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Catalytic Efficiency of Functionalized Vesicles in the Transamination
of Pyridoxal-5'-phosphate with a Hydrophobic Amino Acid’
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The transamination reaction of pyridoxal-5-phosphate (PLP) with N-dodecyl-r-alaninamide (AlaC,;) was
investigated in an aqueous phosphate-borate buffer at pH 7.0, u 0.10 (KCl), and 30.040.1 °C in the presence
of single-walled vesicles of N,N-ditetradecyl-N “-(6-trimethylammoniohexanoyl)-L-histidinamide bromide
(N+C;His2C,,). The electrostatic and hydrophobic interactions between the vesicles and the reactants resulted
in incorporation of PLP and AlaC,, into polar and hydrophobic domains of the vesicles, respectively, in the
Schiff-base formation process. The isomerization of the aldimine Schiff-base to the corresponding ketimine
Schiff-base was confirmed to be the rate-determining step in the transamination process. The reaction site in
the vesicular system was found to be equivalent in polarity to dioxane-water (7:3 v/v). However, the overall
reaction rate in the vesicles was enhanced 230-fold relative to that in dioxane-water (7:3 v/v). A hydrophobic
and suitably polar microenvironment constructed at the reaction site is responsible for such a marked rate-en-
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hancement.

belt domain to catalyze the intramolecular prototropic shift to yield the ketimine Schiff-base.

In addition, each vesicle of N*C;His2C,, provided functional (imidazolyl) groups in its hydrogen-

The microen-

vironmental effects of molecular assemblies of N, N-ditetradecyl-N “-(6-trimethylammoniohexanoyl)-L-alaninamide
bromide and CTAB on the overall transamination were also discussed.

Although the apoproteins in vitamin Bs-dependent
enzymes play essential roles not only in rate enhance-
ment but also in substrate-recognition and reaction
specificity which leads to selective cleavage of the
covalent bonds around the a-carbon atom of a sub-
strate,’) the mechanistic details as regards such func-
tions have not been fully understood up to the present
time. These functions may be characterized tenta-
tively as follows: (1) each apoprotein provides a hy-
drophobic environment in its interior region in which
pyridoxal-5’-phosphate is buried; (2) it catalyzes a
specific reaction by its various functional groups such
as ihe imidazolyl group of histidine and the e-amino
group of lysine; (3) it constructs a hydrophobic cavity,
shape and size of which are specific to its substrate,
so that the substrate-selectivity is exercised; (4) such
a hydrophobic cavity fixes its specific substrate in
space to carry out the desired reaction. On these
grounds, micellar surfactants,?3 synthetic polymers,®
and macrocyclic compounds®® have been developed
to simulate the functions of vitamin Bg-dependent
enzymes.

We have recently reported that amphiphiles in-
volving an amino acid residue interposed between
a polar head group and an aliphatic double-chain
form stable single-compartment vesicles in aqueous
media due to formation of the hydrogen-belt region
in the intramembrane region.”? These amphiphiles
were confirmed to construct three characteristic do-
mains in their vesicular aggregates; a polar surface
domain composed of charged head groups, semipolar
barrier domain composed of amino acid residues (so-
called hydrogen belt), and a hydrophobic interior
domain composed of aliphatic double-chains. Thus,
these various domains may be utilized as reaction
site models of the apoenzymes, specific to the nature
of reactants. In the present study, the transamination
reaction of pyridoxal-5-phosphate (PLP) with N-do-
decyl-r-alaninamide (AlaC;,), a hydrophobic amino

T Contribution No. 661 from this Department.,

acid analogue, in the presence of single-walled vesicles
of N+C;His2C,, and N+C;Ala2C,, as well as in the
presence of CTAB micelles. The microenvironmental
effects provided by these cationic amphiphiles on the
transamination reaction have been characterized.

CHzIm
(CH3(CH2)i3,NCOCHNHCO(CH,)sN'(CHs)s  BF

N'CsHis2Cy, (Im: Imidazolyl)

CHs
(CH(CHy)), NCOCHNHCO(CH,)sN'(CHs)s  Br™
N*CsAla2C;,
G
NH,CHCONH(CHoCHs  CH(CHo)sN'(CHs)s  Br™
AlaC, CTAB
Experimental

Spectroscopic data were taken on a JASCO DS-403G
grating IR spectrophotometer, a Hitachi Perkin-Elmer R-
20 NMR spectrometer, a Union Giken SM-401 high-sensi-
tivity UV-visible spectrophotometer, and a Hitachi 650—
60 fluorescence spectrophotometer. pH-Measurements were
carried out with a Beckman expandomatic SS-2 pH meter
equipped with a Metrohm EA-125 combined electrode after
calibration with a combination of appropriate standard aque-
ous buffers. Melting points were measured with a
Yanagimoto MP-S1 apparatus (hot-plate type).

Hexadecyltrimethylammonium  bromide (CTAB) of
Nakarai Chemicals was recrystallized from ethanol, mp 237—
239 °C (decomp). Dodecylamine of Nakarai Chemicals was
distilled under reduced pressure, bp 95—98 °C/266 Pa.
Pyridoxamine-5'-phosphate (PMP: Calbiochem, U.S.A.; A-
grade), pyridoxal hydrochloride (PL: Mann Research Labora-
tories, U.S.A.), and pyridoxal-5’-phosphate (PLP: Nakarai
Chemicals; bio-analytical grade) were used without further
purification. N-Dodecyl-L-alaninamide (AlaC,,) was prepar-
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Scheme 1.

