 2.0 and 2.6 mol of zinc, respectively,

per mole of rat enzyme (mol wt. 290 kDa) and rabbit

enzyme (mol wt 278 kDa) (Raggi et al. 1970; Zielke and

Suelter 1971). The problem of assigning a precise stoi-

chiometry for the zinc binding to rabbit skeletal muscle

AMPD is complicated by the observation that the apoen-

zyme binds 4 mol of zinc per mol, but the increase of

Vmax due to the addition of the fourth zinc atom is only

28% of that expected. This suggested that the fourth zinc

atom is not directly associated with activity (Zielke and

Suelter 1971).

More recently, Merkler and Schramm (1993) reported

one zinc atom content for the 80 kDa subunit of a form of

AMPD from baker’s yeast that lacks an N-terminal seg-

ment of 192 amino acids as a consequence of a proteolytic

cleavage that occurs during purification and proposed the

model of a penta-coordinated zinc bound at the catalytic

site, since the enzyme showed conservation of the four

amino acid residues (three His and one Asp) known from

the X-ray crystal structure of adenosine deaminase to bind

zinc in contact with the attacking water nucleophile (Wil-

son et al. 1991). Alignment of the amino acid residues

supposed to be in contact with zinc in yeast AMPD with

the rabbit fast skeletal muscle enzyme (NCBI accession

number: XP_002715794.3) demonstrates conservation of

only three amino acid residues (His-363, His-572 and Asp-

649, corresponding, respectively, to His-422, His-630 and

Asp-707 in yeast AMPD), while His-424 of the yeast

enzyme is replaced by Gly-365. Moreover, X-ray absorp-

tion spectroscopy of Zn-peptide binary and ternary com-

plexes prepared using a number of synthetic peptides

mimicking the potential metal-binding sites of rabbit

skeletal muscle AMPD strongly suggested that the region

48–61 of the enzyme contains a zinc-binding site, while

region 360–372 is not able to form 1:1 complexes with

zinc, in contrast to what has been suggested for the cor-

responding region of yeast AMPD (Mangani et al. 2007).

X-ray absorption spectroscopy performed on fresh prepa-

rations of rabbit skeletal muscle AMPD provided evidence

for a dinuclear zinc site in the enzyme compatible with a

(l-aqua)(l-carboxylato)dizinc(II) core with an average of

two histidine residues at each metal site and a Zn–Zn

distance of about 3.3 Å (Martini et al. 2007). The data also

indicated that two zinc ions are bound to the catalytic

subunit of the enzyme, one to the three conserved amino

acid residues among those four assumed to be in contact

with zinc in yeast AMPD, and the other at the N-terminal

region, probably to His-51, Glu-53 and His-57 (Fig. 3).

Justification for a structurally bridged dinuclear metal-

locenter in rabbit skeletal muscle AMPD was supported by

N-terminal analysis of the peptides liberated by limited

tryptic digestion of different enzyme preparations sug-

gesting the existence of two different protein conforma-

tions which is consistent with the hypothesis of the

presence of a zinc ion connecting the N-terminal and

C-terminal regions of AMPD (Mangani et al. 2007). The

hypothesis of a conformational change of AMPD induced

or stabilized by zinc binding to the 51–60-residue region
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(HHEMQAHILH) is strengthened by the observation that

carbethoxylation by diethyl pyrocarbonate of one or two

histidine residues per subunit results in conversion of rabbit

skeletal muscle AMPD into a species that, unlike the native

enzyme, is not sensitive to regulation by ATP at optimal

pH 6.5 (Ranieri-Raggi et al. 1995).

The two Zn ions in the AMP deaminase metallocenter

operate together as a catalytic unit, but play different roles

in the catalytic mechanism, one of them (Zn1) acting to

polarize the nucleophile water molecule, while the other

(Zn2), possibly in co-operation with Zn1, could act tran-

siently as the receptor for an activating substrate molecule

(Fig. 3). The putative Zn2-binding site might represent the

regulatory site at which the competition between activatory

(ADP) and inhibitory (ATP) adenine nucleotides could take

place. This peculiar kinetic property of rabbit skeletal

muscle AMPD is likely to be due to the operation of a

regulatory anion-binding site consisting of a cluster of

positive charges localized between residues 72 and 80

(RKKRFQGRK, Fig. 3) (Martini et al. 2001).

