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Human liver peroxisomal alanine:glyoxylate aminotrans-
ferase (AGT) is a pyridoxal 5’-phosphate (PLP)-dependent
enzyme that converts glyoxylate into glycine. AGT deficiency
causes primary hyperoxaluria type 1 (PH1), a rare autosomal
recessive disorder, due to a marked increase in hepatic oxalate
production. Normal human AGT exists as two polymorphic
variants: the major (AGT-Ma) and the minor (AGT-Mi) allele.
AGT-Mi causes the PH1 disease only when combined with some
mutations. In this study, the molecular basis of the synergism
between AGT-Mi and F152I mutation has been investigated
through a detailed biochemical characterization of AGT-Miand
the Phe'®? variants combined either with the major (F152I-Ma,
F152A-Ma) or the minor allele (F152I-Mi). Although these spe-
cies show spectral features, kinetic parameters, and PLP binding
affinity similar to those of AGT-Ma, the Phe'®? variants exhibit
the following differences with respect to AGT-Ma and AGT-Mi:
(i) pyridoxamine 5’-phosphate (PMP) is released during the
overall transamination leading to the conversion into apoen-
zymes, and (ii) the PMP binding affinity is at least 200 —1400-
fold lower. Thus, Phe'>? is not an essential residue for transam-
inase activity, but plays a role in selectively stabilizing the
AGT-PMP complex, by a proper orientation of Trp'°%, as sug-
gested by bioinformatic analysis. These data, together with the
finding that apoF152I-Mi is the only species that at physiologi-
cal temperature undergoes a time-dependent inactivation and
concomitant aggregation, shed light on the molecular defects
resulting from the association of the F152I mutation with AGT-
Mi, and allow to speculate on the responsiveness to pyridoxine
therapy of PH1 patients carrying this mutation.

The human liver peroxisomal alanine:glyoxylate amino-
transferase (AGT)? is a pyridoxal 5'-phosphate (PLP)-de-
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pendent enzyme of clinical relevance in that its deficiency is
associated with primary hyperoxaluria type 1 (PH1), a rare
genetic disease characterized by progressive renal failure due to
accumulation of insoluble calcium oxalate (1). In the peroxi-
somes of normal human hepatocytes, AGT is responsible for
conversion of glyoxylate to glycine. This can be considered to
be a detoxification reaction because its disfunction in PH1
allows glyoxylate to build up and to convert to oxalate. The two
most common normal intragenic haplotypes of the AGT gene
(AGXT) are referred to as the major and minor alleles
(AGT-Ma and AGT-Mi). AGT-Mi differs from AGT-Ma by
two coding sequence polymorphisms (P11L and 1340M) and a
non-coding duplication in intron 1. These polymorphisms have
no clinical significance on their own, but they enhance the del-
eterious effects of several common PH1 mutations that occur
on the same allele (2). This combination generates polymorphic
variants characterized by impairments in the stability, localiza-
tion, and/or rate of dimerization (2).

The 2.5-A resolution structure of human AGT in complex
with the competitive inhibitor aminooxyacetic acid reveals that
the enzyme is a dimer. Each monomer consists of a N-terminal
arm (residues 1-21), a large domain (residues 22—282), and a
smaller C-terminal domain (residues 283-392). One PLP
cofactor is bound per subunit and is present in a Schiff base
linkage to the active site lysine, Lys*”. Analysis of this structure
has allowed the rationalization of some, but not all, of the effects
of disease-specific mutations (3). A detailed study of the reac-
tion catalyzed by wild-type AGT was recently done. Kinetic,
spectroscopic, and computational methods have demonstrated
that (i) the enzyme is highly specific for catalyzing glyoxylate to
glycine processing, (ii) pyridoxamine 5'-phosphate (PMP)
remains bound to the enzyme during the catalytic cycle, and
(iii) the AGT-PMP complex displays a reactivity toward keto
acids higher than that of apoAGT in the presence of PMP (4).

Notwithstanding an increase in understanding the func-
tional synergism between the P11L and 1340M polymorphism
and the PH1-specific mutations, one of the most intriguing bio-
chemical questions is why and how this synergism occurs.
Recent “in vitro” and “in vivo” studies have established that
AGT-Mi is less stable and active than AGT-Ma (5). It has also
been reported that some variants (G170R, 1244T, F152I)
encoded on the background of the minor allele have reduced
steady-state protein levels, and it has been hypothesized that
this reduction could be largely due to protein destabilization
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(5). However, although PLP seems to stabilize, even to a differ-
ent extent, both AGT-Ma and AGT-Mi, it does not appear to
have any stabilizing effect on the PH1-causing variants (5).

F152lis one of the mutations that co-segregate and function-
ally interact with the P11L and 1340M polymorphisms of the
minor allele (2). PH1 patients carrying this mutation show the
presence of mitochondrial AGT in addition to soluble peroxi-
somal AGT (6). The effect of this substitution on the minor
allele cannot be understood in structural terms. Phe'* is not
located at the active site of the enzyme. Its side chain fills up a
hydrophobic hollow limited by a B-sheet containing Phe'** and
the helix 5 whose N-terminal residue is Trp'°®, the PLP-sand-
wiching residue. Up to now the molecular defect of the F1521
mutation associated with the minor allele (F152I-Mi) has not
yet been identified.

The present study is aimed at understanding the molecu-
lar origin of the PH1-associated F1521-Mi variant. For this
purpose, we have carried out a detailed characterization of
the recombinant purified AGT-Mi, F152-Mi (F1521-Mi), and
F152-Ma (F152I-Ma, F152A-Ma) variants. Although these
enzymatic species display spectroscopic features, kinetic
parameters, and PLP binding affinity comparable with those of
AGT-Ma, F152I mutants exhibit substantial differences with
respect to AGT-Ma or AGT-Mi. In fact, whereas PMP remains
tightly bound to the protein during the 1-alanine half-transam-
ination and the overall transamination of both AGT-Ma and
AGT-M,i, it is released from the Phe'® variants. This result is
consistent with the finding that mutation at position 152 leads
to at least a 200 —1400-fold reduction of the binding affinity of
PMP. These data strongly suggest a role of Phe'*? in the selec-
tive stabilization of PMP binding in AGT. Moreover, among all
the holo and apo enzymatic species examined in the present
study, F1521-Mi in the apo form is the only one that displays a
gradual and consistent decrease of transaminase activity upon
incubation for 3 h at 37 °C. The inactivation is dependent on
protein concentration and parallels formation of insoluble high
molecular weight aggregates. These results, together with the
bioinformatic analysis of the putative binding mode of PMP in
Phe'”® mutants, allows us to identify for the first time the struc-
tural and functional molecular defects resulting from the com-
bination of the F152I mutation with the minor allele. The pos-
sible molecular basis of the responsiveness to pyridoxine
therapy of PH1 patients bearing this mutation has also been
proposed.