DCHA, dicyclohexylamine)

ed by condensation of i-butoxycarbonyl-L-alanine with do=
decylamine in the presence of dicyclohexylcarbodiimide
(DCQ), followed by elimination of the #-butoxycarbonyl
group with hydroformic acid. The product was recrystal-
lized from diethyl ether to give a white solid, mp 51—52
°C. Found: C, 69.78; H, 12.38; N, 10.819%. Calcd for
CsHgN,O: G, 70.26; H, 12.58; N, 10.929,. N,N-Ditetra-
decyl-N*-(6-trimethylammoniohexanoyl)-L-alaninamide bro-
mide (N*C;Ala2C,,) was synthesized in a manner similar
to that reported previously for the preparation of N,N-di-
dodecyl -N® - (6 - trimethylammoniohexanoyl) - L. - alaninamide
bromide,’® and characterized as reported elsewhere.”?

The synthetic procedure for N,N-ditetradecyl-N®-(6-tri-
methylammoniohexanoyl)-L-histidinamide bromide (N+Cs-
His2C,,) is outlined in Scheme 1.

N,N-Ditetradecyl-N*-t-butoxycarbonyl- Nim - tosyl-1. - histidinamide
(1). To a solution of the dicyclohexylamine adduct
of N®-t-butoxycarbonyl-N!=-tosyl-L-histidine (5.0g, 8.5
mmol)® in dry dichloromethane (40 ml) was added p-toluene-
sulfonic acid (1.7g, 8.8 mmol) in 5min with stirring at
room temperature. After N,N-ditetradecylamine (3.4 g, 8.8
mmol) and dicyclohexylcarbodiimide (1.85 g, 8.9 mmol) were
added to the reaction mixture in this order at room tem-
perature and 0 °C, respectively, the mixture was stirred for
3hat 0°C and for 12 h at room temperature. The resulting
precipitates (&,N’-dicyclohexylurea) were removed by fil-
tration, the solvent was evaporated in vacuo, and the residual
oil was dissolved in ethyl acetate (150 ml). The solution
was then washed with 109 aqueous citric acid, saturated
aqueous sodium chloride, 4%, aqueous sodium hydrogen-
carbonate, and saturated sodium chloride in this sequence.
After being dried over Na,SO,, the mixture was evaporated
in vacuo to afford an oil which was subsequently purified
by centrifugal liquid chromatography with a combination
of silica gel (Wako gel B-5) and chloroform; a pale yellow
oil which was solidified in a refrigerator, yield 5.6 g (83%,).
IR (neat): 3200 (NH str.), 2840 and 2800 (CH str.), 1705
and 1625 (C=O str.) cm~1. NMR (CDCl,;, TMS): 6 0.88
[6H, broad t, CH3(CH,),;-], 1.24 [48H, s, CH,(CH,),-
CH,-], 1.34 [9H, s, (CH;);COCO-], 2.40 (3H, s, —-SO,Cy—
H,CH,), 2.80 [2H, d, -CH(CH,Im-Tos)], 3.12 [4H, broad
t, CHy(CH,),,CH,N-], 4.75 (1H, broad q, —-CH-), 5.20
(1H, d, NH), 6.98 (I1H, s, Im-5H), 7.80 (1H, s, Im-2H),
7.23 (2H, d, tosyl’s 3H and 5H), and 7.74 (2H, d, tosyl’s
2H and 6H).
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N,N-Ditetradecyl-N*- (6-bromohexanoyl)-L-histidinamide (2).
Trifluoroacetic acid (6 g, 53 mmol) was added to a dichloro-
methane solution (10ml) of 1 (1.9g, 2.4 mmol), and the
mixture was stirred for 1.5h at room temperature. Evap-
oration of an excess amount of trifluoroacetic acid in vacuo
below 40 °C gave a pale brown oil (la). Elimination of
the #-butoxycarbonyl group was confirmed by NMR spec-
troscopy. The amine (la) was dissolved in dry dichloro-
methane (5 ml) and the solution was cooled to 0°C. Tri-
ethylamine (3.4g, 34 mmol) was added dropwise to the
solution, and then 6-bromohexanoyl chloride (1.0g, 4.7
mmol) dissolved in dry dichloromethane (10 ml) was added
dropwise to the mixture at 0°C with stirring. The re-
sulting mixture was stirred for 2.5 h at 0 °C and then washed
with 4%, aqueous citric acid, saturated aqueous sodium chlo-
ride, 4% aqueous sodium hydrogencarbonate, and saturated
aqueous sodium chloride in this sequence. After being dried
over Na,SO,, the solution was evaporated in vacuo to give
a pale brown oil; yield 1.6 g (93%). A major fraction of
the tosyl group was eliminated as confirmed by NMR spec-
troscopy. The product was used for the subsequent reac-
tion without further purification. NMR (CDCl,, TMS): é
0.87 [6H, broad t, CH4(CHy,),3-], 1.25 [48H, s, CH,(CH,),,-
CH,-], ~2.00 [6H, m, BrCH,(CH,),CH,CO-], 2.35 [2H,
broad t, Br(CH,),CH,CO-], 2.80 (2H, d, ~CHCH,Im-),
3.35 [2H, t, BrCH,(CH,),CO-], 3.00—3.40 [4H, m, CH,-
(GH,),,CH,N-], 5.05 (1H, broad q, ~CH-), 6.45 (1H, d,
NH), 7.15 (1H, s, Im-5H), and 7.94 (1H, s, Im-2H).