The X-ray crystal structures of Arabidopsis t. and rabbit

skeletal muscle AMPD have been recently resolved (Han

et al. 2006; Bazin et al. 2003): the catalytic zinc is coor-

dinated by three histidine and one aspartic acid residues

(His-391, His-393, His-659, Asp-736 in Arabidopsis and

His-303, His-305, His-572, Asp-649 in the rabbit) and

these four aa residues align to those (His-15, His-17, His-

214, Asp-295) that bind zinc in yeast adenosine deaminase

(Wilson et al. 1991). The alignment with the AMPD pro-

tein sequences available at the NCBI website (http://www.

ncbi.nlm.nih.gov/) shows that those aa residues are con-

served in all eukaryotic species (data not shown). However,

it should be pointed out that in both cases the AMPD

crystals were obtained using an N-truncated protein,

Fig. 3 The proposed interactions of the substrate at the dinuclear

cocatalytic Zn site of rabbit skeletal muscle AMPD (Mangani et al.

2007; Martini et al. 2007). The amino acid residues involved in the

binding in the catalytic Zn1 region are based on the proposed

interactions of the substrate transition state at the catalytic site of

adenosine deaminase (Wilson et al. 1991) and amino acid homology

to rabbit AMPD1
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missing the aa residues that could coordinate the Zn2 ion in

a dinuclear zinc site such that hypothesized for native

rabbit skeletal muscle AMPD. It is likely therefore that the

N-truncated protein could only bind the Zn1 ion with a

coordination that differs from what has been described for

Zn1 in the dinuclear zinc center (Fig. 3).

It has been shown that a histidine-proline-rich glyco-

protein (HPRG) is associated strongly with purified rabbit

skeletal muscle AMPD (Ranieri-Raggi et al. 1997). An

anti-HPRG antibody selectively marked the type IIB fibers

that contain the highest level of AMPD isoform M (Sab-

batini et al. 1999). Furthermore, the immunological reac-

tion of the anti-HPRG antibody and of an antibody specific

to AMPD (isoform M) in human skeletal muscle biopsies

from patients with AMPD deficiency clearly indicated a

correlation between the muscle content of the HPRG-like

protein and the level of AMPD activity (Sabbatini et al.

2006).

HPRG is a single chain glycoprotein that is present at a

relatively high concentration in the plasma of vertebrates

(100–150 lg/mL in humans) (Morgan 1978; Corrigan et al.

1990). HPRG is produced in the liver, but it has also been

reported to be synthesized by monocytes, macrophages and

megakaryocytes (Wakabayashi 2013). However, no HPRG

mRNA was found in immune tissues by RT-PCR analysis,

indicating that the HPRG present in immune cells is

acquired from plasma (Hulett and Parish 2000). Sabbatini

et al. (2011) reported that skeletal muscle cells do not

transcribe HPRG but internalize the protein from serum.

The percentage of internalized HPRG was reduced in the

presence of heparin, indicating that heparin may compete

with the cell surface GAGs in binding HPRG. These results

are in accordance with other studies showing that human

HPRG is actively internalized by the human T cell line

MT4 and that the interaction of the protein with the cell

membrane is mediated by GAGs (Olsen et al. 1996).

Recent experiments with radiolabeled HPRG showed that

the plasma half-life of HPRG was less than 15 min and that

HPRG was internalized quickly in healthy tissues, includ-

ing muscle, and in tumors (Tugues et al. 2014).

Plasma HPRG can bind divalent transition metal cations

such as zinc, copper, mercury, cadmium and nickel. The

interaction between HPRG and Zn2? is abolished when

histidine residues are chemically removed from HPRG,

supporting the model that histidine residues are essential

for Zn2? binding (Morgan 1981).

