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ABSTRACT. D-Amino acid transaminase, a pyridoxal phosphate (PLP) enzyme, is inactivated by its natural
substratep-alanine, concomitant with its-decarboxylation [Martinez del Pozo, A., Yoshimura, T., Bhatia,

M. B., Futaki, S., Manning, J. M., Ringe, D., and Soda, K. (198®)chemistry 316018-6023; Bhatia,

M. B., Martinez del Pozo, A., Ringe, D., Yoshimura, T., Soda, K., and Manning, J. M. (129ipl.

Chem. 26817687-17694]. 3-Decarboxylation ob-aspartate t@-alanine leads also to this inactivation
[Jones, W. M., van Ophem, P. W., Pospischil, M. A., Ringe, D., Petsko, G., Soda, K., and Manning, J.
M. (1996) Protein Sci. 52545-2551]. Using a high-performance liquid chromatography-based method
for the determination of pyridoxo cofactors, we detected a new intermediate closely related to the
inactivation byp-alanine; its formation occurred at the same rate as the inactivation and upon reactivation
it reverted to PLP. Conditions were found under which it was characterized by ultravitddile spectral
analysis and mass spectroscopy; it is a pyridoxamine phosphate-like compound withgn@nt derived

from the substrate attached to the4Zof the pyridinium ring and it has a molecular mass of 306 consistent
with this structure. In the presence ofserine, slow accumulation of a quinonoid intermediate is also
related to inactivation. The inactivation can be prevented by salts, which possibly stabilize the protonated
aldimine coenzyme complex. The reduced cofactor, nicotinamide adenine dinucleotide, prevents
D-aspartate-induced inactivation. Both of these events also are related to formation of the novel inter-
mediate.

D-Amino acid transaminase catalyzes the transaminationof p-glutamate, the cofactor is converted back into its PLP
of p-amino acids, which are important constituents of the form. The conversion of the PLP form to the PMP form
peptidoglycan layer of the bacterial cell wal)( Transami- can easily be monitored since bindingmemino acids leads
nases fob- or L-amino acids contain pyridoxal‘phosphate  to a rapid spectral shift from 415 nm, representing the PLP
(PLP)} as cofactor, which is tightly bound both by nonco- internal aldimine structure, to 332 nm, which corresponds
valent interactions and also covalently to a lysine residue in to the PMP form (ketimine) of the enzyma, (6).
the active site Z-4). Recently, the crystal structure of  p-Alanine is an excellent substrate when used together with
D-amino acid transaminase has revealed the various interacy-keto acid cosubstrates in short incubations with dilute
tions of PLP in the active site5]. enzyme concentrations, which are conditions occurring in

The transamination proceeds via a two-step mechanism kinetic assays. However, the enzyme becomes slowly
in whichp-alanine is first bound to the PLP and is converted inactivated when exposed tealanine alone (in the absence
via a quinonoid intermediate to pyridoxamine phosphate of o-keto acids) under conditions found eduilibrium (7,
(PMP) with a concomitant release of pyruvate. In the second g): j.e., substrates, intermediates and products coexisting with
step,a-ketoglutarate binds to the PMP and, upon formation enzyme for several hours. Inactivation occurs concomitant
with a-decarboxylation and is dependent on the type and
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based method to purify it and we have used mass spectrosagainst 50 mM bis-Tris/HCI, pH 7.0. At the times indicated,
copy and spectral analysis to determine a probable structuresamples were taken for cofactor analysis or activity measure-
of the coenzyme-linked product derived fromalanine. ments. For the latter, 10L samples of dilute incubations
Furthermore, we have quantified the amounts of this were mixed with 40uL of 50 mM bis-Tris/HCI, pH 7.0,
intermediate and find a strong correlation between thesewhile for concentrated incubations, 1. samples were
values and the degree of inactivation of the enzyme. In diluted in 490uL of the same buffer. The activity remaining
addition, this correlation extended to the protection by NADH was assayed immediately after dilution as described above.
in the p-aspartate-induced inactivatiord)( mediated by Pyruvate Production Pyruvate production was measured
p-alanine. Finally, the use of the slom+serine-induced  after incubation of the enzyme (final concentration 2.5 mg/
inactivation has permitted us to propose an overall schememL) with 0.1 M p-alanine. At the time points indicated,
for the substrate-induced inactivation, the spectral changesthe reaction was terminated by chilling the incubation mix
the effects of NADH, and the formation of the novel on ice-water for 1 min. The reaction products were

intermediate. separated from the enzyme by passing the mixture through
a membrane filter (Amicon) with a cutoff of 10 000 Da. The
EXPERIMENTAL PROCEDURES filtrate was analyzed for pyruvate by measuring the decrease