N,N-Ditetradecyl-N* - (6 - trimethylammoniohexanoyl)) - 1. - histidin-
amide Bromide (N+CyHis2C,,). Dry trimethylamine gas
was introduced into a benzene solution (30 ml) of 2 (1.6
g, 2.2 mmol) for 1.5 h to reach the gas saturation level, and
the solution was stirred at room temperature for 12 h. The
solvent was evaporated off in vacuo, and the residual oil was
dissolved in benzene-acetone (36 ml, 5:1 v/v). To the so-
lution was added 30% aqueous tricthylamine (2 ml) with
stirring at room temperature to eliminate the tosyl group
completely. After the resulting solution was stirred for 3.5
h, the solvent was evaporated off in vacuo. The crude prod-
uct was purified by gel-filtration chromatography on columns
of Sephadex LH-20 and Toyopearl HW-40 in this sequence
with methanol as an eluant: a white glassy solid, yield 0.32
g (19%); mp 182°C, [«]¥ —14.2° (¢ 1.13, ethanol). IR
(neat): 3280 (NH, OH str.) and 1630 (C=0O str.) cm-1. NMR
(CDCl,;, TMS): ¢ 0.85 [6H, broad t, CH;(CH,);-], 1.22
[48H, s, CH;(CH,);,CH,~], ~1.90 [6H, m, N+CH,(CH,),-
CH,CO-], 2.32 [2H, broad t, N+(CH,),CH,CO-], 2.80—
3.62 [8H, m, CH4(CH,);,CH,N-, N+CH,(CH,),CO-, and
-CHCH,Im-], 3.35 [9H, s, (CH;);N+-], 5.05 (1H, broad
q, NHCHCO-), 6.90 (1H, s, Im-5H), 7.62 (1H, d, NH),
and 7.95 (1H, s, Im-2H). Found: C, 63.99; H, 10.58; N,
8.58%. Caled for C,3HgN;BrO,-(3/2)H,0: C, 63.75; H,
10.82; N, 8.65%.

Kinetic Measurements. An amount of pyridoxamine-5'-
phosphate formed in the transamination reaction was deter-
mined by measuring a fluorescence intensity at the emission
maximum of PMP excited at 328 nm. Each run was in-
itiated by adding 50 ul of an aqueous solution of PLP (1.02 x
10-3 mol dm~?) and 40 pl of an ethanol solution of N-dodecyl-
L-alaninamide (1.99% 102 mol dm-3) to 2.00 ml of a reac-
tion medium which was pre-equilibrated at 30.0+0.1 °C
in a thermostated cell set in the fluorescence spectrophotom-
eter. 'The reaction medium was prepared as follows; (1)
an appropriate amount of the stock solution of an amphiphile
in ethanol was placed in a glass vessel, ethanol was removed
in vacuo, and 10 ml of the aqueous buffer (6.23 mmol dm—3
phosphate—1.88 mmol dm—2 borate, pH 7.0) containing 0.1
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mol dm-3 potassium chloride was added to the residue; (2)
the aqueous dispersion of an amphiphile thus prepared was
sonicated for 4 min with a probe-type sonicator at 30-W
power (W-220F, Heat Systems-Ultrasonics). The resulting
vesicle solution was sufficiently clear without noticeable tur-
bidity and gave good kinetic reproducibility. Kinetic meas-
urements in aqueous dioxane were carried out under similar
conditions. Light was emitted to an experimental solution
only at the instant of each fluorescence intensity measure-
ment.

Electron Microscopy. Both aqueous dispersion (A) and
ultrasonicated aqueous solution (B) of N+C;His2C,, were
employed for the measurements. As sample A, 16 mg of
N+C;His2C,, was suspended in 2 ml of deionized and dis-
tilled water containing 29 (w/w) uranyl acetate and the
dispersion was shaked occasionally and heated until the
glassy solid disappeared completely to give slightly turbid
dispersion. As sample B, an aqueous dispersion of
N+C;His2C,, (sample A) was sonicated for 4 min with a
probe-type sonicator at 30-W power and allowed to stand
for 10 min at 5°C. A clear solution was then obtained.
Samples A and B were applied on carbon grids and dried
in a vacuum desiccator. A JEOL JEM-200B electron mi-
croscope, installed at the Research Laboratory of High Volt-
age Electron Microscope of our University, was used for
the measurements. Electron micrographs for N+C His2C,,
are shown in Fig. 1, while those for N*C;Ala2C;, have been
reported elsewhere.”® Both multiwalled vesicles and lamel-
lae were observed in an electron micrograph of the aqueous
dispersion as shown in Fig. 1. On the other hand, the
sonicated aqueous solution showed exclusively the formation
of single-walled vesicles. Similar patterns of electron mi-
crographs have been observed for respective samples of N+-
C;Ala2C,,. The present amphiphiles were used in the state
of single-walled vesicles for study.

Differential Scanning Calorimetry (DSC). Each 50-pl
sample of an aqueous dispersion of the amphiphile [2.0%,
(w/w)] in an aqueous buffer of 6.23 mmol dm—2 phosphate-
1.88 mmol dm~—2 borate, containing 0.1 mol dm—3 potassium
chloride, was sealed up in a silver sample cell. The measure-
ments were made on a differential scanning calorimeter
(Daini Seikosha SSC-560U): heating rate, 0.5 °C/min; sensi-
tivity, 0.025 mcal/s/(full scale); chart speed, 0.5 cm/min.
The obtained calorimetric parameters for the amphiphiles
are as follows, where T, represents a temperature at a peak
maximum of DSC thermogram.