While the physiological relevance of the interaction of

plasma HPRG with Zn remains unclear, evidence has been

given of a Zn-specific binding to HPRG isolated from the

rabbit skeletal muscle AMPD complex (Ranieri-Raggi

et al. 2014). The EXAFS analysis of a 2:1 Zn–HPRG

complex showed that HPRG might bind two metal ions at

about 3.7 Å distance, consistent with the presence of a

dinuclear first transition-row metal site bridged by side-

chain groups like carboxylates or cysteine thiolate sulfur

(Mangani et al. 2003). Based on the EXAFS data six amino

acid residues (i.e., Asp-252, His-253, His-255, His-257,

His-260 and Cys-264) were proposed to chelate zinc and

contribute to the formation of a specific dinuclear binding

site in the 252–264 residue region of rabbit HPRG (Ronca

and Raggi 2015). A second hypothetical dinuclear zinc-

binding site model could involve both Cys-264 and Cys-

294, located in the 252–310 residue region within the

PRR1 region. Two possible four-coordinate zinc sites are

therefore envisioned, where one cysteine sulfur and three

among aspartate or glutamate carboxylate groups and his-

tidine imidazoles might chelate the metal (Ronca and

Raggi, 2015).

By coupling the finding that rabbit muscle HPRG as

well as the catalytic subunit of AMPD is able to bind

zinc in a dinuclear metal binding site with the previous

suggestion of the presence in the whole AMP deaminase

of additional zinc not required for activity (Zielke and

Suelter 1971) and by considering the absence of signif-

icant differences in the kinetics of AMPD with different

HPRG content (Mangani et al. 2003), the addition of

HPRG into the family of metallochaperones has been

envisaged, suggesting that HPRG may enhance the sta-

bility of AMPD in vivo through insertion of zinc or by

modulating the intracellular zinc availability (Mangani

et al. 2003). This view is strengthened by the results of

an investigation of the effects of the isolation by zinc-

affinity chromatography of the HPRG component of

rabbit skeletal muscle AMPD (Ranieri-Raggi et al.

2003). When the whole enzyme was loaded on a

Zn2?_charged affinity column under denaturing and

reducing conditions, only the HPRG component was

specifically retained on the column, while the catalytic

subunit emerged in the void volume and precipitated

immediately in the flow-through. The protein precipita-

tion has been ascribed to a disruption of the association

between the two components of the enzyme due to the

selective binding of HPRG to the resin. HPRG was only

eluted with an EDTA-containing buffer that strips Zn2?

from the gel (Ranieri-Raggi et al. 2003).

A heterotetramer model for the AMPD/HPRG complex

(i.e., a dimer of approximately 155 kDa heterodimers) has

been envisaged (Mangani et al. 2003).

5 Evidence of an in vitro regulatory action of TnT
on AMPD

Since the rabbit skeletal muscle apparatus is generally

composed of white muscle, rabbit skeletal muscle AMPD

preparations show the considerably higher specific activity
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of the isoform specific to white muscle (isoform M) at

physiological concentration of AMP (0.1 mM) which

shows a peculiar inhibition by ATP, especially at pH values

higher than neutrality, with ADP being the most efficient

metabolite in counteracting that inhibition (Ronca-Testoni

et al. 1970). Upon storage at 4 �C, rabbit skeletal muscle

AMP deaminase undergoes a partial proteolysis that

increases the activity of the enzyme and modifies its reg-

ulation by adenine nucleotides. Cleavage of purified

AMPD during storage is produced by a calpain-like pro-

teinase that converts the native 85-kDa enzyme subunit

into a 75-kDa core that is resistant to further degradation

(Ranieri-Raggi and Raggi 1980; Martini et al. 2004). A

very similar pattern of digestion and enzymatic activation

is obtained by limited proteolysis by trypsin that removes

the 95-residue N-terminal domain of AMPD (Ranieri-

Raggi and Raggi 1979; Ronca et al. 1994). When the

enzyme is incubated with trypsin at a ratio of 1/100 trypsin/

AMPD, a rapid activation of the enzyme at low substrate

concentration is observed. The increase in activity of

AMPD by trypsin is due to the transition of the enzyme to a

form that follows hyperbolic substrate–velocity curve,

whereas the native enzyme shows a sigmoidal one

(Fig. 4a).

