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Limited proteolysis was used to probe the structure of the apo- and holocnzyme of rat hiver tyrosine aminotransferase Both were subjected to

trypsinolysis and the major fragments were 1solated and characterized Trypsin cleaves the apoenzyme after residues Arg®, Lys*, and Lys” and

the holocnzyme after Arg® and Lys™ The difference in the accessibility of the enzyme deprived or associated with pynidoxal §'-phosphate reflects

two distinct conformations The activity, the affinity for the ligands and the thermostability of the punfied truncated enzyme forms are similar

to those of the native apo- and holoenzyme A model for the domain structure of mammahan tyrosme amnotransferase and a mechanism for its
rapid turnover are proposed

Tyrosine aminotransferase, Rat hver, Structure, Proteolysis, Degradation, Structure/function relationship

I INTRODUCTION

In mammahan hver, cytoplasmic tyiosine amino-
transferase (TyrAT; EC 2 6 1 5) catalyzes the first siep
of the catabolism of tyrosine The transamination reac-
tion mvolves the formation of a Schiff base between the
carbonyl group of the coenzyme pyridoxal 5-phosphate
and alternately the £-NH, group of a lysine in the cata-
lytic site or the a-NH, group of the amino acid substrate
[1] The rate of tyrosine degradation 1s regulated by the
intracellular concentration of active Tyi1AT The bio-
synthesis of the enzyme can be increased by stimulation
of gene transcription promoted by glucocorticoids (see
[2] for a review on TyrAT) When mduction 1s stopped,
TyrAT concentration tapidly returns to the basal level
because the protemn has a short half-life (¢),,= 2 h) when
compared to non-inducible liver proteins (average t;,, =
2-3 days). Although several investigations were devoted
to the mammalian liver enzyme, no information 1s avai-
lable about 1ts three-dimensional structure and the
structural parameters determuning its instability.

This paper describes a comparative study of the re-
gions of the apo- and holoenzyme of TyrAT accessible
to trypsin and the analysis of the structural and func-
tional properties of the punified fragments, The results
are mtcrpreted in the frame of the structwe/function
relationship in this enzyme Their possible physiological

Abbreviations TyrAT, tyorsine abnnotransferase, PLP, pyndoxal 5'-
phosphdte
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significance 1 terms of a degradation mechanism 1s
discussed on the basis of a comparison of the structure
of TyrAT with that of other aminotransferases

2 MATERIALS AND METHODS

Native rat TyrAT was purified from an overproducing E col strain
[3] The dimeric holoenzyme (subumt M, = 50 000, 454 amino acids
[4]) has a specific activity of 420 * 50 units/mg (one umit catalyzes the
production of 1 umol of p-hydroxyphenylpyruvate per nun at 37°C
under standard conditions [5]) SDS-PAGE was performed according
to [6] The automated Edman-Chang method was used for analysis of
N-terminal sequences 1n an Apphed Biosystems sequencer C-terminal
residues were identified using an Applicd Brosystems Derivatizer/Ana-
lyzer, after cleavage of 1 nmo! TyrAT (20 h at 37°C m 50 mM
ammonum bicaroonate, pH 8 0, containing 0 1 mM dusopropy! fluo-
rophosphate and 0 19 SDS) by carboxypeptidase B (dialyzed 1n 10%
w/v lithium chloride solution) at a protease/TyrAT ratio of 1 4 w/w
The apoenzyme was prepared by mcubating 55 M holoenzyme with
11 mM tyrosinein 100 mM potassium phosphate, pH 10 (final volume
360 ul), followed by size-exclusion chromatography on an dnalytical
HPLC column (Protein Pak 300SW, 1d 75 mm x 300 mm length,
Waters) cquihibrated with 200 mM sodium sulfate and 20 mM potdas-
siwum phosphate, pH 6 5 Fractions contamming protcin were pooled
and concentrated over Centricon-30 devices (Amicon) The labile apo-
enzyme was used extemporaneously and the holoensynic was regene-
rated by adding a 10-fold excess of PLP Contamination of the apoen-
zyme by the holoenzyme and reaprocally did not exceed 10% as
determined by absorbance at 330 nm Limuted proteolysis with trypsin
way performed i microcentrifuge tubes, each containing 15 mg
TytAT in 200 4l of S0 mM ammonium bicarbonate, pH 8 0 (protease/
transammase ratio = 1/500 w/w, 4 h at 37°C) High-M, tryptic frag-
ments were purnified by siz¢-exclusion chromatography as above
Other brochemical methads were essentially those described previou-
sly [3] Tiypsin (sequencing grade) and carboxypeptidase B were pur-
chased from Bochninger The data bank ‘Swissprot® and the software
pdekage ltom University of Wisconsin were used to search for homo-
logies in primary structines, to predict secondary structures, and plot
hydropathy profiles
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Fig 1 Kinctics of trypsinolysis of apo- and holoenzyme analyzed by
SDS-PAGE Sampiles containing § ug protein were analyzed in 8 x 10
cm? gels