N+C;Al1a2C;,: T, 2.0°C; AH, 20.5 k] mol-t
N+C,His2Cyq: T, 2.5°C; AH, 19.2 k] mol-t

Results and Discussion

The transamination reaction of pyridoxal-5’-phos-
phate (PLP) with AlaC,, in the presence of an am-
phiphile was followed by electronic spectroscopy in
an aqueous phosphate-borate buffer at pH 7.0, u
0.10 (KCl), and 30.0%0.1 °C. Figure 2 shows the
spectral change observed along the progress of trans-
amination in the presence of N+CzHis2C,, vesicles.
The spectral change shows that the reaction is con-
sistent with a two-step mechanism. The first step,
which reached an equilibrium stage within 4 min,
was followed by a comparatively slow step. The isos-
bestic points associated with the respective steps are
as follows: first, 312 and 357 nm; second, 292 and
345 nm. A halflife for the second slow step is several

Yukito Murakami, Akio Nakano, and Kazunari Axrvosur

[Vol. 55, No. 9

Fig. 1. Electron micrographs for N+C;His2C;, nega-
tively stained with uranyl acetate: A, 10 mmol dm—2
aqueous dispersion (magnification, X 92 000); B, 10
mmol dm~3 aqueous solution sonicated for 4 min at
30-W power and subsequently allowed to stand for
10 min at 5 °C (magnification, X 92 000).

02 |

PMP(t = o)

Absorbance

350
Wavelength / nm

Fig. 2. Spectral change along the progress of reaction
of PLP (2.44 % 10-5 mol dm~-2) with AlaC;, (3.81x 104
mol dm~3) in the presence of N+C;His2C,, (9.7x
10-¢ mol dm-3) in aqueous phosphate (6.0 mmol dm-3)
~borate (1.8 mmol dm~2), containing 1.99% (v/v) eth-
anol, at pH 7.0, g 0.1 (KCl), and 30.0+0.1°C.
Numerals refer to reaction times (in h) for the second
slow step.

hours. Absorption spectra observed at the final stages
of the respective steps showed that the first step is
referred to the Schiff-base formation and the second
one to the formation of pyridoxamine-5’-phosphate
(PMP). The absorption spectrum observed at the
final stage of the first step showed maxima at 338
and 415 nm, and is the typical one for a pyridoxyl-
ideneamino acid formed with PLP.» The absorption
spectrum observed at the final stage of the second
step, having maxima at 253 and 328 nm, is identical
with that of PMP.1® The absorption spectrum, which
can be attributed to the corresponding ketimine Schiff-
base (A, 310-—330 nm),” was not detected in the
course of the second step. A similar spectral behavior
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Dioxane-Water Dioxane-Water

Medium (42158 v/v) 313 vl CTAB N+C;Ala2C,, N+C,His2C,,
JELEmm 380 3800 389 389 389
¢, PLP 3.4x 108 2.6x 103 4.4x108 4.4x108 4.4x10°
¢, ASB 1400 910 550 740 840
Kgp/mol-1 dm? 1.1x 104 2.7x 10t 3.1x 108 8.6x 10t 1.5x105

a) Cationic amphiphile systems: in aqueous phosphate (6.0 mmol dm~3)-borate (1.8 mmol dm—3) containing 1.9%,
(v/v) ethanol at pH 7.0 and u 0.1 (KCI); CTAB, 2.9x103moldm=3; N+C;Ala2C,,, 9.7 X 10-% mol dm~3;
N+CyHis2Cyy, 9.7x10-*moldm=3. Dioxane-water (42:58 v/v): dioxane containing 58%(v/v) aqueous buffer
(6.2 mmol dm—3 phosphate, 1.8 mmol dm~3 borate, and 0.1 mol dm~3 potassium chloride) and 1.99,(v/v) ethanol.
Dioxane-water (7:3 v/v): dioxane containing 309%(v/v) aqueous buffer (6.2 mmol dm—3 phosphate, 1.8 mmol dm-3
borate, and 0.1 mol dm—3 potassium chloride) and 1.99%(v/v) ethanol. b) Wavelength and molar extinction
coefficient of PLP employed for calculation of [ASB] in order to achieve accuracy of spectral analysis, while

Amex=370nm and ¢PLP(370 nm)=4.1x 103,
4.90x10-mol dm=3.  Dioxane-water (7:3v/v):

c) Cationic amphiphile systems: PLP, 4.93 X 10-% mol dm-3; AlaC,,,
PLP, 4.90X10-5 mol dm=3;

AlaCy,, 9.80X 105 mol dm~3,

Dioxane-water (42:58 v/v): PLP, 4.85x%10-% mol dm=3; AlaC,,, 3.88x 10~¢mol dm-3.

along the progress of reaction was observed in other
amphiphile systems. In the light of these observations,
the overall reaction pathway is explicitly given by
Eq. 1.