In the proteolysed enzyme, the effects of ADP and ATP

on AMPD are also markedly modified: while ADP acti-

vates the native enzyme, reverting sigmoidal to hyperbolic

kinetics (not shown), the trypsin-treated enzyme shows an

Fig. 4 Regulation of rabbit fast skeletal muscle AMPD. Effects of

limited proteolysis on the enzyme substrate versus velocity curve

(a) and on the modulation of the enzyme by ADP (b), ATP (c) and
GTP (d). The reaction mixture contained 50 mM imidazole–HCl (pH

6.5), 3 mM KCl and the reported AMP concentrations (a) or 0.1 mM

AMP (b–d). (filled circle) Native enzyme; (unfilled circle) trypsin-

treated enzyme

150 Rend. Fis. Acc. Lincei (2017) 28:143–158

123



almost complete loss of sensitivity toward this nucleotide

(Fig. 4b). The trypsin-treated enzyme is no longer inhibited

by ATP, whereas the inhibitory effect of GTP appears to be

unmodified after proteolysis (Fig. 4c, d).

Upon the observations that AMPD is a contaminant of

actomyosin preparations and that it can be dissociated from

actomyosin by inorganic phosphate (Currie and Webster

1962), we studied the interaction in vitro of AMPD with

several proteins of the contractile apparatus and their

influence on both the activity and regulation of the enzyme.

We have observed that the addition of small amounts of

a crude preparation of actomyosin (Currie and Webster

1962) from rabbit white skeletal muscle restores in AMPD

the allosteric properties that are removed by limited pro-

teolysis with trypsin. When crude actomyosin, in a ratio of

about 10:1 actomyosin/AMPD (w/w), was added to the

enzyme assay in the presence of low K? concentration, the

proteolysed enzyme showed a reduction of the activity to

the level shown by the native enzyme in the same condi-

tions (Fig. 5a). Thus, the hyperbolic kinetic curve of the

trypsin-treated AMPD reverted to the sigmoidal one shown

by the native enzyme (Fig. 5c). No significant effect by

actomyosin was observed on the activity of the native

enzyme (Fig. 5a).

The effect of individual proteins of the actomyosin

complex on the activity of native and proteolysed AMPD

was also tested. While the activities of both native and

proteolysed AMPD were not affected either by the pres-

ence of heavy or light myosin chains, tropomyosin, TnC or

TnI (not shown), the addition of rabbit skeletal muscle TnT

(Ranieri-Raggi et al. 1985) induced a marked reduction of

the activity of trypsin-treated AMP deaminase at low

substrate concentration which decreased with increasing

TnT concentration until a ratio of about 10 mol TnT per

mol enzyme was attained (Fig. 5b). This inhibition caused

the hyperbolic substrate–velocity curve shown by the

proteolysed enzyme to revert to the sigmoid one shown by

the native enzyme (Fig. 5d) (Ranieri-Raggi et al. 1985).

To test whether the whole protein or a specific region

of TnT is required for the modulation of the AMP

Fig. 5 Effects of crude actomyosin and TnT on the activity of

trypsinized rabbit fast skeletal muscle AMPD. a AMPD activity at

3 mM KCl as a function of crude actomyosin concentration; (filled

circle) 5 lg/ml native enzyme; (unfilled circle) 5 lg/ml trypsin-

treated enzyme. b Activity of trypsin-treated AMPD (2.5 nM) at

3 mM (unfilled circle) or 60 mM (filled circle) KCl as a function of

TnT concentration. a, b The reaction mixtures contained 50 mM

imidazole–HCl (pH 6.5) and 0.1 mM AMP. c Substrate versus

velocity curves of 5 lg/ml trypsin-treated AMPD alone (filled circle)

or in the presence of 20 lg/ml (filled square) or 100 lg/ml (filled

triangle) crude actomyosin. d Substrate versus velocity curves of

2.5 nM trypsin-treated AMPD alone (filled circle) or in the presence

of 20 nM (unfilled circle) or 50 nM (unfilled triangle) TnT. c, d The

reaction mixtures contained 50 mM imidazole–HCl (pH 6.5), 3 mM

KCl and the reported AMP concentrations
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deaminase activity, TnT was digested with trypsin and the

peptides of TnT were separated by chromatography on

Sephadex G-50 following the method of Moir et al.

(1977). The activity of trypsinized AMPD was clearly

inhibited only by the addition of the first peak of the

eluted fractions (Fig. 6a) whose SDS/PAGE and N-ter-

minal sequence analyses showed the presence of a single

component of approximately 5 kDa corresponding to the

50-aa N-terminal TnT peptide (see Fig. 1). The N-termi-

nal peptide inhibited the activity of proteolysed AMPD,

reproducing the effect exerted by the addition of intact

TnT (Fig. 6b). The addition of the N-terminal peptide of

TnT restores the allosteric properties of the native enzyme

that were removed by the limited proteolysis, i.e., acti-

vation by ADP (Fig. 6c) and inhibition by ATP (Fig. 6d).