EXPERIMENTAL PROCEDURES

Materials—PLP, PMP, L-alanine, glyoxylate, pyruvate, rabbit
muscle L-lactic dehydrogenase, and isopropyl 3-p-thiogalacto-
side were all purchased from Sigma. All other chemicals were of
the highest purity available.

Site-directed Mutagenesis—AGT-His mutants were con-
structed using the QuikChange site-directed mutagenesis kit
(Stratagene). The oligonucleotides used for mutagenesis are as
follows: P11L forward primer, 5'-GCTGCTGGTGACCCCCC-
TCAAGGCCCTGCTCAAGC and its complement; 1340M
forward primer, 5'-CATCGTCAGCTACGTCATGGACCAC-
TTCGACATTG and its complement; F152I forward primer,
5'-CCAGTGCTGCTGATCTTAACCCACGGGG and its
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complement; F152A forward primer, 5'-AAGCCAGTGCTG-
CTGGCCTTAACCCACGGGGAG and its complement. The
underlined codons are for mutated amino acids. All mutations
were confirmed by DNA sequence analysis.

Expression and Purification—Wild-type and mutant en-
zymes in their His-tagged form associated with the major or
minor allele were expressed and purified as previously
reported (4).

The apo forms of the mutants were prepared as already
described (4). The protein concentration in the AGT sam-
ples was determined by absorbance spectroscopy using an
extinction coefficient of 9.4 X 10* M~ ' cm ™' at 280 nm (4).
The PLP content of the mutants was determined by releasing
the coenzyme in 0.1 M NaOH and by using € = 6600 m "
cm™ ' at 388 nm.

Enzyme Assays—Pyruvate formation was measured either by
the spectrophotometric assay using the coupled lactate dehy-
drogenase system (7) or, when the pyruvate concentration was
lower than 100 uM, the more sensitive HPLC method after deri-
vatization with 2,4-dinitrophenylhydrazine as previously
described (8). The latter method has also been used for deter-
mination of glyoxylate consumption. Kinetic parameters for
the pair alanine/glyoxylate of AGT-Mi, F152I-Mi, F1521-Ma,
and F152A-Ma were determined in the presence of 150 um PLP
by varying the substrate concentrations at a fixed saturating
co-substrate concentration. Data were fitted to the Michaelis-
Menten equation. The detection and quantification of PLP and
PMP were performed using the HPLC procedure reported pre-
viously (9).

Equilibrium Dissociation Constants for Mutants of PLP
and PMP—The equilibrium dissociation constant for PLP,
Kppupy from AGT-Mi, F1521-Mi, F1521-Ma, and F152A-Ma
was determined by measuring the quenching of the intrinsic
fluorescence of apoenzymes (0.1 ™) in the presence of PLP at
a concentration range 0.01-10, 0.01-5, 0.002-5, and 0.02—4
UM, respectively.

The equilibrium dissociation constant for PMP, K, ppsp), for
F152I-Mi, F152I-Ma, and F152A-Ma was determined by CD
spectrometric titration at 290 nm of the apo forms at a concen-
tration of 6-10 uM in the presence of PMP at concentration
ranges of 5-300, 5-240, and 22-250 uMm, respectively. All these
experiments were carried out in 100 mm potassium phosphate
buffer, pH 7.4. The K, py py and Kp,pppy values for the mutant-
coenzyme complexes were obtained using Equation 1,

[E]; + [Pyx], + KD(Pyx) B, ([E]; + [Pyx] + KD(Pyx))Z — 4[E] [Pyx],
2[E],

Y= max

(Eq. 1)

where [E], and [Pyx], represent the total concentrations of the
mutant and PLP or PMP, respectively, Y refers to either the
intrinsic quenching or the 290-nm dichroic signal changes at a
Pyx, concentration, [Pyx], and Y, . refers to the aforemen-
tioned changes when all enzyme molecules are complexed with
coenzyme.

A Kppppy value cannot be determined for both AGT-Maand
AGT-Mi by CD or fluorescence spectroscopy given that the
enzyme concentration required far exceeds the K, pyp) value.
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However, a lower limit value has been estimated as follows:
AGT-PMP complex at 0.1 uM concentration was incubated at
25°C for 2 h, then the mixtures were subjected to filtration
through a Centricon-30 device and the amount of PMP was
measured in the filtrates by HPLC analysis. The behavior of
AGT-PMP at a concentration lower that 0.1 um cannot be
examined because 0.1 uM is the detection limit of PMP.

Pre-steady-state Analysis by UV-visible Spectrophotometry—
The reaction of holoF152A (6 um) with various concentrations
ofL-alanine (10 —150 mM) as well as the reaction of F152A in the
apo form (10 um) preincubated overnight with 250 um PMP
and various concentrations of glyoxylate (0.15-2.5 mm) were
carried out in 100 mMm phosphate buffer, pH 7.4, at 25°C in a
total volume of 120 ul. In each case, absorbance spectra (500)
from 250 to 550 nm were recorded on a J&M Tidas 16256-diode
array detector (Molecular Kinetics) using a BioLogic SFM300
instrument. The dead-time was 3.6 ms at a flow velocity of 12
ml/s. The rate constants measured by following the changes at
420 and/or 330 nm were determined by non-linear regression
to Equation 2,

A=A, + AAe! ket (Eq.2)

where A, is the absorbance at time ¢, AA is the amplitude of the
phase, k. is the observed rate constant, and A is the final
absorbance. Data were analyzed using the Biokine 4.01 (Bio-
Logic) software provided with the instrument. The k. and
apparent K, values for the half-reaction were determined by
plotting the observed rate constants versus substrate concen-

trations and fitting the data to Equation 3.

kinax [S]
Ki® +[S]

Kops = (Eq.3)

Size Exclusion Chromatography—Chromatography experi-
ments were performed on a Sephacryl S-300 column (GE
Healthcare) coupled to an AKTA FPLC system (Amersham
Biosciences), equipped with a UV detector. The column was
preequilibrated with 100 mm potassium phosphate buffer, pH
7.4, before injections. Protein concentration was in the range
0.25-1 uM, and the flow rate was 1 ml/min.