Ksn kax
PLP + AlaCj, —= ASB == KSB

fast slow
very fast
—, PMP + PyC,, )
Here, ASB, KSB, and PyC,, refer to the aldimine
Schiff-base, the ketimine Schiff-base, and N-dodecyl-
pyruvinamide, respectively. Thus, the rate determin-
ing step for the present transamination reaction is
the isomerization of the aldimine Schiff-base (ASB)
to the corresponding ketimine Schiff-base (KSB). This
finding is consistent with the results obtained in PLP-
dependent transamination reactions both in an enzyme
system!?) and model systems.'? The present two reac-
tion steps were treated separately since the respective
rates were much different from each other.
Schiff-base Formation. In order to clarify micro-
environmental effects on the aldimine Schiff-base for-
mation, the equilibrium constants (Kg;) for the first
step were determined in the presence and absence
of the cationic amphiphiles. The equilibrium con-
stant, as defined by Eq. 2, for the Schiff-base formation
between PLP and AlaC,, was evaluated as follows.

_ [ASB]
Koo = “TPLPAICL] @
This is rearranged to give Eq. 3.
[ASB]

Ksp )

(T, —[ASBI)(T,—[ASB])

Here, T, and T, refer to total concentrations of PLP
and AlaC,,, respectively. An absorbance (4,) at the
absorption maximum of PLP (4, 389 and 380 nm
in molecular assemblies of the cationic amphiphiles
and aqueous dioxane, respectively) is represented by
Eq. 4.

A, = &;"L*(Tp—[ASB]) + ¢,4SP[ASB] 4
Here, ¢,7*F and ¢,4%8 are molar extinction coefficients
of PLP and ASB observed at the absorption maximum

03

o
N

Absorbance

°

300 350 400 450

Wavelength / nm

Fig. 3. Absorption spectra for the aldimine Schiff-
base system of PLP (4.93 X 10-% mol dm—3) with var-
ying amounts of AlaC,, (A, 0; B, 4.90%x 10-%; C, 3.86
X 10 mol dm~3) in the presence of N+C;His2C,,
(9.7 % 10~* mol dm~2) in aqueous phosphate (6.0 mmol
dm—3)-borate (1.8 mmol dm~2), containing 1.99,
(v/v) ethanol, at pH 7.0, x 0.1 (KCl), and 30.0+
0.1 °C.

of PLP, respectively. Then, Eq. 4 is rearranged to
Eq. 5. The value of ¢,%%® was evaluated directly
PLP —_

[ASB] = _'“PL—PT*’% )
&2 8,

from the spectrum observed in the presence of a large
excess of AlaCy,; a complete conversion of PLP into
the Schiff-base is assured under such conditions.
Figure 3 shows the absorption spectra of the PLP-
AlaG;, system involving varying amounts of AlaC,,
in the presence of N+C;His2C,,. For a complete
conversion of PLP into the aldimine Schiff-base, only
a small excess of AlaC;, (ca. 11 fold) over PLP was
needed in the vesicular and micellar systems. On
the other hand, over a 90-fold excess of AlaC,, was
required in aqueous dioxane to complete the conver-
sion. The formation constants thus determined and
the relevant spectral parameters in molecular assem-
blies of the cationic amphiphiles and in aqueous di-
oxane are listed in Table 1.
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TasLE 2. EQUILIBRIUM CONSTANTS AND SPECTRAL PARAMETERS FOR TWO ALDIMINE SCHIFF-BASES
(SB, anDp SB,) IN various MEDIA AT 30.0+0.1°C#®

Dioxane-Water?

CTAB  N+C,Ala2C,, N+C.His2C,,
10 20 30 39 48
Jgp,/nm®) 338 338 338 338 338 338 338 338
Agpg/nm® 420 420 420 420 420 415 415 415
K 37.2  16.2 10.4 8.2 6.5 19.9 10.9 10.4

a

a) Cationic amphiphile systems: in aqueous phosphate (6.0 mmol dm-3)-borate (1.8 mmol dm~3) containing 1.9%,
(v/v) ethanol at pH 7.0 and g 0.1 (KCl); CTAB, 2.9Xx10-3moldm—3; N+C;Ala2C,,, 9.7X10-%mol dm=3;

N+C;His2Cyy, 9.7%x104moldm=3; PLP, 4.93X 10~ moldm=3; AlaC,,, 3.86X 10~ mol dm3.

Dioxane-water

mixtures: each medium was prepared by mixing dioxane with aqueous buffer (6.2 mmol dm—3 phosphate, 1.8
mmol dm~2 borate, and 0.1 mol dm~3 potassium chloride); PLP, (4.72—4.83) X 10~ mol dm~3; AlaC,,, (2.42—

4.72) X 10-3 mol dm=3,
esmy 9.4 102

H H
C stc':/CI': NHC;,Has C Haxc';/'gN HCizHas
1 0 1+
éN /N\
cHH HH
®0CH2 A~ 0 Kq ®0CH2 20
. | e < |
N“CH;, N“CH;
SB, SB,
(338nm) (415-420 nm)
®: A phosphate group.
Scheme 2.

The microenvironments constructed with the am-
phiphiles, into which the Schiff-base was incorporated,
were characterized in terms of an equilibrium constant
(K,) defined by Eq. 6 on the following basis. An
absorption spectrum of the aldimine Schiff-base showed
the presence of two species in an equilibrium state
(Fig. 3). They differ from each other in the proto-
nation site as shown in Scheme 2. The neutral form
(SB,) with an ordinary amino acid was primarily
observed in hydrophobic environments constructed with
such components as organic solvents,” aqueous mi-
celles, 1) reversed micelles,® and alkylamines bearing
a long hydrocarbon chain.l%1% The charged form
(SB,), on the other hand, was found exclusively in
aqueous media.'® These two species of the aldimine
Schiff-base are in an equilibrium which is highly
dependent on the microenvironmental polarity. The
equilibrium constant between SB; and SB, is, there-
fore, referred to an ‘efficient polarity parameter for
characterization of the microenvironment to which

the Schiff-base is bound.