The N-terminal peptide, as well as whole TnT, exerted no

effect on either the kinetic or the regulatory properties of

native AMPD (not shown). It should be also pointed out

that in the presence of activating K? concentration

(60 mM KCl), the activity of the trypsinized enzyme is

not affected by the addition of whole TnT or TnT N-ter-

minal peptide (Fig. 6b).

It is known that TnT is isolated from the troponin

complex of striated muscle as a phosphorylated form,

mainly at serine-1 (Perry 1998; Moir et al. 1977). Inter-

estingly, upon treatment with alkaline phosphatase, the

N-terminal peptide of troponin T loses its capability to

inhibit trypsinized AMPD and no longer influences the

modulation of the allosteric properties of AMPD by ADP

and ATP (Ranieri-Raggi et al. 1985).

Fig. 6 Effect of TnT fragments on the activity of trypsinized AMPD.

A tryptic digest of TnT was applied to a Sephadex G-50 column in

0.01 M HCl and 5.6 ml fractions were collected. a The solid line (-) is
the A215 of each sample and (unfilled circle) is the activity of trypsin-

treated AMPD in the presence of 50 mM imidazole–HCl (pH 6.5),

0.1 mM AMP, 3 mM KCl and 100 ll of various fractions. The

horizontal bar indicates the elution position of the TnT N-terminal

peptide. b Activity of trypsinized AMPD, 2.5 nM, as a function of the

concentration of the N-terminal peptide of TnT (0–100 nM). The

reaction mixture contained 50 mM imidazole–HCl (pH 6.5), 0.1 mM

AMP and 3 mM (unfilled circle) or 60 mM (filled circle) KCl. The

activity of trypsinized AMPD, 2.5 nM, as a function of ADP (c) or
ATP (d) concentration. The reaction mixture contained 50 mM

imidazole–HCl (pH 6.5), 3 mM KCl and 0.1 mM AMP in the absence

(filled circle) or in the presence (unfilled circle) of 75 nM TnT

N-terminal peptide
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6 Restrictive proteolysis by calpain at the N-
terminal region of fast TnT and AMPD removes
a putative regulatory zinc-binding site:
contribution of the enzyme to the regulation
of muscle contraction exerted by TnT

An intriguing correlation between AMPD and TnT is that

some isoforms of both proteins undergo restrictive prote-

olysis by calpain protease.

Rabbit AMD1 is cleaved in vitro by a protease that

releases a 97 aa N-terminal fragment and shows a speci-

ficity identical to that reported for ubiquitous calpains

(Ranieri-Raggi and Raggi 1980; Martini et al. 2004). A

similar effect of storage has been reported on human

AMPD1 (skeletal muscle) and AMPD3 (cardiac muscle)

recombinant isoenzymes that are proteolysed to truncated

polypeptides DI86 and DH98, and DL88 and DM90,

respectively, all cleavage sites having Leu at P2, suggest-

ing that a calpain-mediated proteolytic cleavage plays a

significant role in the regulation of AMPD activity in

striated muscle (Mahnke-Zizelman et al. 1998). The rabbit-

cleaved enzyme is more active at low substrate concen-

tration and no longer inhibited by ATP, similarly to the

effect of the removal of the 95 aa N-terminal domain by

trypsin (Ranieri-Raggi and Raggi 1979). Although the

function and the mechanisms of calpain proteolysis of

AMPD are unknown, it has been hypothesized that this

phenomenon could be responsible for the large ammonia

accumulation during episodes of strong tetanic contraction

of skeletal muscle or during rigor mortis (Bendall and

Davey 1957). Interestingly, the rabbit AMPD1 N-terminal

domain contains a calpastatin-like sequence that might

protect against an unrestrained activation of the enzyme

that otherwise would lead to the depletion of adenine

nucleotide stores (Martini et al. 2004).