Thermostability—The thermal stability experiments of
AGT-Ma, AGT-Mi, F152I-Mi, F152I-Ma, and F152A-Main the
holo and apo forms were performed as follows: 1) holoenzymes
in the presence of 100 uM PLP or apoenzymes, both at a con-
centration of 0.16 uMm, were preincubated for 10 min at different
temperatures ranging from 25 and 80 °C. Following preincuba-
tion, and, upon addition of 100 um PLP to the solution of
apoenzymes, samples were placed on ice for 45 min; 2) holoen-
zymes in the presence of 100 um PLP or apoenzymes, both at a
concentration ranging from 0.25 to 1 uM, were incubated at
37 °C over a period of 180 min. Aliquots were removed at dif-
ferent times and, upon addition of 100 uM exogenous PLP only
to the solutions of apoenzymes, placed on ice for 45 min. In
both types of experiments (1 and 2), samples were assayed for
transaminase activity at 25 °C in the presence of exogenous PLP
as specified above.

Molecular Modeling—The three-dimensional coordinates of
the human AGT (Protein Data Bank code 1HOC) (3) in its
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dimeric assembly and with PLP bound in the internal aldimine
configuration were initially used as a starting point to generate
the PMP bound forms of the enzyme, by means of the BUILDER
package from InsightII (V.2005, MSI, Los Angeles, CA). PMP
was initially positioned into the active site following the binding
mode observed for PLP in the crystal structure of PDB 1HOC.
Then, energy minimization was carried out to energetically
relax the complex. After an initial minimization performed on
the whole system to allow added hydrogens to adjust to the
crystallographically defined environment, and fixing all the
other atom types, a gradually decreasing tethering force using
steepest descents and conjugated gradients was applied to the
whole system, until the latter was totally relaxed. The maxi-
mum derivative achieved was 0.0001 kcal mol™* A~*. Only
PMP, main chain, and side chains of every residue comprised in
a sphere of 20 A from the PMP were free to move during the
simulation. All minimizations were carried out using the Cff91
forcefield, as implemented in Discover 2.9 and the Analysis
package of InsightIl. Active site structural water molecules,
which were observed in PDB 1HOC, were not considered. Non-
bond terms were truncated at 40 A (smoothing from 36 A), with
a switching function for van der Waals and electrostatic terms.
Because the other water molecules were not explicitly included,
a distance-dependent dielectric was used throughout the min-
imizations. A similar protocol was applied to explore the poten-
tial energy surface of Trp'®® within the active site pocket (see
below).

After PMP minimization, the BIOPOLYMER package from
InsightIl was used to mutate Phe'>” of the crystal structure of
human AGT, to obtain the single F152I and F152A mutants.
The identification and analytical computation of area/volume
of cavities in the wild-type and ix silico mutated forms of AGT
was performed by means of the CASTp tool (available at sts-
fw.bioengr.uic.edu/castp/index.php) (10). CASTp (Computed
Atlas of Surface Topography of proteins) is a tool aiming to
provide a quantitative characterization of interior cavities and
surface pockets of proteins. In CASTp, cavities are defined as
buried unfilled empty space inside the protein. Heteroatoms
that are inaccessible to solvent molecules from outside were
ignored during the computation.

The energy-minimized structure was then used to explore
the potential energy surface of Trp'®® within the active site
pocket. To this purpose, starting from each rotameric position
of Trp, each different conformation of the complex was sub-
jected to energy minimization and molecular dynamics. All
atoms of the structure were fixed, except those interacting with
the side chain at a cutoff distance of 6 A, during its rotation.
Dynamic simulation was performed for 10,000 steps at 300 K,
after a 100 steps equilibration at the same temperature. The
total energy of the system was monitored for the entire simula-
tion. The Cff91 forcefield, a distance-dependent dielectric con-
stant, and a 1-fs time step were used during the simulation.
Each conformation was finally relaxed by 1000 steepest
descents minimization steps.

Spectrophotometric Measurements—Absorption measure-
ments were made with a Jasco V-550 spectrophotometer. Flu-
orescence spectra were taken with a Jasco FP-750 spectroflu-
orometer using 5 nm excitation and emission bandwidth at a

JOURNAL OF BIOLOGICAL CHEMISTRY 8351



Natural and Unnatural Phe’>? Variants of Human AGT

TABLE 1
Steady-state kinetic parameters of AGT-Ma, AGT-Mi, and variants (Fig. 2) for the pair alanine-glyoxylate
Enzyme Substrate Cosubstrate Keat K,, L-alanine K,, glyoxylate ke /K,
st mm s~ tmm!
AGT-Ma L-Alanine Glyoxylate 45 =27 31 £4° 14 *£0.2°
Glyoxylate L-Alanine 45 + 37 0.23 + 0.05" 196 *+ 44°
AGT-Mi L-Alanine Glyoxylate 33*5 28 +2 12+02
Glyoxylate L-Alanine 37*1 0.22 £0.01 168 + 8
F1521-Mi L-Alanine Glyoxylate 336 £0.3 41*+1 0.82 £ 0.02
Glyoxylate L-Alanine 40*2 0.25 = 0.03 160 = 21
F521-Ma L-Alanine Glyoxylate 35*1 37*1 0.95 + 0.04
Glyoxylate L-Alanine 39+1 0.28 = 0.04 139 = 20
F152A-Ma L-Alanine Glyoxylate 212+ 06 46 £ 3 0.46 = 0.03
Glyoxylate L-Alanine 22.6 0.3 0.34 £ 0.02 66 * 4
“ From Ref. 4.

protein concentration of 1 or 5 um. Spectra of blanks, that is,
samples containing all components except the enzyme, were
taken immediately before the measurements of samples con-
taining protein. CD spectra were obtained using a Jasco J-710
spectropolarimeter with a thermostatically controlled com-
partment at 25 °C. For far-UV measurements, the protein con-
centration was 1 uM with a path length of 0.1 cm. For near-UV
measurements, the protein concentration varied from 1 to 10
uM in a cuvette with a path length of 1 cm. Routinely, three
spectra were recorded at a scan speed of 50 nm min~' with a
bandwidth of 2 nm and averaged automatically, except where
indicated. Secondary structure content was calculated from
far-UV spectra using the CD spectra deconvolution software
(11).