3. RESULTS

The presence of several basic residucs 1n the N- and
C-termum of TyrAT pointed out trypsin as a possible
probe for its structure Six enzyme forms were characte-
rized 1n this study because the native and the truncated
TyrAT can exist as apo- and holoenzyme The trypsino-
lvars of the subumts of the apoenzyme generates poly-
peptide chains of variable length that are slowly hydro-
lyzed to peptides with M, <18 000. Three major chains
of M, 42 00045 000 arc revealed by SDS-PAGE (Fg.
1A). The decrease of the amount of high-M, polypepti-
des 1s accompanied by an increase of low-M, peptides.
Fragmentation of the holoenzyme rapidly leads to the
accumulation of a stable polypeptide of M, 46 000 (Fig.
1B) even when trypsin concentration 1s increased 10-
fold (result not shown). During proteolysis, the activity
of the holoenzyme 1s unaltered even ufter prolonged
incubation whereas that of the apoenzyme decreases
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(Fig. 2). This mactivation superposes to the decrease of
the amount of large fragments

The high-M, peptides generated by the trypsinolysis
of both enzyme forms were purified at the 10 mg scale
by high performance size-exclusion chromatography
and therr structural and functional properties were ana-
lyzed Size-exclusion chromatography on a calibrated
column indicates that the fragments are dimers of appa-
rent M,= 97000 £5000 (having an apparent hydrody-
namic radius R, = 402 A and a frictional ratio fIf, =
1 520 1) but their shape 15 less elongated than that of
native TyrAT (for which apparent M, =160000 *
10000, R, =47+ 2 A, andflf,= 18+ 01) The catalytic
constants of the large tryptic fragments of both holo-
and apoenzymes do not significantly differ from those
of native TyrAT k., =300 + 50 s™', K|, for tyrosine 2 2
+ 0 5 mM, phenylalanme 480 = 50 mM, tryptophan 50
+ 5 mM, a-ketogiutarate 0 8 £ 0.1 mM As for native
TyrAT, no K,, for PLP could be obtained because kine-
tics are non-michaehan (V,, ,, 1s obtained when 2 mol of
PLP are present per dimer) [3]

The stability of the fragments of TyrAT was investi-
gated by studying the resistance to heat denaturation.
Indeed, PLP confers a high thermostability to native
TyrAT (¢,,>>12 000 mn at 55°C) when compaied to
the apoenzyme (¢,,, 1-3 min at 55°C) [3] Like the latter,
all cleaved apoenzymes have very short half-hives in the
presence or absence of tyrosine (¢,,=1-2 mn) and are
only slightly protected by x-ketoglutarate (7,,,=10 nun).
Addition of PLP renders these forms as stable as the
native holoenzyme (¢,,,>>12 000 min at 55°C) and the
trypsinolyzed holoenzyme has the same stabibity Mi-
crosequencing shows that about 9/10 of truncated apo-
enzyme molecules start with either Ala®, Val® or Thr’?
(Table I) thus confirming the heterogeneity observed 1n
electrophoresis (Fig 1A) The amount of individual po-
lypeptides within the nuxture varies with the extent of
proteolysis For the holoenzyme only two major poly-
peptides starting at Lys* or Ala® are found (Table I)
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Fig 2 Vanaton of FyrAT activity during trypsinolysis of apo and
holoenzyme Lrrar bais enrtespond Lo an expenmental error of 10%
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N-Terminal sequences of the tryptic fragments of apo- and holoenzyme of TvrAT

Tryptic fiagments* analyzed Amino acid sequences®

on blots (1) or 1n solution (2)