. o . . . in absorbance at 340 nm at room temperature in 50 mM bis-
Isolation and Purification ob-Amino Acid Transaminase. Tris, pH 7.0, with 10 units of LDH in the presence of 0.1

p-Amino acid transaminase was isolated and purified as ,\1 NADH.
described previously1lQ, 17. A final gel filtration on a
Superose-12 column was sometimes performed using 0.1 M
potassium phosphate, pH 7.3, as elution buffer instead of
the buffer used for the purification, which contained PLP
and 2-mercaptoethanol. To routinely remove excess PLP
and 2-mercaptoethanol, the enzyme was extensively dialyzeo‘1

against 50 mM bis-Tris/HCI, pH 7.0, or 50 mM potassium mM potassium phosphate, pH 7.0, for 15 min. Removal of

phosphate, pH 7.0. p-alanine was performed by changing the buffer to 50 mM
Enzyme Actiity. Activity was routinely measured at room  pjs-Tris/HCI, pH 7.0, (or 50 mM potassium phosphate, pH
temperature in a coupled assay with 10 units of lactate 7.0, when necessary) on a Hi-Trap (Pharmacia) desalting
dehydrogenase (LDH; Sigma) in the presence of 0.2 M column. Subsequently, the enzyme fraction was concentrated

p-alanine, 0.1 mM NADH, and 25 mM-ketoglutarate in as described above.
0.1 M EPPS/KOH, pH 8.1, the optimum pH for this assay  Cofactor Analysis Samples (5&L) from diluted incuba-
(see also below). The concentrationaketoglutarate (5  tions were denatured with &L of 5% Hs;PQ, while
mM) used to measure the activity of the wild-type enzyme denaturation of “concentrated” samples was achieved by
(8) was found to be somewhat low, especially for the mutant mixing 10 L samples with 5QuL of 67 mM potassium
enzymes 11). Therefore, its concentration was increased phosphate, pH 2.3. Analysis for PLP-related derivatives was
to 25 mM. EnZyme activities were calculated USing a molar performed using an HPLC method. Pyridoxine phosphate
extinction coefficient at 340 nm of 6200 M cm™ (12). (PNP) was prepared by reduction of PLP with NaBé
One unit of enzyme aCtiVity is defined as the amount needed previous]y described for enzyme_bound PL’]B)( Protein
for the conversion of umol NADH to NAD per minute,  samples treated as described were kept at room temperature
which corresponds to the conversion ofithol of pyruvate  for 5-10 min prior to injection to ensure complete release
derived fromp-alanine to lactate. Protein concentrations of the cofactor from the enzyme. After the samples were
were determined as described previousi)( The pH centrifuged for 1 min at 160@) samples (1625 uL,
optimum was determined using the enzyme system describec:orresponding to 106300 pmol of cofactor) were injected
above and using 0.1 M concentrations of the following onto a TosoHaas ODS-12Qbr ODS-80T, (4.6 mmx 25
buffers: bis-Tris/HCI at pH 6.9 and 72, Tris/HCI from 7.2 Cm), reverse_phase silica ge| column connected to a Shi-
to 85, HEPES/KOH from 7.2 to 85, EPPS/KOH from 7.3 madzu LC600 HPLC control System. The eluent was 67
to 8.7; TrlClne/KOH from 7.4 to 8.8; CHES/KOH .from 8.6 mM potassium phosphate, pH 2.3, at a flow rate of 1.0 mL/
to 9.8; potassium phosphate from 6.9 to 8.1; all i3 min. A Shimadzu UV SPD-6AV detector set at 295 nm was
pH steps. The highest specific activities occurred at pH 8.1 employed and the peaks, which eluted over a 15 min period,
with HEPES/KOH, EPPS/KOH, or Tricine/KOH. When ere integrated with a Shimadzu Chromatopac Model
salts were added to the assay mixture, the final pH was CR501. Standard curves of peak areas as a function of the
checked and adjusted, if necessary. amount of coenzyme were prepared using commercially
Inhibition by Substrates Inhibition was studied using available PLP and PMP (Sigma) and the following integra-
dilute (0.1 mg/mL) or relatively concentrated (2.5 mg/mL) tion values were obtained: PMP, 208 000 units/nmol; PLP,
enzyme solutions. All incubations were performed at room 133 000 units/nmol. The elution profiles were not signifi-
temperature in 50 mM bis-Tris/HCI, pH 7.0, except when cantly different for the two columns used. To attain accuracy
otherwise indicated. The final-alanine orp-serine con- and precision in the quantitative standardization of the
centration was 0.1 M, and-aspartate was used at a final cofactors, whose UV spectra vary considerably as a function
concentration of 1 mM. When salts were included in the of pH (14), enzyme solutions with a low buffer capacity (no
incubation, the pH was adjusted to 7.0, if necessary, beforehigher than 100 mM phosphate buffer) were required. This
the enzyme was added. LDH, which was in 3.2 M precaution ensured that all coenzyme existed in a fully
ammonium sulfate, was dialyzed extensively before use protonated state at the point of detection.

Protection by NADH. NADH was studied at concentra-
tions varying from 0.1 to 0.3 mM in order to determine its
efficiency as protector against substrate-induced enzyme
inhibition, as described previousI@)(

Preparation of the PMP Form p-Amino acid transami-
ase (2.2 mg) was incubated with 0.1 ddalanine in 50
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Purification of PXP, the Coenzyme Form Isolated from 100 ~
the Inactve Enzyme.Enzyme (16-20 mg/mL) was incu-
bated with 0.1 Mp-alanine and 10 mMx-ketoglutarate for
20 h at room temperature. For large-scale isolation of PXP,
0.1% trifluoroacetic acid (TFA) (pH 2.3) was used as an
eluent, thereby replacing the phosphate buffer. After the
solution was mixed with/;o volume of 4% TFA and the
denatured protein was removed by centrifugation for 3 min
at 1600@, isolation of PXP was achieved by injecting 100
uL samples of the supernatant onto a TosoHaas ODS:80T
HPLC column, equilibrated with 0.1% TFA and eluted with
the same buffer at a flow of 1 mL/min. PXP, which eluted
at approximately 8.7 mL, was lyophilized, dissolved in a
minimal amount of ice-cold 0.1% TFA, and rechromato-
graphed as described above to remove residual amounts of ,
PLP. After the first chromatography step, all PXP solutions Time (h)
were kept at (°C on ice-water during handling, except Ficure 1: p-Alanine inhibition: effect of enzyme concentration.
during chromatography, which occurred at room temperature. The following enzyme concentrations were incubated with 0.1 M
After the last lyophilization the PXP solution was kept at P-&ianine: 0.1 mg/mLJ), 0.2 mg/mL ), 0.5 mg/mL ©); 1.0