Data Analysis—The kinetic and thermostability experiments
were performed at least in duplicate and in each case the S.E.
was less than 5%. All data analysis was performed by non-linear
regression curve fitting using Origin® 7.03 (Origin Lab) and the
errors indicated result from fitting to the appropriate equation.

RESULTS AND DISCUSSION

The aim of this work was the study of the molecular basis of
the functional synergism between the P11L and I340M poly-
morphisms and the F1521 mutation giving rise to PH1 disease.
To this purpose, we cloned, expressed, purified, and character-
ized AGT-Mi and F152 variants combined either with the
major or the minor allele. The purified natural and unnatural
mutants were homogenous as indicated by a single band
detected on SDS-PAGE with a mobility identical to that of the
corresponding wild-type. Generally, yields of AGT-Mi and
mutant enzymes after the standard purification procedure were
comparable with the yield of AGT-Ma. However, the yield of
F152I-Mi was only about 25% that of AGT-Ma. There were no
detectable differences between the far-UV CD spectra of
AGT-Ma and those of the mutant enzymes. This suggests that
mutations do not affect the composition of secondary structure
elements.

AGT-Mi, F152I-Mi, and F152I-Ma: Spectroscopic and Ki-
netic Properties—As isolated, AGT-Mi, F152I-Mi, and
F152I-Ma bind 2 mol of PLP per dimer and display absorbance,
dichroic, and fluorescence features identical to those of
AGT-Ma (4) (data not shown). The steady-state kinetic param-
eters of AGT-Mj, F152I-Mj, and F152I-Ma for the pair alanine-
glyoxylate measured in the presence of exogenous PLP are
listed in Table 1. The catalytic efficiency of AGT-Mi is reduced
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TABLE 2

Equilibrium binding constants for AGT-Ma, AGT-Mi, and Phe'>?
mutants of PLP and PMP

Enzyme Kpprp) Kpemp
M
AGT-Ma 0.27 £ 0.03“ <0.1¢
AGT-Mi 0.26 £ 0.02 <0.1
F152I-Mi 0.085 = 0.006 19 =4
F152I-Ma 0.06 = 0.01 22+3
F152A-Ma 0.20 £ 0.03 142 + 22
“ From Ref. 4.

by only 0.8-fold as compared with that of AGT-Ma. Moreover,
the k_,/K,,, values of F152I-Mi and F1521-Ma are reduced by
1-1.4-fold with respect to those of AGT-Mi. Again, as shown in
Table 2, whereas the K,y ) value of AGT-Mi is identical to
that of AGT-Ma, those of F152I-Mi and F152I-Ma are similar
to each other and slightly lower than those of AGT-Ma and
AGT-Mi. Taken together, these data indicate that the F152I
mutation when in combination with either the major or the
minor allele does not appear to significantly affect either the
spectroscopic and catalytic properties of the enzyme or the PLP
binding affinity. Therefore, Phe'*? is not an essential residue for
transaminase activity.

To acquire more detailed information on the kinetic process
of AGT-Mi, F152I-Mi, and F1521-Ma, absorbance and CD
spectral changes occurring during their half-transamination
reactions have been monitored and compared with those pre-
viously reported for AGT-Ma. Spectral changes during L-ala-
nine half-transamination catalyzed by AGT-Mi are qualita-
tively identical to those of AGT-Ma (4). They only consist in the
immediate disappearance of both the 420-nm absorbance band
and the 429-nm dichroic band, and the concomitant appear-
ance of a 330-nm absorbance band and the positive dichroic
signals at 320 and 260 nm, as well as an increase of the dichroic
bands in the 290-nm region. Furthermore, like in AGT-Ma (4),
PMP remains tightly bound to AGT-Mi during the L-alanine
half-transamination. When L-alanine (500 mm) was added to
holoF152I-Mi or holoF1521-Ma (6 uM) the immediate absorb-
ance and CD spectral changes are identical to those of AGT-Ma
or AGT-Mi. However, unlike for AGT-Ma or AGT-Mi, we
could observe that with time the 330-nm absorbance band
shifts to 326 nm and increases, and the positive dichroic signals
(320, 260, and 290 nm) decrease (Fig. 1, A and B). After 4 h of
reaction of F1521-Mi or F152I-Ma with r-alanine, the solution
was filtered through a Centricon-30 device. HPLC analysis of
the filtrate reveals not only the presence of pyruvate but also
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FIGURE 1. Absorption and CD spectral changes upon addition of L-alanine
to F152I-Mi. A, absorption spectra of 6 um F152I-Mi (- - -) and of the enzyme
plus 500 mmL-alanine (—) immediately (line 7) and after 0.6, 3, 8, 14, 26, 34, 60,
100, and 180 min (line 9). B, CD spectra of 5 um F152I-Mi (- - -) and the enzyme
plus 500 mm L-alanine (—) immediately (line 7) and after 8, 15, 23, 48, 68, 100,
125, and 206 min (line 9). In each case, the buffer used was 100 mm potassium
phosphate, pH 7.4.