[SB,] . Asp, /ess,
[SB,] ~ Asn,/esn, ©

Here, Asp, and Asp, refer to absorbances observed
at the absorption maxima of SB; and SB, species,
respectively; esp, and esp, stand for molar extinction
coeflicients of SB, and SB, species at their absorption
maxima, respectively. These values were determined
according to the reported method employed for eval-

K, =

b) Numerals refer to the content of aqueous buffer in %(v/v).

c) egpy 4.6X10%.  d)

45+ \10
©

10°Ass, /IASBI
8/

40 - ©

0 5 10 15
10Asg,/ ASBI

Fig. 4. Plot of Agp,/[ASB] wvs. Agp,/[ASB] for equi-
librium of aldimine Schiff-base species of PLP and
AlaC,, (SB; and SB,) in dioxane-water mixtures
(©) and cationic amphiphile systems: N+C;His2C,,
(O), N+C;Ala2C,, (@), and CTAB (D). Numerals
refer to the water contents in aqueous dioxane.
See Table 2 for experimental conditions.

uation of those values for the Schiff-base of PLP with
hexylamine.’® Equation 7 can be derived on the
basis of Scheme 2, where [ASB] refers to a total con-
centration of SB; and SB,, and is equal to a PLP con-
centration employed under the conditions that PLP
is completely converted into the Schiff-base ([PLP]<K
[AlaCe]).

Agsp,/[ASB] = es5, — (esp,/esB,) (4ss,/[ASB]) (7

The plot of Asg,/[ASB] vs. Ass,/[ASB] for the Schiff-
base of PLP with AlaC,, in aqueous dioxane resulted
in a good linear relationship (r>0.993) as shown
in Fig. 4. The data obtained in molecular assemblies
of the cationic amphiphiles are also plotted in Fig.
4 and found along the correlation line for the dioxane-
water system. The K -values thus obtained are sum-
marized in Table 2, together with the relevant spectral
parameters. Since the solvent-polarity parameter
(Kosower’s Z-value)'” can be correlated with the
standard Gibbs free energy (AG°=—RTInK,),'® we
estimated the microenvironmental polarity of the reac-
tion site for the Schiff-base formation in the light
of a linear relation shown in Fig. 5. The result indi-
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cates that the reaction sites in the vesicular and mi-
cellar systems are equivalent in polarity to dioxane-
water (7:3v/v) and dioxane-water (8:2 v/v), respec-
tively. The reaction sites in the vesicular systems
are more polar than that in the micellar system, most
likely due to the presence of the hydrogen belt domain
in the former. The hydrogen belt region divides the
vesicular system into hydrophobic and polar do-
mains,” and PLP of hydrophilic nature is entrapped
in the polar domain. The hydrophobic and less polar
microenvironment provided by CTAB micelles is in
favor of the Schiff-base formation relative to the polar
reaction sites by the vesicular systems. The interac-
tion modes of the reactants (PLP and AlaC,,) with
the cationic aggregates were further examined on the
basis of the following experimental facts. (1) The
absorption maximum of PLP observed in the pres-
ence of the cationic aggregates (micelles and vesicles)
was identical with that without those if AlaC,, was
absent. (2) The Schiff-base was not detected spec-
trophotometrically with a small excess of AlaC;, over
pyridoxal (PL), which has no phosphate group, in

85
30 /
- [0
r‘l’csﬂiszcu.
20 )
N 80 . (o} N CsAla2G,
!
CTAB
- 10
O
/
75 |-
1 | | | |

-9 -8 -7 -6 -5
AG% kJ mol™

Fig. 5. Correlation of AG® with solvent polarity param-
eter (Z). Numerals refer to the water contents
in aqueous dioxane. AG®-Values for cationic am-
phiphile systems are shown by arrows.
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the cationic aggregates. (3) Formation of the Schiff-
base of PLP with AlaG,, was suppressed at higher
ionic strength [¢=1.0 (KCl)]. (4) A large excess
of an amino acid (r-alanine) was required to detect
formation of the Schiff-base with PLP even in the
presence of the cationic aggregates. (5) Without any
cationic amphiphile, the content of dioxane in reaction
media must exceed 409,(v/v) to investigate the Schifi-
base formation between PLP and AlaC,, because of
the insolubility of AlaC,, in water.

These results indicate that PLP is concentrated at
the surface area of the cationic aggregates due to
the electrostatic interaction between the anionic phos-
phate group of PLP and the cationic head group
of the amphiphile employed, while AlaC,, is incor-
porated into the hydrophobic domain of the aggre-
gates through mutual hydrophobic interaction. Con-
sequently, both electrostatic and hydrophobic inter-
actions play important roles in the Schiff-base forma-
tion in the presence of the amphiphile aggregates.
The Schiff-base formation step in the present vesicular
system is schematically shown in Fig. 6.