An in vivo calpain-induced degradation was observed

with cardiac and skeletal muscle TnT. Restricted proteolysis

of cardiac TnT by calpain occurs during physiological and

pathological adaptation of cardiacmuscle, such as ischemia–

reperfusion and pressure overload (Zhang et al. 2006; Feng

et al. 2008). Upon the selective removal of the 71 aa N-ter-

minal variable region bym-calpain, the cardiac TnT-binding

affinities for Tm, TnC and TnI were altered and a lower

myosin ATPase activity andmyofibril force generation were

observed. More recently, a non-canonical role for fast-

twitching skeletal muscle TnT was reported by Zhang et al.

(2016). TnT is fragmented in aging mice and both the full-

length TnT and the C-terminal domain of TnT can shuttle to

the nucleus. Here, the expression of the voltage sensor Ca2?

channel a1 subunit, partially responsible for the loss of

muscle strength during aging, is increased in the presence of

TnT but is decreased by its C-terminal fragment.

Although it is yet to be established whether the prote-

olysis of AMPD and TnT by calpain could have either a

regulatory role or a degradative one, data from our labo-

ratory have reported that rabbit fast skeletal TnT or its

phosphorylated 50-residue N-terminal peptide restores in

rabbit skeletal muscle AMPD the allosteric properties

removed by limited proteolysis by trypsin in vitro as well

as by a calpain-like proteinase in vivo (Ranieri-Raggi et al.

1985; Martini et al. 2004). Based on these observations of

the effects of the interaction between AMPD and TnT

in vitro on the enzyme kinetics and modulation, we

advance the hypothesis that the unrestrained AMPD

activity that follows the proteolytic cleavage of the

enzyme, occurring in strenuously exercised muscle

(Fig. 7a), could be counteracted by the binding of the

50-residue N-terminal domain of TnT to the catalytic zinc

metallocenter of AMPD (Fig. 7b). Therefore, TnT might

mimic the regulatory action exerted in AMPD by the

cleavable 95-residue N-terminal domain that holds the

native enzyme in a less active conformation due to the

formation of a dinuclear zinc active center (Fig. 3), causing

the enzyme to exhibit both the positive homotropic

behavior (i.e., activation by the substrate AMP) and the

allosteric regulation by nucleoside di- and triphosphates.

This hypothesis is strengthened by the observation that the

N-terminal region of TnT in some isoforms reveals the

presence of a zinc-binding segment. In particular, in rabbit

fast TnT (Fig. 1), the sequence of residues 29–50

(29HEPAPEVHVPEEVHEDALEDMR50) contains two

putative zinc-binding sites (HEXXXE) that are compatible

with the HEXXXH sequence in the N-terminal region of

rabbit AMPD that has been shown to bind zinc (Mangani

et al. 2007). In this context also, it should be taken into

consideration the effects that the TnT cleavage by calpain

could exert on the modulation of AMPD as well as on

myofibril force generation.

A repeating transition metal-binding histidine-rich

sequence, designated TX and consisting of four- or seven-

repeated segment HE/AEAH has been identified in the

hypervariable N-terminal region of TnT isoforms in the

breast but not leg muscles of all Galliformes, while it was

absent in all other species of birds investigated (Jin and

Smillie 1994; Jin and Root 2000). It was observed that the

affinity of TX for zinc was adequate to affect free metal

levels in the muscle cell and that a link may exist between

the presence of the TX sequence, the high muscle content

of fast glycolytic fiber type in pectoralis muscle and the

explosive but short-lived flight pattern of these birds.

Structural changes induced by Zn2? binding to the TX

segment of chicken breast TnT altered the binding affinity

of TnT to Tm (Ogut and Jin 1998). In addition, the His

repeat domain may be sensitive to alterations in cellular pH
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that drops from approximately 7.1 to 6.5 during anaerobic

work, since histidine-imidazole groups are half-protonated

at those pH values and might therefore be involved in

reversible protonation–deprotonation events that could

control the conformation of the N-terminal domain of TnT

(Bucher et al. 1999). The binding of fast TnT to Tm has

actually been shown to be more stable at lower pH (Ogut

and Jin 1998). However, the metal ion-induced changes

would only occur in that class of TnT isoforms and its

biological effect in the avian breast muscle remains to be

established.