o | hili | mg/mL (A), 2.5 mg/mL ). At the indicated time the activity was
—80°C. For mass spectrometry, lyophilized samples were measyred. Plotted is the logarithm of the relative activities vs time.
dissolved in water just prior to the analysis.
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Mass SpectroscopyElectrospray ionization mass spectra
were obtained with a Finnigan-MAT TSO-700 triple- 100 +
quadrupole mass spectrometer. Samples for negative ion
spectra were electrosprayed from 1:1 water/acetonitrile ~ 804
mixtures at 10&«M concentrations and with the pH adjusted %
to 7.5 with ammonia. In the positive ion mode, spectra were 604
taken on 5QuM samples in 50:50:5 water/methanol/acetic g
acid solvent. Tandem mass spectrometry in the phosphate E 404
loss mode was performed by scanning the first quadrupole =
of the TSQ-700 over the negative parent ion mass range of a -0
interest, effecting collision-induced decomposition at an i
argon pressure of 1.5 mTorr and a collision cell offset voltage 0

of 10.2 V, and by setting the third quadrupole for constant
transmission ofi/z= 79 ions. By “standard” instrumenta-
tion conditions (see Results) we are referring to tuning the Time (h)

instument according to the manufacturer’s recommendations,Figure 2: p-Alanine inhibition: effect ofx-ketoglutarate. Enzyme
i.e., the voltages on the hardware elements along the ion path2.5 mg/mL) was incubated with 0.1 M-alanine (1), 10 mM
in the TSQ-700 are adjusted to maximize ion transmission. a-ketoglutarate @), 0.1 M p-alanine+ 10 mM a-ketoglutarate
In our experience, under these conditions covalently bonded(®); or no addition £). At the indicated time the activity was
compounds show a small extent of fragmentation, typically measured.

less than 10%. By “much gentler conditions” we mean jona) inhibition with a linear relationship found when the
instrument settings where the potential differences betweenlogarithm of the relative activity was plotted against time

hardware elements in the preskimmer region were signifi- (£jgure 1), from which an inhibition rate was calculated.

(r:]antly rgducgdh Specifi(_:allly, irr11th:/z :dSOO ﬁ?gio%e o-Ketoglutarate showed no inhibition but led to enhanced
ave reduced the potential on the heated capillary inhibition with p-alanine (Figure 2), as reported earli@&}.(

to —4.2 V, on the tube lens from58 to —28 V, and on the : ; e
' ! . Replacing a-ketoglutarate with pyruvate gave a similar

entrance oc_:tapole frqm 5.0100.2V. Under these CO”d'“Of_‘S inhibition pattern. However, unlike-ketoglutarate, pyruvate
fraglmgl;}tatlor& of d(érdmary <I:(ovalently boned r::omp(()junds IS by itself was able to inactivate the enzyme slightly, i.e., 8%
neglgiole and a .UCt peaxs are strongy enhanced. after 6 h with 10 mM pyruvate alone. This result was

Spectral Analysis of PXPA PXP solution containing 87  confirmed by cofactor analysis showing a small peak of an
nmol/mL (based on the correlation factor determined by jniormediate referred to as PXP (see below), while with
HPLC; see Results section) in a0 was added to 20 MM, ayoglutarate no such peak could be detected.
potassium phosphate solutions at various pH values. Spectra Effect of Salts on the Acfty. Increasing salt concentra-

fro”.‘ 200 to 2.20 nm were recorded at various pH values tions in the coupled assay led to a decrease in activity and
against water indicated in the text. the lowest activities were found in the presence of MgCl
RESULTS (Figure 3). Similar concentrations of p&0O,, which has
an identical ionic strength, did not lead to a comparable level

p-Alanine Inhibition. Expanding on an earlier observation of inhibition. It is not likely that Ct ions alone are
that enzyme concentration played a rol®ialanine-induced  responsible for this inhibition since 0.1 and 0.2 M concentra-
inhibition, we have found that at increasing enzyme con- tions of MgCL gave activities comparable to those with 0.2
centrations between 0.1 and 2.5 mg/mL there is a propor-and 0.4 M KCI or NacCl, respectively.
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FiGure 4: Pyruvate production duringralanine inhibition. Enzyme

The indicated concentration of salts was added to the assay mixture(2.5 mg/mL) was incubated with 0.1 btalanine. At the indicated
used for the coupled-amino acid transaminase/lactate dehydro- time the reaction was terminated by cooling on-igeater, and

genase assay. The following salts were tested: KCI or Nagg! (
NaOAc (v), MgCl, (O), MgSQ, (<), and NaSQ, (a).