that of PMP in an amount equal to ~60% of the original PLP
content. The remaining aliquot of PMP was detected in the
supernatant of the retentate after denaturation. These data
indicate that, unlike for AGT-Miand AGT-Ma, a large amount
of PMP formed during the L-alanine half-transamination does
not remain bound to F152I-Mi and F152I-Ma. Upon addition of
glyoxylate or pyruvate to apoAGT-Mi, apoF152I-Mi, or
apoF152I-Ma preincubated with 200 um PMP, a recovery of the
absorbance and dichroic features of the original holoenzymes
was immediately seen, which is like that seen for AGT-Ma.
The different behavior observed during the r-alanine half-
transamination by F152I-Mi and F152I-Ma with respect to
AGT-Mi (or AGT-Ma) is validated by the values of their
Kppmpy (Table 2). Tt has not been possible to determine a
Kppmpy value for AGT-Mi and AGT-Ma. However, the finding
that, upon filtration through a Centricon-30 device of these
enzymatic species in the PMP form at a concentration of 100
nM, no PMP could be detected in both the filtrates allows us to
establish that the K,y py for both AGT-Ma and AGT-Mi
should be <0.1 uMm (see “Experimental Procedures”). There-
fore, although these data do not allow to establish if the P11L
and I340M substitutions affect the PMP binding affinity, they
clearly indicate that the additional mutation at position 152
either on the major or minor allele causes an at least 200-fold
decrease in PMP binding affinity. The finding that mutations at
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position 152 of AGT cause an increase in K,y ,py Without sig-
nificantly affecting the K, p) strongly suggests that the energy
of AGT-PMP has been increased selectively compared with
that of AGT-PLP. This points out a different defect of the F1521
variants with respect to that of the previously studied G82E
variant. In the latter, both PLP and PMP binding states were
significantly altered resulting in a dramatic reduction of the
overall catalytic activity (4).

Neither the inspection of the crystal structure of AGT nor
the steady-state kinetic parameters measured in the presence of
exogenous PLP can suggest an obvious role played for Phe'*? in
catalysis. Nevertheless, we decided to monitor the status of
PMP (free and/or bound) during the overall transamination
catalyzed by AGT-Ma, AGT-Mi, and F152I variants in the
absence of exogenous PLP. These enzymatic species at a con-
centration of 2.6 uMm (i.e. at a concentration ~10-fold higher
than their K, ) values) were incubated at body temperature
(37 °C) in the presence of 0.5 M L-alanine and 3 mm glyoxylate.
Aliquots were withdrawn from the reaction mixtures at various
times, and the time courses of coenzymes content, pyruvate
formation, and glyoxylate consumption were determined. In all
cases glyoxylate is rapidly consumed and concomitantly pyru-
vate is produced, and PMP increases at the expense of the orig-
inal PLP content of the enzyme. The PLP into PMP conversion
for both AGT-Ma and AGT-Mi occurs rapidly and in a
monophasic manner reaching a PMP/PLP ratio of about 0.4
(Fig. 2A). In contrast, the conversion of the original PLP content
of F152I-Mi and F152I-Ma into PMP proceeds for several
hours. At 3 h the ratio PMP/PLP is 1.2. The best fit for both
increase in PMP and decrease in PLP of the F152I-Mi and
F1521-Ma mutants was to a two-exponential process: the rate
constants for the two phases are 2.6 = 0.3 and 0.014 = 0.003
min~ ' for F1521-Mji, and 3.1 = 0.5 and 0.027 % 0.002 min ™" for
F152I-Ma (Fig. 2B). If the overall transamination of AGT-Ma,
AGT-Mi, and F152I variants under the above experimental
conditions is followed by monitoring CD changes in the
near-UV region, we observe in any case the immediate appear-
ance of a positive dichroic signal at 260 nm, typical of the AGT-
PMP complex (4). However, whereas this signal remains almost
unaltered with time for both AGT-Ma and AGT-Mi, it
decreases for F152I-Mi and F152I-Ma with a rate constant of
0.021 * 0.001 and 0.028 = 0.001 min %, respectively, values in
good agreement with those of the slow phase of PMP forma-
tion. After 3 h the reaction mixtures containing AGT-Ma,
AGT-Mi, F152I-Mi or F152I-Ma were filtered through a Cen-
tricon-30 device, and the PMP content of the filtrates were
determined by HPLC. The amounts of PMP in AGT-Ma and
AGT-Mi filtrates is less than 10% of the original PLP content,
whereas that of F152I-Mi and F1521-Ma is about 40% of the
original coenzyme content. These data indicate that, unlike for
AGT-Ma and AGT-Mi, the overall transamination catalyzed by
F152I-Mi and F152I-Ma is characterized by a fast phase that
represents the conversion of the mutant from the PLP form to
the PMP form followed by a slow phase that could be ascribed
to the release of PMP from the enzyme. The last phase is
responsible for shifting the PLP-PMP equilibrium toward the
PMP form of the mutant. All these data imply that during the
overall transamination in the absence of exogenous PLP, either
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FIGURE 2. Time course of the overall reaction of AGT-Ma, AGT-Mi, and
Phe'>2 variants. AGT-Ma, AGT-Mi, or Phe'>2 variants at a concentration of 2.6
uMwere incubated at 37 °Cin 100 mm potassium phosphate buffer, pH 7.4. At
the indicated times, aliquots were withdrawn and denatured. After removal
of the precipitated protein by centrifugation, the supernatants were sub-
jected to HPLC analysis as described under “Experimental Procedures.” A: @,
PLP; B, PMP; [, glyoxylate; O, pyruvate, for AGT-Ma; ¥, PLP; A, PMP; +,
glyoxylate; X, pyruvate, for AGT-Mi. B: (], PLP; B, PMP for F152I-Mi; O, PLP; @,
PMP for F152I-Ma; <, PLP; 4, PMP for F152A-Ma. The percentage of PLP or
PMP is referred to the original PLP content of the enzymes. The curves repre-
sent the least-squares fit of a second-order rate equation to the data. The data
shown are the means of three independent experiments. In each case, the
standard error of the mean was less than 5%.

AGT-Ma or AGT-Mi mainly remain in a coenzyme (PLP or
PMP) bound form, ie in a catalytically competent form,
whereas F152I-Mi and F1521-Ma convert into the apo form.
This is corroborated by what we observe after 3 h upon adding
additional glyoxylate to the reaction mixtures up to a final con-
centration of 3 mm. Whereas glyoxylate consumption and con-
comitant pyruvate production for AGT-Ma and AGT-Mi take
place with an initial velocity similar to that measured in the
presence of the first aliquot of glyoxylate, glyoxylate consump-
tion and concomitant pyruvate production for F152I-Mi and
F152I-Ma occur with an initial velocity of about 60% that of the
first aliquot. Thus, unlike AGT-Ma or AGT-Mi, F1521-Mi and
F152I-Ma need to be continuously supplied with PLP to remain
in a catalytically competent form.