Transamination Reaction. The overall transami-
nation reaction of PLP was followed by means of
fluorescence spectroscopy at 30.0%0.1 °C in the pres-
ence and absence of cationic amphiphiles. The reac-
tion was examined under the conditions of [AlaC,,]»
[PLP]; PLP was converted completely into the al-
dimine Schiff-base within 4 min. The reaction, for
which the isomerization of the aldimine Schiff-base
to the corresponding ketimine Schiff-base becomes rate-
determining as mentioned above, was followed after
complete formation of the aldimine Schiff-base. The
fluorescence intensity at specified wavelengths (cationic
aggregates, 393 nm; dioxane-water 405 nm) increased
gradually along the progress of the reaction (Fig. 7).
When a pseudo-substrate (I-dodecylamine) was used
in place of AlaC;,, the fluorescence intensity remained
unchanged. Table 3 summarizes the excitation wave-
lengths of PLP and PMP and the corresponding rel-
ative emission intensities in the presence and absence
of the cationic amphiphiles. The fluorescence quan-
tum yield of the Schiff-base was negligibly low com-
pared with that of PMP.1Y The PMP concentration
in the reaction system was determined on the basis

SB2

Fig. 6. Schematic representation of the Schiff-base formation step in vesicular phase: a rectangle, an
amino acid residue; (), a phosphate group. A shaded portion refers to the hydrogen belt region,
which has some hydrophobic and polar nature, and to the reaction site for the overall trans-

amination process.
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TasLE 3.

Yukito Murakami, Akio Nakano, and Kazunari Axrvosur

[Vol. 55, No. 9

FLUORESCENGE MAXIMA (Ap), RELATIVE EMISSION INTENSITIES (I;¢), AND EXCITATION
WAVELENGTHS (4g) FOR PLP ano PMP v varrous Mepra AT 30.0+0.1°C»

PLP PMP
Medium
Ap/nm Ap/nm Lee™ Ap/nm Ag/nm I
Aqueous buffer® 500 395 1.0 394 328 1250
Aqueous dioxane® 532 390 4.3 405 333 343
CTAB® 500 389 1.7 394 328 770
N+C;Ala2C,,® 504 389 2.0 393 328 687
N+C;His2C,, 480 389 2.0 393 328 673

a) Fluorescence maxima in the absence of AlaC,,; concentrations of PLP and PMP, 2.44Xx10~-* moldm3. b)

Relative emission intensity with reference to the intensity for PLP in aqueous buffer.
(6.2 mmol dm—3)-borate (1.8 mmol dm=3), containing 0.1 mol dm—2 potassium chloride (pH 7.0).

c) Aqueous phosphate
d) Dioxane

containing 30%(v/v) aqueous buffer (6.2 mmol dm~2 phosphate, 1.8 mmol dm—3 borate, and 0.1 mol dm~3 potas-

sium chloride).

e) In aqueous phosphate (6.1 mmol dm~3)-borate (1.8 mmoldm=3) at pH 7.0 and £ 0.1 (KCl);

CTAB, 2.9x10-2 mol dm~3; N*+C;Ala2C,4, 9.8 10~* mol dm=3; N+C,His2C,4, 9.8 % 10~4 mol dm-3.

(o]
= 9
a
(3}
E
[ul
Q
S 35
O
0
2 25
o
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U- 15
| |

350 400 450 500 550
Wavelength / nm

Fig. 7. Fluorescence-spectral change along the progress
of reaction of PLP (2.44 X 10-5 mol dm—3) with AlaC,,
(3.81 x 10~¢ mol dm~3) in the presence of N+C;His2C,,
(9.7x 10¢mol dm=3) in aqueous phosphate (6.0
mmol dm—3)-borate (1.8 mmol dm—3%), containing
1.99%(v/v) ethanol, at pH 7.0, x0.1 (KCIl), and
30.0+0.1 °C. Numerals refer to reaction times
(in h) for the second slow step.

of Eq. 8 by measuring a fluorescence intensity (I,)
at appropriate time intervals.1®)

1 Giwe

-IO - Gl",ul’
Here, I, is a fluorescence intensity of PMP at its known
concentration (Crur) in the absence of other reacting
species; epyp and &g are molar extinction coefficients
of PMP and the aldimine Schiff-base at a specified
excitation wavelength, respectively; Cixe and Cés refer
to concentrations of PMP and the aldimine Schiff-
base observed at time ¢ (s) after complete formation
of the Schiff-base. C4s is related with Cg and
Ciue by Eq. 9, where Css refers to an initial concen-
tration of the aldimine Schiff-base in the isomerization

process and is equal to the PLP concentration used
here (Ciue).

10—0-5[(fo’ur—ci”up)5rmr+ &s8Cp] . ®)

Cscn = Cson - four (9)

The correlations between Ciy, and time are shown

™

€20 or
3 o/°/0 63
£ 5 o o
iy o

_,% o /o’ *

.,g 1.0 O/. o /oio
- / / /o/o

Fig. 8. Time-courses of PMP formation for trans-
amination of PLP with AlaC,, in aqueous dioxane
(©) and cationic amphiphile systems: N+C,His2C,,
(O), N+C;Ala2C,, (@), and CTAB (®). Numerals
represent rates of conversion of PLP into PMP
at f=600min. See Table 4 for experimental
conditions.

in Fig. 8. The rate equation for PMP formation is
given by Eq. 10 in reference to Eq. 1, which is sub-
sequently integrated to give Eq. 11.

dCPMP

a = —kAKCStB = '—kAK(C}?LP_ éMP) (10)