Table 1: Effect of Salts on Inhibition of Activity bp-Alanine?
% inhibition by

% inhibition p-alanine+

by p-alanine o-ketoglutarate

25mg/mL 0.1 mg/mL 2.5mg/mL

salt added protein protein protein

no additions 40 85 70
0.1 M KCI/NacCl 18 80 50
0.2 M KCI 9 70 40
0.5 M KCI/NacCl 0 55 25
1.0 M KCI 0 nd 13
0.1 M MgCkh 10 nd nd
0.05 M NaSO, 7 nd nd
0.25 M NaSO, 0 nd nd
0.064 M (NHy).SOy 0 nd nd
50 mM phosphate, pH 70 0 50 40

aFinal concentrations of salts added to 50 mM bis-Tris/HCI are
shown (final pH= 7.0). Incubations contained a final concentration
of 0.1 M p-alanine and, if included, 10 mM-ketoglutarate. Given is
the calculated percent inhibition per hour as shown in Figutent,
not determined¢ Potassium phosphate replacing bis-Tris as incubation
buffer.

Effect of Salts on Inhibition As shown in Table 1 for

enzyme and reaction products were separated through a membrane
filter. The filtrate was analyzed for pyruvate with NADH and lactate
dehydrogenase. Tested were 50 mM bis-Tris, pH ) $0 mM
bis-Tris+ 0.2 M KCI, pH 7.0 €); 50 mM bis-Tris+ 0.5 M KClI,

pH 7.0 ©); and 50 mM potassium phosphate, pH 720.(

0.1 M Tris/HCI+ 2 mM EDTA, pH 7.0,p-alanine is rapidly
converted into pyruvate, yielding 2 mol of pyruvate/enzyme
dimer initially (7). However, as a function of time during
p-alanine inactivation, the amount of pyruvate produced per
dimer decreased to 1 mol afté h (7). In this study, for 50

mM bis-Tris/HCI, pH 7.0, 2 mol of pyruvate/mol of enzyme
was detected after the enzyme was incubated wviihanine

at room temperature for 1 min, while in 50 mM potassium
phosphate, pH 7.0, only 1 mol of pyruvate/mol of enzyme
could be detected. Shorter incubation times in bis-Tris/HCI
led to lower pyruvate production, but even at the shortest
time possible, incubation in bis-Tris/HCI still yielded 1.25
mol of pyruvate/mol of dimer. Over a period of several
hours the pyruvate/enzyme ratio increased, reaching a
maximum of 3 afte 2 h in bis-Tris, while in phosphate
buffers or in bis-Tris buffers supplemented with KCI, no
maximum level was reached (Figure 4), indicating that
pyruvate production proceeds during incubation with
alanine. Thus, salts have a clear impact on the amount of

concentrated enzyme samples, salts are able to protect th@yruvate produced.

enzyme fromp-alanine-induced inhibition and increasing the

Effect of LDH and NADH Since differences in the

salt concentration leads to an increased protection. In dilutedamount of pyruvate production can influence inhibition by

samplesp-alanine inactivation was slight and addition of
salts completely prevented inhibition. Inclusionwketo-
glutarate withp-alanine showed a similar result.

p-Alanine Titrations The protective effect of salt was also
found when titrating the enzyme wittralanine, indicating

p-alanine, the transaminase was incubated with LDH and
NADH to remove pyruvate. With 0:210 mM concentra-
tions of NADH and either dilute or concentrated enzyme,
inhibition by p-alanine decreased but it could not be
prevented (Figure 5). Only small differences were found

a possible influence on the conversion of the PLP into the comparing incubations with and without LDH/NADH in the

PMP form. When titrations in 50 mM phosphate and 50
mM bis-Tris/HCI were compared, large differences were
detected with identical concentrationsmélanine (data not

presence ob-alanine and 10 mMux-ketoglutarate. This is
likely due to the high levels of pyruvate, which were
immediately produced upon addition of enzyme.

shown); i.e., in phosphate buffer the decrease at 415 nm and Inactivation of the PMP Form This PMP form of the
the concomitant increase at 330 nm were much larger thanenzyme was prepared as described under Experimental

in bis-Tris. With increasing KCI concentrations in the

Procedures. The coenzyme form was 95% PMP, as judged

presence of the bis-Tris buffer, an increasing conversion wasfrom HPLC analysis (see below); after incubation with 10

found as indicated by the larger increase inAg&nmAs15nm
ratio (data not shown).
Pyruvate Production The amount of pyruvate formed was

mM pyruvate in 50 mM bis-Tris, pH 7.0, very little inhibition
could be detected.
Reactvation. bp-Alanine-inactivated enzyme could be

dependent on the nature of the buffer used (Figure 4). With reactivated upon adjusting the pH to 5, although the yields
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FIGURE 5: p-Alanine inhibition in the presence of NADH and g2 6: p-Alanine inhibition: reactivation and the effect of KCI.
lactate dehydrogenase. Enzyme (2.5 mg/mL) was incubated with Enzyme (2.5 mg/mL) was inactivated with 0.1 Malanine and