Structural Origin of Weak PMP Binding in F152] Mutants—
To achieve some insights into the binding mode of PMP and its
reduced affinity for the F152] mutants, we decided to model the
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FIGURE 3. Modeling of the active site of AGT-Ma and F152l variant in the
PMP form. The putative location of Trp'°® at the active site of AGT-Ma and
F152l variant in the PMP form is illustrated. Trp'°%, Phe'>?, and PMP are rep-
resented as blue sticks in AGT-Ma, whereas Trp'%, lle'*2, and PMP are repre-
sented as cyano sticks in F1521 variant. Oxygen atoms are colored red, nitro-
gen atoms blue, and phosphorus orange. This figure was rendered using
PyMOL (17).

mutated form of AGT, in which Phe'®> was substituted with Ile.
Observing the crystal structure of human AGT, we initially
noticed that Phe'? is not directly facing the active site cleft of
the enzyme (3) (Fig. 3), being instead located in an adjoining
hydrophobic cleft formed by residues Leu®, Leu®®, Phe'®,
Trpms, Ala''?, Phe'®?, Thr'®*, Leu'®!, Asp183, and Tyr204.
Therefore, the observed reduced affinity for PMP in the F152I
mutant is probably due to an indirect effect, rather than the
direct involvement of Phe'®> in PMP stabilization. A careful
inspection of Phe'? neighboring residues suggested that this
indirect effect might be related to the presence of Trp'°®, whose
side chain engages a stacking interaction with the pyridine ring
of PLP and PMP. Indeed, Phe'*? is positioned at a distance of
~5 A from the Cg atom of Trp'®®. Accordingly, we hypothe-
sized that a misplacement of the Trp'°® side chain, due to the
mutation of Phe'®?, could account for the decreased affinity for
PMP observed for the F152I mutant. This effect might be min-
imized in the case of the internal aldimine, where PLP is held in
position by the Schiff-base forming lysine of the active site.

According to this hypothesis, the replacement of the bulky
phenyl moiety of Phe'* with the side chain of the Ile residue is
expected to form a cavity that, in turn, could accommodate the
indolic ring of Trp'%®. The presence of this cavity would even-
tually create a second, stable minimum in the potential energy
surface of Trp'®. To test this hypothesis, we initially performed
a quantitative characterization of interior cavities of the wild-
type and F152I mutant, focusing on the region comprising
Trp'°® and Phe'*% The wild-type enzyme showed no detectable
cavity in this region; on the other hand, the substitution of
Phe'*? with Ile generated a cavity, whose dimensions are ~51
A% (~78 A?).

Next, because this cavity is adjacent to the side chain of
Trp'°®, an energy-based prediction of Trp'°® side chain orien-
tation was carried out by rotamer analysis, energy minimiza-
tion, and molecular dynamics. In the case of the wild-type, the
only observed energy minimum (—16.4 kJ/mol) corresponds to
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F152A-Ma—To test this hypoth-
esis, the F152A-Ma mutant has
been cloned, expressed, and puri-
fied. As isolated, F152A mutant
contains 2 mol of PLP/dimer and
exhibits absorbance and CD spectra
in the UV-visible region identical to
those of AGT-Ma (data not shown).
As shown in Table 2, whereas
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and CD spectral changes similar to
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FIGURE 4. Single wavelength stopped-flow measurements of the reaction of F152A-Ma with L-alanine.
The reaction of F152A-Ma (6 um) with various concentrations of L-alanine in 100 mm potassium phosphate
buffer, pH 7.4, at 25 °C. Time courses at 420 nm are shown. The dotted lines are from a fit to Equation 2. The inset
shows the dependence of the k,, for the decrease of the intensity at 420 nm as a function of L-alanine
concentration. The points shown are the experimental values, whereas the curve is from the data fitted to

Equation 3.

TABLE 3

Transamination half-reaction kinetic parameters of AGT-Ma and
F152A-Ma

Enzyme Half-reaction Kpax Kipe K, ./Kr?
s mm mm st

AGT-Ma E-PLP + L-alanine 49 = 5¢ 38 =9 1.3 £0.3%
AGT-Ma  E-PMP + glyoxylate 49 = 1% 0.22 = 0.01* 220 * 11°

F152A-Ma  E-PLP + L-alanine 24.0 £ 0.3 57*+1 0.42 = 0.01
F152A-Ma E-PMP + glyoxylate 60 =4  0.30 £0.06 200 = 42

“ From Ref. 4.

the PLP/PMP stacking conformation, whereas a positive energy
value (17.2 kJ/mol) was measured, after energy minimization, in
the region accommodating Phe'®>. In the case of the F152I
mutant, two energy minima were observed, one corresponding
to the native conformation, and the other corresponding to the
side chain of Trp'%® turning aside from its original position and
partially fulfilling the hydrophobic cavity generated by the
absence of the phenyl ring of Phe'®* (Fig. 3). In this case, the
measured energy was —3.2 kJ/mol.

Therefore, it can be concluded that the replacement of
Phe'>? with a less bulky residue could interfere with the proper
positioning of Trp'®, leading to a decreasing affinity of AGT
for PMP. According to this model, this effect would be greater if
Phe'*? is replaced by alanine. Indeed, we decided to model
F152A applying the same procedure used for F1521. A cavity of
~106 A® (~128 A?) was identified for the Phe to Ala mutation.
Furthermore, this cavity can easily accommodate the phenyl
ring of Phe'>?, with a negative potential energy of —23.6 kJ/mol.
Thus, following this bioinformatic analysis, a binding affinity of
F152A for PMP is expected to be lower than that of F152I.
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08 10 time course of the overall transami-

nation catalyzed by F152A, exam-
ined under the same experimental
conditions described above for
wild-type and variants, reaches at
3 h aratio PMP/PLP of about 6, and
is a biphasic process with rate con-
stants of 1.7 = 0.8 and 0.096 * 0.008
min~' (Fig. 2B). Again, the overall
transamination of F152A is characterized by the immediate
appearance of a positive dichroic signal at 260 nm, which
decreases with a rate constant of 0.141 + 0.004 min ', a value
in excellent agreement with that of the slow phase of PMP for-
mation. HPLC analysis of the filtrate of the reaction mixture
after 3 hreveals the presence of an amount of PMP correspond-
ing to ~70% of the original PLP content. These results indicate
that at position 152 alanine, more than isoleucine, impairs the
PMP binding affinity and increases the rate of PMP release dur-
ing the overall transamination reaction. This is consistent with
the PMP putative binding mode to Phe'*? variants and validates
the bioinformatic analysis.