0
GPLP

Gt —Ciy ~ Fax? an

In each case, a good linear relationship between the
left hand term of Eq. 11 and reaction time t was ob-
tained as shown in Fig. 9 (r>0.998). The reaction
was followed for 10 h and the first-order kinetics were
found to hold in each kinetic run. The conversion
rates of PLP to PMP at the ends of such kinetic runs
(after 10 h) were determined as shown in Fig. 8.
Under the conditions employed in this work, the
reversed reaction from PMP to the aldimine Schiff-
base was not detected. The rate constants for the
isomerization process are summarized in Table 4,
along with the overall second-order rate constants
(Ksp-kux) and relative effectiveness (k,,) of the reac-
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TaBLE 4. KINETIC PARAMETERS FOR TRANSAMINATION IN VARIOUS MEDIA AT 30.0+0.1°C

Medium Aqueous dioxane CTAB N+C;Ala2C,, N+C;His2C,,
kag/s™t 1.0x10-7 1.3x10-¢ 2.7x10- 4.2x10-¢
Ksg-kpx/mol-1 dm3 s—1 2.7x10-3 4.0x10-1 2.3%x101 6.3x101
Eral® 1 148 85 233

a) Cationic amphiphile systems: in aqueous phosphate (6.0 mmol dm—3)-borate (1.8 mmol dm=3) containing 1.9%,
(v/v) ethanol at pH 7.0 and gz 0.1 (KCl); CTAB, 2.9X10-3 moldm—23; N+C;Ala2C,,, 9.7 10-2mol dm—3;
N+C;His2C,,, 9.7 10~% mol dm—3; PLP, 2.44 X 10-5 mol dm—3; AlaC,,, 3.81 X 10-2mol dm-3. Aqueous dioxane:
dioxane containing 30% (v/v) aqueous buffer (6.2 mmol dm—3 phosphate, 1.8 mmol dm=3 borate, and 0.1 mol dm—3
potassium chloride) and 1.99%(v/v) ethanol; PLP, 2.44x10-% mol dm—23; AlaC,, 1.23x10-3moldm—2 b) Rela-
tive rate, taking Kgp-k x in aqueous dloxane as a reference.

CHolL CNHCiHzs  CHa/CNHCizHzs
//'I\I\O /}I\f\
CHO ch i CHH_
®0CH A OH G Kse |(POCH2 A0 Ka (BOCH: A O
- + C12H25NHCCHNH2 — - — -
N"CH; 0 N">CHj3 N">CHy
PLP AlaCp SBy SB2
(338 nm) (415 nm)
CHa_ ,(“:NHC12H25'
ll\ll+
CHzNHa
Kak OCHz 0 OCHz A O
. ® ()I ® fk[ +  CrHmNHCCCHs
slow CHz fast CH3 00
KSB PMP PyIC12
(not detected) ihydration(?)
v

®: A hydroxide ion and/or an imidazolyl group.
®: A phosphate group.

Scheme 3.

since the accumulation of the latter was not detected
e spectrophotometrically in the course of the reaction.
1.5 / This means that the deprotonation from the a-carbon
- / of the amino acid moiety is essential for the trans-
-z o/ P amination, and such apparent intramolecular proton-
© / /0 transfer to afford the ketimine Schiff-base becomes
5 o e rate-determining. The reaction was much accelerated
& o/ ad in the cationic aggregate systems as compared with
S 0 /S that in dioxane-water mixtures. This suggests that
off yau 4 the concentration of hydroxide ion becomes efficient
L:) 0.5 o o~ 27 on the surface area of the cationic aggregates and is
- /, 3 ° one of the important factors for rate enhancement
/e _o~ as often observed in cationic micellar catalysis.!® Sec-
éﬁo/o . ondly, the increase in a fraction of the active aldimine
o o=Qzo=0=6— Schiff-base (SB,), which is controlled by the micro-

0 300 ) 600 environmental property acted on the Schiff-base, is
t/ min responsible for the rate acceleration. The fractions

Fig. 9. Analysis of kinetic data (Fig. 8) on the basis of the active SB, species in the whole aldimine Schiff-
of Eq. 11. base were calculated with reference to K_-values; 5
and 99, in the micellar and vesicular systems, re-

tion media. spectively. Such difference reflects the microenviron-
The rate-determining step in the transamination mental property of reaction sites. Formation of the
reaction investigated here is referred to the isomeriza-  polar SB, species is favored in a polar microenviron-
tion of the aldimine Schiff-base to the ketimine one, ment. Thirdly, the imidazolyl group placed at the
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reaction site is in favor of the rate enhancement. The
N+C;His2C,, vesicles enhanced the reaction by more
than 1.5 fold relative to the N+C;Ala2C,, vesicles,
even though the former may provide a microenviron-
ment similar to that with the latter as mentioned
above. The neutral imidazolyl group may act as
a general-base catalyst which promotes the prototropic
shift in a manner as observed for the imidazole-cata-
lyzed transamination of «-aminophenylacetic acid.12b)
The overall transamination between PLP and AlaC,,
in the N+C;His2C,, vesicles is now plausibly explained
by Scheme 3.

In conclusion, a hydrophobic and polar microen-
vironment accelerates the overall transamination more
than a hydrophobic but less polar one, even though
the Schiff-base formation is more enhanced in the
latter. The bilayer vesicles having an amino acid
residue as a molecular component may provide better
microenvironments for the transamination than ordi-
nary micelles. This suggests that the hydrogen belt
domain constructed in the vesicular assembly may
be characterized as a suitable model for reaction
sites in enzymes.?®) The vesicles formed with N+C,-
His2C;, provide functional groups in the hydrogen
belt domain to catalyze the intramolecular prototropic
shift and can be taken as a functionalized apoenzyme
model for vitamin Bg-dependent enzymes
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