0.1 M p-alanine, 10 units of lactic dehydrogenase, and the following 1 mm o-ketoglutarate for 3 h. Substrates were removed on a Hi-

concentrations of NADH: 0 mML), 0.1 mM (), 1 mM (O), : - -
and 10 mM @). At the indicated time the activity was measured. 'tl)'lrsa_ E}ﬁg}ﬂg? vF\)/:gh7c %n[g?@rt%rg :ﬁﬂaggq_terir;t/afct;iﬁgrluihn?(g? mM

pH 7.0 ©). At the indicated time activity was measured.
were not studied in the previous repor).( We have now
systematically studied this behavior. When the enzyme wasslow compared to those witb-alanine. As found with
inactivated to the extent of 97% witbralanine ando-ke- p-alanine, there was an immediate drop in absorbance at 415
toglutarate, and subsequently the pH was adjusted to 5.3,nm with a concomitant increase at 335 nm upon addition of
slow reactivation could be detected, but only to the extent 10 mM bp-serine in the absence of salt. But unlike with
of 15-20%. We suspected that enzyme denaturation wasp-alanine, this process was quickly reversed and an absor-
the cause due to the acidic conditions used to lower the pH.pance at 492 nm appeared, as reported previo6ly\(Ve
Therefore, the pH was changed on a Hi-Trap (Pharmacia) now report that these spectral changes are dependent on the
desalting column, thereby also removing the inactivating presence of salts; i.e., the rates of increase at 415 nm, the
substrates. Lowering the pH alone is not required for concomitant decrease at 335 nm, and the appearance of the
reactivation, since phosphate buffers at pH 7.0 gave similar 492 nm peak varied with the salt concentration, with higher
reactivation compared to pH 5.0. Salts play a role in concentrations giving slower rates of change at all these
reactivation, e.g., in 50 mM bis-Tris/HCI, pH 7.0, almost wavelengths. In the absence of salts, the maximum absor-
complete recovery was obtained in the buffer containing 0.1 pances at 415 and 492 nm are reached after approximately
M KCI, while only 40% of the original activity was recovered 1 min (6), and subsequently these absorbance decrease with

in its absence (Figure 6). a concomitant increase at 335 nm (Figure 7), probably due

D-Serine Inactation. b-Serine inhibitsp-amino acid to the occurrence of the inactivated cofactor (see below).
transaminase as reported previoudy. (This inactivation Increasing KCI concentration resulted in a general slowing
is now shown to occur at the same rate as wihlanine. of the spectral changes at 415 and 335 nm so that the

However, unlike for-alanine, thep-serine-mediated inac-  decrease in the former and the increase in the latter as a
tivation occurs with the appearance of an quinonoid inter- function of time were not observed within 1 h. This effect
mediate with a high absorption at 492 ng).( Assuming is more readily discernible at 492 nm, where the absorption
that this quinonoid might have similar features as the maximum of the quinonoid is nearly completely suppressed
corresponding intermediate withalanine, we investigated  with increasing salt concentration. Our interpretation of these
the effect of salts on the occurrence of the quinonoid (Figure changes in reference to Scheme 1 is that salts decrease all
7) in order to distinguish the changes at the wavelengths of species formed after intermediates | and 11, i.e., the quinonoid
interest since spectral changes witiserine are relatively  form, the PMP form of the enzyme (intermediate IV or V),

Scheme 1: Pathway far-Amino Acid-Induced Inactivation

—_—— — —_—— ——
E-PLP [E-PLP-D-a.a.] ) [Quinonoid A-D-a.a.] ‘ [E-PMP-o-keto acid] E-PMP
I I 111 v A%
+ D-a.a. + a-keto acid
(free) l (free)

[Quinonoid B-decarboxylated-D-a.a.]
AY

l

PXP
vi
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Ficure 7: Titrations withp-serine. Enzyme (0.66 mg/mL) was titrated with 10 nodserine at room temperature at pH 7.0 in 50 mM
bis-Tris/HCI supplemented witii1) 0 M KCI, (<) 0.1 M KClI, or (O) 0.2 M KCI. Spectra were recorded at the indicated times, and given
are the absorbances at 335 nm (panel A), 415 nm (panel B), and 492 nm (panel C). Before addisenimé the following absorbances
were detectedAzzsnm = 0.036,A415nm = 0.125; andAsgonm = 0.000.
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Ficure 8: Cofactor analysis af-amino acid transaminase. Enzyme
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FIGURe 9: Correlation between cofactor ratio and spectral proper-

ties. The ratio of PMP/PLP was determined by HPLC analysis on

was analyzed for cofactor content as described in the text beforeenzyme samples containing PMP and PLP after addition of

(upper panel) and 30 min after addition of 0.1dvalanine (lower

panel).

the phosphate buffer.

Coenzyme Composition ofAmino Acid Transaminase
The HPLC analyses confirmed that freshly purified wild-

p-alanine. The absorption spectra of the same sample were recorded.

The HPLC assay was useful in determining the ratio of
the formation of free pyruvate, as well as inactivation of the coenzyme forms in the enzyme as a function of their spectral
enzyme and PXP formation (see below). Replacing bis-Tris properties, as the PLP-enzyme was titrated to the PMP form.
with 50 mM potassium phosphate, pH 7.0, gave spectral The relationship is double-logarithmic (Figure 9).

changes comparable to those observed with 50 mM bis-Tris  Kinetics and Stoichiometry of PXP FormatiorOn the

+ 0.1 M KClI, pH 7.0 (data not shown). However, just as basis of spectral data, Martinez del Pozo et &) found

with p-alanine (see above), the immediate decrease at 415hat p-alanine inactivation was accompanied by the disap-
nm and the concomitant increase at 335 nm were larger inpearance of PLP absorbing at 415 nm and a corresponding
increase around 335 nm. To verify whether this increase

was caused by PMP or one of the proposed intermediates
(8), we subjected inactivated samples to analysis for cofactor

type enzyme, like most other pyridoxal enzymes, had all of using the HPLC method after total denaturation. Inactivation

its coenzyme in the PLP form (Figure 8, upper panel). This caused a decrease in PLP and PMP peaks (Figure 10). In
result is consistent with the spectral properties of the enzymeaddition, a peak appeared around 8.8 min directly related to
since practically all of the absorbance is at 415 nm (see alsothe inactivation, referred to as PXP, was found (Figure 8;

Figure 9). It is also consistent with the chemical derivati- lower panel).
zation assay with phenylhydrazine, which indicated that 2 connected to the percentage of inhibition (Figure 10).
mol of the hydrazone derivative was found/mol of dimeric
enzyme 15). The PLP coenzyme of the wild-type enzyme that the reappearance of activity was accompanied by a
was converted very slowly into the PMP form in the absence disappearance of the PXP peak and a concomitant increase
of any p-amino acid. This phenomenon has also been in PLP (Table 2), consistent with earlier observations that

observed forL-aspartate transaminasks( 17). Its origin is

under study.