It should also be pointed out that, although replacement of
Phe'*? by alanine on the major allele yielded a fairly active spe-
cies, it reduces the catalytic efficiency for the pair alanine/
glyoxylate to about 30% with respect to AGT-Ma (Table 1).
Thus, we tried to understand how the reduced PMP binding
affinity could affect the catalytic features of the enzyme. For this
purpose, the L-alanine and glyoxylate half-transamination reac-
tions have been recorded by rapid scanning stopped-flow anal-
ysis. The rate constant of either the disappearance or the
increase of the 420-nm absorbance band shows a hyperbolic
dependence on L-alanine (Fig. 4) or glyoxylate concentration,
respectively, giving the k., KPP, and k.. /KPP values of the
half-transamination reactions reported in Table 3. The follow-
ing considerations could be derived from these data: (i) the
catalytic efficiency of L-alanine half-transamination measured
under pre-steady state conditions is similar to the value of
k../K,, measured under steady-state conditions, thus suggest-

cat
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TABLE 4

T,, values of AGT-Ma, AGT-Mi and Phe'>? mutants in the holo and
apo forms

Enzyme T,
ke
HoloAGT-Ma 76.3+0.8
ApoAGT-Ma 56.6 = 0.3
HoloAGT-Mi 701+ 1.5
ApoAGT-Mi 51.6 £ 0.3
HoloF152I-Mi 699 *1
ApoF152I-Mi 450+ 0.1
HoloF152I-Ma 736+ 0.2
ApoF152I-Ma 524+ 0.1
HoloF152A-Ma 66.8 0.2
ApoF152A-Ma 521 *0.2

ing that, like for AGT-Ma (4), the rate-limiting step of this proc-
ess for F152A-Ma is the ketimine formation or its hydrolysis,
and (ii) the catalytic efficiency of glyoxylate half-transamina-
tion in F152A remains almost invariant with respect to that of
AGT-Ma, whereas that of r-alanine half-transamination
increases about 3-fold, thus providing further support for the
role of Phe'®? in selectively stabilizing the AGT-PMP complex.

Thermostability Experiments—Although it is clear that a
reduction of PMP binding affinity is one molecular defect
shared by the Phe'? variants, it would be difficult to correlate it
with the pathological effect (i.e. partial mistargeting to mito-
chondria) of the F152I mutation encoded on the minor allele. It
has been reported that F152I-Mi is sensitive to both proteaso-
mal and trypsin degradation, and that exogenous PLP protects
the variant from trypsin digestion (12). These observations
together with the recent finding that untagged AGT-Ma in the
holo form is significantly more stable than in the apo form (13),
and that Phe'>* variants undergo a partial conversion to apoen-
zyme during the overall transamination, led us to investigate
the thermostability of AGT-Ma, AGT-Mi, and F152 variants in
both the holo and apo forms. The temperature values of one-
half inactivation, T, listed in Table 4 merit some comments.
First, the T, values of all these holo enzymatic species are sig-
nificantly higher than those of the corresponding apoenzymes.
The fact that Tyr**** and Thr**** from one subunit are hydro-
gen-bonded to the coenzyme phosphate of the other subunit
could explain to a certain extent why the holoenzyme is more
stable than apoenzyme. Second, the difference in stability
between holo and apo is similar for AGT-Ma and AGT-Mi.
This is in apparent contrast with what is recently claimed by
Hopper et al. (5). These authors state that AGT-Ma is stabilized
by PLP to a greater extent than AGT-Mi. This apparent contra-
diction can be understood by considering that the thermal sta-
bility, measured by those researchers using an activity-based
assay, was not carried out on the holo and apo forms of
AGT-Ma and AGT-Mi, but on the major and minor allele
enzymes in the presence or absence of exogenous PLP. It is
likely that the measurements were made at an enzyme concen-
tration lower than the K, p; py of AGT-Ma and AGT-Mi. Thus,
in the absence of exogenous coenzyme, AGT-Ma and AGT-Mi
could be in the PLP-bound and PLP-unbound forms, whose
ratio depends on the enzyme concentration used for the two
enzymatic species. This idea is supported by the finding that
when the thermostability has been examined using a mass spec-
trometry-based technique and differential fluorimetry at an

8356 JOURNAL OF BIOLOGICAL CHEMISTRY

enzyme concentration (5 um) higher than the K, ), a differ-
ence in PLP-stabilization degree between AGT-Ma and
AGT-Mi could not be observed. Based on our results and the
above considerations, it might be reasonable to suggest that the
difference in stability between AGT-Ma and AGT-Mi is an
intrinsic structural feature of the proteins, due to P11L and
1340M polymorphisms. Because Pro'! belongs to the N-termi-
nal arm, which has been proposed to be involved in the stabili-
zation of the dimer (3), it is possible to suggest that the substi-
tution of Pro'" by Leu could alter the topology of this region and
contribute to destabilization of the dimeric structure.

Finally, and more important, F152I-Mi in the apo form is
found to be the more destabilized form among the enzymatic
species examined. It is of interest to note that its 7, value is
~6 °C lower than that of apoAGT-Mi. The structural origin of
the higher degree of destabilization of apoF152I-Mi with
respect to the apo forms of AGT-Mi and F152I-Ma is not easy
to explain. However, inspection of the x-ray structure of AGT
reveals that helix 5, which has Trp'°® at its N-terminal end,
contains residues engaged in several interactions with resi-
dues belonging to two random coil regions (residues 235—
244 and 258-264) of the adjacent subunit. In particular,
Asp''*and Arg''® make electrostatic interactions with Lys>3¢*
and Asp**3*, respectively, Ile'*®> makes hydrophobic interaction
with Phe®*°*, and Arg'*! is hydrogen bonded with the backbone
CO of Tyr**®* and His**'*. As suggested by bioinformatic anal-
yses, mutation of Phe'®? to Ile generates a cavity in which
Trp'°® may be free to move. It is reasonable to suggest that the
presence of this cavity could affect the proper positioning not
only of Trp'®® but also of some residues of helix 5, thereby
compromising the intersubunits contacts. We can speculate
that the combined effects of P11L and F152I mutations could
result in a synergic destabilization of the dimeric structure of
AGT. Moreover the fact that the T, value of apoF152I-Mi is
~6 °C lower than those of the apoF152-Ma variant supports
this view in that it indicates that, although the F152] mutation
on its own reduces the PMP binding affinity, it does remarkably
interfere with the degree of stabilization of the apoprotein only
when associated with the minor allele.