In higher vertebrates, three homologous TnT genes

encode for a large number of TnT isoforms that are dif-

ferentially expressed in fast skeletal, slow skeletal and

cardiac muscle fibers. These isoforms differ mainly in the

sequence, the length and the charge of the N-terminal

region while the central and C-terminal regions are highly

conserved. Although the relationship between the structural

variations of the N-terminal region and its functional role

in specific type of muscle cells is yet to be determined, it

has been reported that the variable N-terminal region does

not bind any known myofilament proteins and it has been

proposed that it modulates the binding affinity of the TnT

core protein to TnC, TnI and Tm and the Ca2? sensitivity

during muscle contraction (Amarasinghe and Jin 2015).

Interestingly, only some of the fast skeletal TnT variants,

generated by alternative splicing, contain one or two

putative Zn-binding sites within the N-terminal region. The

ability of the TnT variable N-terminal region to interact

with zinc and with other proteins such as AMPD could be

at the base of a wide range of physiological responses of

different muscle fibers, allowing a rapid and fine-tuned

adaptation to the changes in contractile demands.

7 Relationship between the AMPD activity
and muscle specialization: interaction
between AMPD and myofibrils

Multiple isoforms of AMPD have been purified and char-

acterized from rat, rabbit and human tissues. The isoen-

zymes are encoded by three mammalian genes, i.e., ampd1,

that is highly expressed in skeletal muscle, and ampd2 and

ampd3, the smooth and cardiac muscle isoforms, respec-

tively, although both are also expressed in various other

tissues (Sabina et al. 1990). In addition to this diversifi-

cation in the isoenzyme expression in different muscle and

fiber types, among AMPD1, AMPD2 and AMPD3 isoen-

zymes the N-terminal domains are highly divergent, while

the C-terminal domains are highly conserved. Among the
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proteolyzed AMPD 
cataly�c subunit with 
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na�ve AMPD cataly�c subunit
modulated by the ADP/ATP ra�o ra�o
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TnTC-
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TnI
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N
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Wat/OH-
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Fig. 7 Involvement of the N-terminal Zn-binding regions of rabbit

fast AMPD and TnT in the modulation of the enzyme activity. Models

of the AMPD catalytic subunit (above) and schema of the components

of the muscle thin filament (below) with the N-terminal domain of the

TnT protein depicted according to Amarasinghe and Jin (2015) (a).
The scissors indicate the sites of the in vivo proteolytic activity of

calpains on AMPD and TnT that releases the Zn-binding N-terminal

domains of both proteins. The amino acid residues involved in the

binding of the two Zn ions in the metallocenter of native AMPD are

shown in Fig. 3; those presumably involved in the binding of Zn to

TnT belong to the region identified in Fig. 1. Native AMPD, in pink,

is an allosteric regulated enzyme that exhibits sigmoid kinetics in the

presence of ATP and is activated by AMP and ADP. Upon proteolysis

by calpain that might occur during strenuous exercise, cleaved

AMPD, in red, shows an unrestrained activity, following hyperbolic

kinetics, and it is no longer modulated by adenine nucleotides. The

coordination of the zinc ion in proteolyzed AMPD is based on the

model proposed for the catalytic site of adenosine deaminase (Wilson

et al. 1991). TnT N-terminal domain inhibits the activity of

proteolyzed AMPD, restoring the sigmoid kinetics and the allosteric

properties of the native enzyme, i.e., activation by ADP and inhibition

by ATP (see Fig. 6) (b) (color figure online)
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AMPD1 homolog sequences, the rabbit and the human

enzymes, but not the rat sequence, contain a putative zinc-

binding site in the N-terminal region. The sequence dif-

ferences confer different catalytic and regulatory properties

to the different isoenzymes suggesting that specialization

might have occurred in the different muscle types based on

the fiber composition as well as on the animal activity. This

view is supported by the following observations: in the

pigeon the muscles of the wing, that have a higher capacity

to derive energy from glycolytic reactions also have about

four times AMPD and two times AK in comparison with

the enzyme activities present in leg muscles (Raggi et al.

1969). In the bat, the muscles of the wing and the pectoralis

contain an AMPD activity four to five times higher than

that of the diaphragm and hind limbs. However, the pec-

toralis and diaphragm have a higher oxidative metabolism

compared to that of the wing and hind limb muscles (Raggi

et al. 1974). These observations indicate that the AMPD

activity could be associated with a specific type of muscle

specialization and mechanics rather than with the meta-

bolic characteristics of the muscle.