Furthermore, the PXP peak was closely

Analysis of samples after reactivation (see above) showed

the spectrum of the reactivated enzyme had a peak around

415 nm {). Based on the assumption that the total amount
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g 104 Ficure 11: Effect of NADH onb-alanine and-aspartate inhibi-
i:/ tion. Enzyme (2.0 mg/mL) was incubated with 0.10valanine or
g 8- 1 mM p-aspartate in the presence or absence of 0.1 mM NADH:
g p-alanine— NADH (0O); p-alanine+ NADH (<); p-aspartate—
g 6 NADH (O), andp-aspartate- NADH (). At the indicated time
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Ficure 10: p-Alanine inhibition: relation between inactivation and E 40 4
cofactors. Enzyme (2.5 mg/mL) was incubated with 0.bJsllanine °
and 10 mMo-ketoglutarate. At the indicated time activity was &
measured (panel A) and after denaturation the enzyme cofactor was 20 4
analyzed with the HPLC-based method (panel B): given are PLP
(©), PMP (1), and PXP ©). W
(V=
Table 2: Cofactor Composition of Reactivatedhmino Acid 100+ B
Transaminase
time cofactor (nmol/mL incubation) activity 80+
(h) PLP PXP recovered (%) g
2 0.05 2.4 6 5 60-
20 0.45 1.5 35 =
92 2.0 0.22 70 2 40
=z _
a At the time points given activity was measured (as in Figure 7) §
and cofactor composition was determined. Given are the values found
for the reactivation in 50 mM bis-Tris- 0.1 M KClI, pH 7.0. 20
of cofactor did not change during inactivation, a tentative 0t : : : : :
correlation factor for PXP of 180 000 units/nmol was 0 1 2 3 4 5
calculated (Figure 10). This value is in the range of those Time (h)

found for PMP and PLP (see above). Ficure 12: Cofactor composition of enzyme in the presence of
Protection by NADH and Correlation with PXPWe p-aspartate. Enzyme (2.0 mg/mL) was incubated with 1 mM
recently reported that the sloy-decarboxylation ofp- p-aspartate in the presence (panel A) or absence (panel B) of 0.1
aspartate leading to formation pfalanine and inactivation mteﬂ@Dﬁmffbv)e%Lapﬁeg;)hean%e?ig%%es of the total cofactor
could be prevented by the addition of NADB)( As shown ' ’ ’ '
in Figures 11 and 12, this inactivation as well as its p-alanine inactivation (Figure 11), even when the concentra-
prevention by the reduced cofactor is closely correlated with tion of the substrate was lowered to 1 mM. We ascribe this
the amount of PXP. NADH converted the cofactor into the difference to the relative amounts of the E-PLP and the
PMP form, thereby confirming earlier spectral resus. ( E-PMP forms of the enzyme in the presence of either
Addition of NADH after 2 h of p-aspartate-induced inactiva- Dp-aspartate omb-alanine. Withp-aspartate there is only
tion prevented further inhibitiondj and no additional PXP  partial conversion of E-PLP to E-PMP and the effect of
was formed, i.e., it even lowered the percentage of PXP NADH is on the aldimine form of the enzyme. In contrast,
somewhat, thereby converting it into PMP. NADH, how- with p-alanine most of the enzyme is converted to the E-PMP
ever, was not able to protect the enzyme against directform and NADH is ineffective.
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g 0.01+ - Ficure 14: Proposed intermediate, PXP, for the inactivation of
p-amino acid transaminase loyalanine.
or l . | . nm, still present at pH 3.5, gradually disappeared with

increasing pH and a peak at 325 nm appeared, indicating
that, indeed, thelf, of the phenolic proton is higher than in
PLP or PMP and is probably around 4.5. The differences
FIGURE 13: Spectra of PXP as a function Of pH Spectra .Of PXP in the Spectra at pH 95 and 11.5 (not Shown), which are
\%ﬁgg%g \i\{%r%rf%%rgiigt”\]mi?ew'\ﬂ potassium phosphate in a final similar to those found in PMP, indicate that it is likely that
PXP, like PMP, contains an amine group at th&ct 4o)

p-Serine Inactiated Cofactor Analysis of p-serine- carbon. _ .
inactivated samples showed the appearance of a peak related Mass SpectrometryAnalysis of purified PXP revealed a
to this inactivation in a similar relationship to that found for Molecular mass aivz 305 in the negative ion mode, while
p-alanine. However, this peak eluted from the HPLC column @IS0 & peak at/z 246, indicating the decay product of PXP,

at approximately 5.8 min, indicating that this intermediate Namely, PLP, could be observed. Furthermore, a los3of
is different from PXP but likely related to it, as would be ©f 79 was also detected, indicating that PXP contained a