Approximate amount

Apoenzyme 38
N AIVDNM
65
M VQPNP s 9/10°
72
0y TVIS
58 65 72
(2) AIVDNMKVQPNPNK
2) VQPNPNKTVI 9/10°
@ TVISLSIGDP
41
2) WDVRPSDM } 1/10
(1,2) Possibly also blocked?
Holoenzyme 38
(1 KARWD 10°
0} ARWDYV } 10
38
@) KARWDVRPSDMSNXKT b e
(2) ARWDVRPSDMSNKTF
58
(2) AIVD
65 /10
2) VQPNPNK

(1,2) Possibly also blocked®

‘Analyses were performed on the major tryptic fragment , punified either by electrophoresis or by size exclusion chromatography (see Methods)
*The number ot Edman degradation cycles was 5-7 when the protemn (200-500 pmol) was immobilized on a membrane after electrophoresis as
m [3] or 5-27 when the protemn (1 nmol) was mn solution Contamnation of apoenzyme by holoenzyme, and reciprocally, was =1/10

*The amount of individual polypeptide chams varied with the extent of proteolysis but the major fragments represented together about 9/10 of the

protein analyzed
9The N-termuinus of native TyrAT s fully blocked
“Both sequences were i about equimolar amounts

They are present 1n about equimolar amounts and re-
present together about 9/10 of the analyzed protein
(Table I) Lysmne s found as the C-tetminus of all forms
of TyrAT (vield >80%) but in all cases 1t becomes acces-
sible to carboxypeptidase B only after denaturation of
the protein

4, DISCUSSION

The present study wds performed on native unproteo-
lvzed 1at TyrAT overpioduced in and 1solated from
Escherichia coli cells [3] The difference in the kinetics
and 1n the end products of the limited proteolysis of the
apo- and holoenzyme by trypsin demonstrates the exi-
stence of two conformational states in TytAT In the
absence of PLP, its residues 39-71 aie accessible to
trypsin whereas assoctation with the coenzyme masks
this part of the polypeptide chain and only exposes the

first 38 residues (paiticularly the hydrophilic region
around Arg’’-Lys®®) (Fig. 3). The first 71 residues are
not essential for ligand binding or catalysis The follow-
ing four domains are postulated as elements of a work-
ing model of the structure of TyrAT (see Fig. 3). (1) An
N-terminal domain himited to the extension 1-38 found
so far only in cytoplasmic hver TyrAT [7] and alanine
aminotransferase (there is 25% strict homology between
them) [8] It contains two segments homologous in the
rat [4] and human enzymes [9] (Fig 3) that might be
involved 1 a specific function, ¢ g the compartmen-
talization of Tyi1AT or its interaction with other meta-
bolically linked enzymes [10] (ii) An intermediary seg-
ment (39- 71) contamning the highly conserved Pro®® and
Lys™ (Fig 3) that scems not to be involved in subunit
dimerization. Here Tyt AT differs fiom nutochondnal
and cytoplasmic pig aspartate amnotransferasc holozn-
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Fig 3. Trypticcleavage sites in TyrAT and alignment of the N- and C-termnal regions of the primary structures of ammotransterases Large arrows
indicate major cleavage sites 1n the apo- and holoenzyme Protein sequences are (CRTAT) cytoplasmuc rat [4] and (¢HTAT) human TyrAT [9],
(mPAAT) mitochondnal and (CPAAT) cytoplasmic pig aspartate aminotransferase (taken from [7]), (ECTAT) aromatic amimno acid anunotrans-
ferase from L coli [18] In human TyrAT, residues identical to those in rat TyrAT arc 1eplaced by hyphens and locations of introns 1 and 2 in
the gene are indicated by numbers Upper numbening of residucs corresponds to cRTAT sequence and lower numbering 1s that of cPAAT Highly
conserved residues are boxed and residues aligned in more than four sequences are hatched Symbols are (¥) sites of tryptic cleavage in mPAAT
and cPAAT, (o) uites of cleavage by endogenous proteases at Asn®® and Lys* in cRTAT [2], (@) two last argimines in the C-terminus that are not
daccessible to trypsin Hinge regtons in chicken mitochondrial aspartate aminotransferase are underhined n the homologous sequence of cP.AAT
Limits of the floppy intersubumit domain and of the enzyme core in mPAAT [11] and cPAAT [12] are shown Alignments dre as in [7] with irmnor
adjustments