Based on the early reports that AMPD is a persistent

contaminant of actomyosin preparations (Currie and

Webster 1962), several investigators have established that

the AMPD activity is associated with various elements of

contractile fibers. AMPD has been found to bind native

myosin and purified myosin S2 fragments (Ashby and

Frieden 1977; Ashby et al. 1979; Koretz and Frieden

1980). The reversible interaction between AMPD and

myofibrils is promoted in vivo by intense muscle contrac-

tion and results in an increase in AMPD activity, sug-

gesting that the enzyme activation may help to maintain the

adenylate charge and preserve cell viability under stressful

conditions (Shiraki et al. 1981; Rundell et al.

1992a, b, 1993). However, it has also been reported that

AMPD binds titin with a 12-nm periodicity, although the

significance of this interaction remains unclear (Koretz

et al. 1993). More recently, Mahnke-Zizelman and Sabina

(2001) reported that the binding capacity of AMPD iso-

forms to actomyosin resides in the C-terminal region of the

enzyme, but N-truncated forms of AMPD1 exibits a sig-

nificantly lower capacity to bind actomyosin, raising the

question whether the AMPD interaction data previously

described were affected by the degree of N-terminal pro-

teolysis in the preparations.

Somewhat different observations were obtained when

the localization of AMPD in skeletal muscle was identified

by immunostaining methods with both isolated myofibrils

and muscle fibers grown in culture. In unstretched chicken

and human muscle myofibrils, AMPD is bound to the lat-

eral ends of the A-band extending into the I-band (Ashby

et al. 1979). In addition, AMPD staining appears as a thin

line in the center of the A-band, in correspondence to the

M-line (van Kuppevelt et al. 1994) where CK and AK

reside (Hu et al. 2015). In rabbit fast-twitch muscles, the

AMPD immunostaining was located in the A-band in a

region significantly beyond the end of the myosin filament.

It has been suggested that AMPD may be attached to

myofibrils through titin molecules that extend from the tip

of the thick filament to the Z-line and that this immobi-

lization of the enzyme in the sarcomere could improve its

metabolic efficiency (Cooper and Trinick 1984). It should

be pointed out, however, that no clear influence on AMPD

activity has been found as a result of the interaction of the

enzyme with either titin or myosin. In contrast, a functional

role for skeletal muscle AMPD can be proposed that is

based on the results reported in this review (see Sect. 5) on

the relationship between the enzyme and fast TnT.

8 Conclusions

During muscle contraction, AMPD acts to displace the AK

equilibrium to generate ATP and AMP from two ADP

molecules; the ATP produced is then readily available to

myosin ATPase.

The N-terminus of AMPD shares with calpastatin a

regulatory domain that during normoxic contractions might

impede access of calpain to its site of action, thereby

exerting a protective role against the protease-induced

fragmentation of AMPD. However, in skeletal muscle

subjected to strong tetanic contraction a calpain-induced

activation of the enzyme occurs that is responsible for the

large ammonia accumulation observed during sustained

muscle activity.

The unrestrained AMPD activity that follows the pro-

teolytic cleavage of the enzyme during strenuous exercise

could be counteracted by the binding of AMPD to the

phosphorylated N-terminal region of TnT that could restore

the less active conformation of the native enzyme, possibly

through the interaction of the catalytic Zn ion present at the

C-terminus of the enzyme with the putative metal-binding

site found at the N-terminal regulatory region of TnT. In

this view, TnT mimics the regulatory action exerted in

AMPD by the 95-residue N-terminal domain that holds the

enzyme in a less active conformation due to the presence of

the dinuclear zinc center, causing the enzyme to exhibit

both the positive homotropic behavior (i.e., activation by

the substrate AMP) and the modulation by adenosine di-

and triphosphates (i.e., activation by ADP and inhibition by

ATP).

We conclude that all together the observations

reported in this review on the interactions between

AMPD and TnT strongly suggest that the two proteins

might exert a mutual contribution to the regulation of

muscle contraction.
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Parnas JK, Lewinski W (1935) Über den Zusammenhang zwischen

Ammoniakbildung und Muskeltätigkeit unter aeroben Bedin-

gungen. Biochem Z 276:398–407

Parnas JK, Lewinski W, Jaworska J, Umschweif B (1930) Über den
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