expected from the presence of theGH group on the phosphate group. All electrosp_ray spectra of PXP under
substrate. standard conditions (see Experimental Procedures) appear
Isolation of PXP For large-scale isolation of PXP, 0.1% Very weak; i.e., the intensities of sample-related peaks, even
TFA (pH approximately 2.3) was used to avoid possible at the unusually high concentration used, are similar to
interference of the potassium phosphate in the mass specpackground peaks. Presumably this is due to inherently low

trometric analysis. The elution volumes of the cofactors were t€ndency of PXP either to lose protons or to be protonated.
only slightly affected by this change of eluent. With TFA, A set of consistently obse'rved peaks, Ieadlng toa moliecular
precautions must be taken to avoid a pH drop below 2, Mass of 306, can be ascribed to PXP. Thatig,= 307 is
resulting in damage to the column material. By use of the OPserved in the positive ion mode amilz = 305 in the
described method, PXP could be isolated with a yield of 30 N€gative ion mode and also in the phosphate loss mode.
50% and at approximately 9%8% purity, based on the Altering the instrumental cpndmc_ms to much gentler tha.n
detected areas. The contamination was always PLP, whichnormal, bot.h the absolute intensity of the 305 peak and its
is produced from PXP upon storage (see below). valu'e' relative to them/z = 246 PLP .p.eak increased
Stability of PXP PXP is an unstable compound when kept significantly. However, unde_r these conditions peaks appear
at room temperature in 67 mM potassium phosphate, pH 2.3,21S0 aim/z = 360 and 419, with roughly the same intensity.
or 0.1% TFA. Within 24 hitis converted to PLP. At°C From the colhsmn-mdyced dgpomposﬂmn (CID) mass
the stability improves, but after 1 week the isolated PXP SPectra, these are readily identified as TFA anucts .of PLP
peak disappears. However, PXP is stable-20 or —80 and of the 305 peak. In the CID of tne'z= 305 on, which
°C (90-95% still present after 1 month). When kept as becomes efficient at unusually low energies, the dominant

denatured enzyme, the decay in PXP is somewhat slowerPathway is the loss of neutral 59 to fomiz = 246, although
(5—10% remaining after 2 weeks). When stored as inacti- SOMe neutral loss of 18 is also seen. CID spectra of authentic

vated enzyme before denaturation, PXP is stable at roomPLP and the MS spectrum of the 246 ion formed from the

temperature for at least 2 days, #@at least several weeks fragmentation of the 305 ion are essentially identical and
and at—20 or—80°C. The instability at room temperature ~ are consistent with what would be predicted for the PLP

excludes the possibility that PXP is, in fact, PNP, which also structure. The mass spectromet_ric o_bservations indicate that
elutes at a different position on the HPLC system used. theé molecular mass 306 species is PXP. The data are
Spectral Properties of PXPA PXP preparation containing ~ consistent with the structure shown in Figure 14.
approximately 5% PLP was used for recording spectra at
different pHs (Figure 13). The initial spectra were recorded DISCUSSION
at the following pH values: 2.5, 4.5, 7.0, 9.5, and 11.5, There are two major effects of salts described in this
assuming that thekys of the two phosphates, the phenol, communication, i.e., inhibition of enzyme activity (Figure
the pyridinium, and a possible amine bound to the&ot 3) and protection againgt-alanine- orp-serine-induced
4q) C (as is the case in PMP) are in the same range as thosénactivation (Table 16), that can be interpreted in the context
found in PLP and PMP1{). Spectra obtained for PXP were of Scheme 1. The increaseehlanine-induced inactivation
significantly different than for PLP and PMPLY). The in the presence of decreasing concentrations of buffrs (
results might indicate that theKp for the phenolic proton  can be explained by decreased concentrations of chloride,
of PXP is higher than the corresponding groups in PLP and the counterion in the buffers. Since salts impede the release
PMP, which is for both cofactors around 3.6. When spectra of free pyruvate from the active site (Scheme 1, intermediate
were recorded at pHs 3.5, 4.0, 5.0, and 6.0, the peak at 295V) as shown by the results in Figure 4, the overall turnover

250 300 350
Wavelength (nm)
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is decreased and the equilibrium of Scheme 1 would beis required for this inactivation. However, free pyruvate
shifted to the left, consistent with the spectral changes in added to the enzyme in the PLP or PMP form in the absence
the presence ab-serine as influenced by salts (Figure 7). of p-alanine resulted in practically no inhibition. Pyruvate
Several lines of evidence support this proposal. First, in bis- forms a nonproductive complex with the E-PLP form of the
Tris the pyruvate concentration increased quickly during the enzyme but could be expected to bind to the E-PMP form,
first minutes of incubation withp-alanine (Figure 4). although with a low affinity as described above. The finding
However, titration experiments indicated that spectral changesthat the p-alanine-induced inactivation increases with in-
from E-PLP to E-PMP were immediat&l). Therefore,the  creasing enzyme concentration (Figure 1) can also be
release of pyruvate from the enzyme (intermediate V) is a explained by Scheme 1, assuming that the complete system
slow process compared to the coenzyme conversion to thein equilibrium is a prerequisite. Hence, it is likely that
PMP—ketimine complex (intermediate V). Salt anions may inactivation is dependent on the concentration of pyruvate
stabilize intermediates | or Il, thereby shifting the equilibrium produced at the active site and that, at higher enzyme
in their favor. concentrations, morfree pyruvate would be formed, thus