To define if the low T, value of apoF152I-Mi entails its insta-
bility at physiological temperature, the kinetics of thermal inac-
tivation of AGT-Ma, AGT-Mi, and F152I variants has been
examined at 37 °C over a period of 3 h. No loss of AGT activity
of the holo forms of AGT-Ma, AGT-Mi, F152I-Mi, and
F1521-Ma as well as of the apo form of AGT-Ma, AGT-Mj, and
F1521-Ma has been observed. In contrast, as shown in Fig. 5, we
detected a consistent apoF1521-Mi inactivation, whose extent
is dependent on the enzyme concentration. Thus, among the
enzymatic species examined, apoF152I-Mi is the most
unstable one, susceptible to inactivation at physiological
temperature. We then tried to experimentally assess a possi-
ble relation between the time-dependent thermal inactivation
of apoF152I-Mi and the molecular size of the enzyme. AGT-
Ma, AGT-Mi, F152I-Ma, and F152I-Mi in both their holo and
apo forms at various enzyme concentrations were incubated at
37 °C, and aliquots withdrawn at time intervals were subjected
to gel filtration on a Sephacryl S-300 column. At any time, all
enzymatic species elute as dimers. However, whereas the inte-
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FIGURE 5. Time-dependent loss of activity and integrated peak area of
apoF152i-Mi upon incubation at 37 °C. ApoF152I-Mi was incubated at 1
(circles), 0.5 (up triangles), 0.25 um (squares) at 37 °C in 100 mm potassium
phosphate buffer, pH 7.4. Aliquots were withdrawn at the indicated times and
assayed either for transaminase activity or for the integrated peak areas
measured upon gel filtration on a size exclusion chromatography. For com-
parison, the transaminase activity and the integrated peak area of 0.25 um
apoAGT-Mi upon incubation at 37 °C (down triangles) are shown. Closed and
open symbols represent percentage of transaminase activity and integrated
peak area, respectively. The lines are drawn to guide the eye.

grated peak area of holo- and apoAGT-Ma, holo- and apoAGT-
Mi, and holoF152I-Mi remains unchanged, the integrated peak
area of apoF152I-Mi decreases as a function of the time of incu-
bation. At various enzyme concentrations the loss of peak area
parallels the loss of transaminase activity (Fig. 5). These data
strongly suggest that the time-dependent loss of catalytic activ-
ity of these enzymatic species could be due to the formation of
insoluble high-molecular weight aggregates occurring predom-
inantly at low enzyme concentrations. Considering also that
these events are dependent on enzyme concentration, it is rea-
sonable to suggest that (i) as the enzyme concentration of
apoF1521-Mi decreases, monomerization occurs, (ii) monomer-
ization of apoF152I-Mi could take place at enzyme concentrations
higher than other enzymatic species examined, and (iii) the mon-
omer is more unstable than the dimer, one consequence of which
would be aggregation due to artifactual polymerization.

These data demonstrate for the first time that the naturally
occurring F152I-Mi variant in the apo form undergoes a signif-
icant inactivation at physiological temperature. The in vivo
functional consequence of this finding could be interpreted as
follows. Like many other peroxisomal enzymes, AGT rapidly
folds and dimerizes in the cytosol and is imported into peroxi-
somes in a fully dimeric active state. On the other hand, the
mitochondrial import machinery requires proteins to be
imported as monomers. The peroxisome-to-mitochondrion
mistargeting of AGT in PH1 is due to the combined effects of (i)
the generation of a mitochondrial targeting sequence resulting
from the P11L polymorphism, and (ii) the presence of mono-
meric AGT (14). Neither in AGT-Mi nor in F152I-Ma do both
of these conditions occur. In contrast, the combined presence
of F1521I substitution (which appears to interfere with AGT
dimerization in vitro) and P11L polymorphism take place in
F152I-Mi. Thus, in the absence of the saturating PLP concen-
tration, F152I-Mi in a larger percentage than AGT-Mi (and
possibly of F1521-Ma, for which no clinical phenotype has been
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identified until now), could either form aggregates in the
cytosol (as observed in our in vitro experiments) and/or be
imported in mitochondria before having a chance to fold and
dimerize. This view is compatible with enzymic phenotype in
PH1 patients carrying the F1521 mutation. In these patients, a
much higher proportion of AGT has been found to redirect
away from peroxisomes and toward the mitochondrial matrix
than in individuals carrying the minor allelic form (6). More-
over, the fact that when F1521-Mi was expressed in Escherichia
coli the protein was recovered from the soluble fraction in a
lower percentage with respect to AGT-Ma, AGT-Mi, and other
Phe'®? variants can be ascribed to its instability and propensity
to aggregation.

Although vitamin B6, the precursor of PLP, is known to
have a therapeutic effect in PH1 patients carrying the
F1521-Mi mutation, up to now it is unclear how this effect is
mediated (15, 16). Based on our results, we can propose that the
clinical response to the pyridoxine therapy might be due to an
increase of PLP concentration in the liver cytosol, thus shifting
the equilibrium of F152I-Mi from the apo to the holo form
and avoiding monomerization and consequent aggregation
and/or mislocation to mitochondria. However, at present
any support to this hypothesis is missing.

Conclusions—In summary, in our study evidence has been
provided for (i) a role of Phe'®* in selective stabilization of
the AGT-PMP complex because, as suggested by bioinfor-
matic analyses, of an indirect effect of this residue mediated
by Trp'®®, and (ii) a reduced thermostability of the naturally
occurring F152I-Mi in the apo form with respect to apo-
AGT-Mi and apoF152I-Ma. Thus, this biochemical analysis
allows us (i) to identify the structural and functional molec-
ular defects of F1521-Mi, (ii) to elucidate the molecular basis
of the functional synergism between AGT-Mi and the F1521
mutation, and (iii) to speculate on the reason why high doses
of pyridoxine could be an effective therapy for PH1 patients
harboring the F152I mutation in the minor allele. A similar
biochemical approach could be useful to shed light on the
molecular defects of other pathogenic variant associated
with the minor allele.
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