zymes that are inactivated by tryptic cleavage after
Arg?, Lys", and Lys'®, Arg’®, respectively (in the num-
bering system for aspartate aminotransferase) located
in the floppy chain (19-47) extending between the sub-
units {11--14]. Deletion of residues 1-9 anchoring onto
the neighboring subunit of the dimer decreases the affin-
ity for the ligands (aspartate and 2-oxoglutarate), re-
sistance to proteolysis and heat denaturation [15]. Since
only TyrAT deprived of PLP can be cleaved 1n this
region without leading to dissociation of subunits or
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mactivation, other structural clements stabilize its struc-
ture. (1i1) A large core (72 to around 440) whose overall
folding 1s most probably similar to that of aspartate
aminotransferases according to primary structure align-
ments [7] and modeling studies [16}. In £ colt aspartate
aminotransferase this core (residues 47-329) folds auto-
nomously as a monomer independently of the native N-
and C-terminal extensions [17]. Chicken mitochondrial
aspartate aminotransferase consists also of a large PLP-
binding domain (Pro*’-Lys**') and of a small domain
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{encompassing Gly'>-Lys™ and Gly*®® to the carboxyl
end) [14] that rotates like a rigid body to close the active
site upon binding of the substrates. This ‘closed confor-
mation’ 15 opposed to the ‘open conformation’ of unli-
ganded apo- or holoenzyme, and in this enzyme the
presence of the coenzyme 1s not a prerequisite for the
conformational change to occur. (1v) Finally, an 11 resi-
due-long C-termunal extension found up to now only in
cytoplasmic mammahan TyrAT (Fig. 3). The absence
of homology 1 the end of known aminotransferases
(Arg*” 1s the last conserved restdue) suggests that this
domain might be up to 36 residues long (Fig 3) Lys**
15 not accessible to carboxypeptidase B in the active
conformation of TyrAT and trypsin does not cleave
after the two last basic residues Arg*'’ (which may be
involved in substrate binding as deduced from sequence
ahgnment with aspartate a~.uanotransferases [7]) and
Arg*® even when 71 residues have been removed at the
N-terminus (Fig. 3).

Additional differences between TyrAT and amino-
transfcrascs of other specificity must be underhined
TyrAT from rat and human and alanine aminotransfer-
ase from rat liver possess a high number of cysteines
(16, 17 and 14, respectively) whereas this number 1s low
1n other aminotransferases [7]. For mstance, bacterial
aromatic ammo acid aminotransferase [18] and aspar-
tatc aminotransferase have only 5 cystenes, and mito-
chondrial and cytoplasmic pig aspartate ammotransfer-
ases only 4 and 3, respectively In TyrAT all cystemnes
are clustered between positions 127 and 453 and conse-
quently might be involved in the stabilization of the core
and the C-terminal extension Frnally, it may be ques-
tioned whether the difference mn stability between the
apo- and holoenzyme of TyrAT has any physiological
significance and, n peculiar, if it could be involved 1n
the rapid turnover of the enzyme Above results from
in vitro experiments suggest that i vivo the removal of
PLP and the cleavage 1n the region 40-70 mught be the
structural determinants that could switch Ty1AT from
a stable to an unstable conformation thus favournng its
rapid degradation. In vitro both steps are required se-
quentially since PLP still protects the cleaved apoen-
zyme This possible multistep mechamsm 1s 1 agree-
ment with previous reports indicating that (1) the activ-
ity of TyrAT 1n vivo can be stabilized by admunistration
of pyridoxin [19], whereas (1) dephosphorylation of
PLP by phosphatases {20] alters 1t, and (11) the dissocia-
tion of the coenzyme could be the rate-himiting step
conditioning the apoenzyme for proteolytic degradation
[21]. Also, when group-specific proteinases participate
in the degradation of some liver pyridoxal enzymes, the
rate of inactivation depends on the rate of this conver-
sion [22] It1s postulated that in TyrAT cleavage in the
region 41-71, whose accessibility is modulable by PLP,
might unlock or sterically unblock the access to the
PEST sequence [23]. According to sequence align-
ments. this streteh located in the C-terminal part of the
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polypeptide chain is most probably included in the
small domain defined above for aspartate aminotransfer-
rase [14] Other structural features like e.g. the nature
and acetylation of the N-termunal residue [24,25] or the
phosphorylation of serine residucs [2] might be involved
i this mechanism
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