The proposal that salts prevent the release of excessdriving the equilibrium in Scheme 1 to the left through
pyruvate from the enzyme is also supported by the resultsquinonoid A to quinonoid B and PXP, thereby favoring
on the effect of salts on the coupled activity assay, i.e., inactivation.

increasing the salt concentration resulted in lower activities It was found in previous studies using@]-o-alanine that
most likely due to decreased enzyme turnover (Figure 3). jn4ctivation of one subunit of the dimeric enzyme renders
The reactivation experiments are also consistent with this the entire molecule inactive, based on the observation that
proposal since in the presence of salts, PXP is transformedy,q jnactivated enzyme contained 1.1 mol of labeled cofactor
more quickly into PLP, indicating that in the absence of ,44,ct/mol of dimeric enzyme’). This suggests that the
inhibiting substrates, salts protect or stabilize the PLP form .o inder of the coenzyme is most likely still PLP or PMP.
of the enzyme (Scheme 1, intermediate I1), perhaps by yjoever, cofactor analysis using the HPLC-based method
forming a complex with the protonated Schiff base to shift jjicates that the percentage of PXP, likely to be that cofactor
the overall equilibrium of Scheme 1 to the left. The effects ,44,ct. is about 85% afte h of incubation (Figure 10).

) s .
of monovr?lentblons such %S NaagffloK on pyrldo?e_ll This difference can possibly be ascribed to the fact that in
enzymes have been reported (seel@efor areview onthis - yhe |atter results the enzyme was inactivated using both
subject), but the phenomena found in this study appear 0, _alanine andx-ketoglutarate

be different, i.e., salts inhibit activity and formation of PXP . . : .
by lowering the amounts of pyruvate produced rather than A structure of PXPis proposed tha}t is consistent with the
activating the enzymelg). mass spectrometric results and earlier experimehts) (n
The results wittb-serine clarify the status of the various Which it was found and confirmed here that, upon reactiva-
intermediates as well as the effect of salts on them becausdio" at acidic pHs, acetaldehyde and NHvere concomi-
of its slower overall turnover relative to-alanine. In  t@ntly formed with PLP, and inactivation probably is
preceded by COrelease. This suggests that PXP is most

Scheme 1 the conversion of E-PLP to E-PMP proceeds¥ 4
through quinonoid A (intermediate I11), which is not usually lIk€ly an amine bound to agragment attached to the-&

detectable with good substrates but which is observed with ©f the coenzyme. The small but significant differences
poor substrates such asserine ). Both in the absence as  ©0PServed when comparing spectra at pH 9.5 and 11.6 suggest
well as in the presence of salts there is an immediate decreasd’@l: indeed, the amine is present. The fact that teqb
in the absorbance at 415 nm with a concomitant increase!N€ phenalic proton is shifted to a higher value compared to
around 335 nm. The rates of these changes occurred todhat in PLP or PMP might indicate that this proton is bound
rapidly to measure on our instrument. In the absence of saltsS0Mmeéwhat more tightly to PXP, possibly influenced by the
the subsequent appearance of the quinonoid absorbing at 49Presence of the extra group, i.e., the hydroxyl group on the
nm occurs witho-serine at a slow rate (intermediate 1l and/ 4-C. which may form a hydrogen bond with that proton,
or VI in Scheme 1). Quinonoid B (intermediate VI) is thereby stab_|I|Z|ng it. _Therefore, we sugge_s_t a struc@ure of
detectable at 492 nm with-serine and is assumed to be the PXP as depicted in Figure 14, thereby defining Egc: in
o-decarboxylated complex, while the third step is the the reaction scheme as proposed by Bhatia e8al. (
conversion of quinonoid B into an inactivated cofactor PXP.  The recent report that-aspartate-induced inactivation is
Inactivation of the enzyme, which takes hours for completion, prevented by NADH g) was found to correlate very well
coincides with appearance of a compound corresponding towith a decrease in PXP formation (Figure 12)-Alanine-
the PXP inactive form of the coenzyme derived frorserine induced inactivation is not prevented by NADH nor is there
eluting at 5.8 min in the HPLC analysis (intermediate VII). an effect on PXP formation by NADH. The major difference
The extent of the increase at 415 nm and the concomitantbetween these twm-amino acid substrates is that with
decrease at 335 nm (Figure 7), which is more or less salt-p-aspartate there is only partial conversion of intermediate
independent, is likely due to a shift in the equilibrium Il to intermediate IV, whereas with-alanine this conversion
between E-PLP and E-PMP. Extrapolating these results tois nearly complete. Hence, NADH likely acts by donating
p-alanine inactivation suggests that thealanine-derived a fragment (a hydride or a proton and an electron) to some

quinonoid B, showing a small absorbance at 492 6jni¢ intermediate, perhaps Il, IIl, or VI, to form intermediate IV
the decarboxylated compound in the scheme given by Bhatiaor V, neither of which can further processamino acids. It
et al. @). is unlikely that NADH reacts with PXP since E-PMP formed

Sincep-alanine is immediately converted into pyruvate, with NADH in the presence af-aspartate is very rapid under
it can be argued that pyruvate or some form derived from it conditions where there is little PXP.
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The inactivation described here is affected by salts, while
other physiological compounds, i.e., mono- and dicarboxy-
lates and thiols, also show protective behavi@y. (This
could be an indication that in vivo regulation of the enzyme

is determined by a complex of compounds, thereby ensuring 10.

adequate responses on the requirements of the cell.
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