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Catalytic Hydrolysis of p-Nitrophenyl Phosphate by
 Rare Earth Elements

Mitsuhiko Akaboshi, Yoshiko Tanaka, Yukihiro Nakano,
Kenichi Kawai and Noriko Fujii

Research Reactor Institute, Kyoto University
Kumatori, Sennan, Osaka 590-0494, Japan

(Received April 13, 1999; Accepted May 30, 1999)

Catalytic action of rare earth elements (REEs) to hydrolyze
phosphomonoester bonds was confirmed. Namely, among the all elements
examined, the activity of Ce(IV) was the most highest, and the activities of
Sm and Ho followed Ce(IV).  Under the ordinary condition (37 C-1hr),
Ce(1V) could hydrolyze 0.28 mmole of p-NPP per 1 mmole Ce(IV). The
magnitude of this activity was about 1/70000 that of standard alkaline
phosphatase. Moreover, it was found also that the activity did not change
at different pH, while that of the enzy me was completely missing at pH 5.4.
The kinetic analysis of this reaction showed that the km value of Ce(IV)
(0.405 mM) was close to that of enzyme (0.630 mM ), and that the reaction
rate (0.28 umole/umolhr') was retained until at least 16 hr when total
hydrolyzed p-NPP reached more than 2.5 umole/umol Ce(IV). " From these
results we concluded that the reaction is catalyzed by Ce(IV).

Key words: Rare earth -element (REE), Ce(IV), Phosphomonoester
compounds, Hydrolysis, Primitive sea
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Fixation of CO2 in hydrothermal environments

Fixation of Carbon Dioxide in Hydrothermal Environments: -
Synthesis of Formic and Acetic Acids

Ryu Terada, Ei-ichi Imai, Hajime Honda, Kuniyuki Hatori and
Koichiro Matsuno*

Department of BioEngineering
Nagaoka University of Technology
Nagaoka 940-2188, Japan

(Received November 72, 1999; Accepted December 10, 1 999)

ABSTRACT

Fixation of carbon dioxide in a simulated hydrothermal environment was
attempted, in which the mixture of carbon dioxide and water was repeatedly
circulated in the closed circuit containing both hot and cold regions. When the
mixture was made contact to the surface of metal oxides such as copper/zinc oxides
maintained at high temperatures somewhere in the circuit, a considerable amount of
both formic and acetic acids was made. The best yields were obtained when the
temperature of the surface of the metal oxides was maintained at around 1000°C
while under the condition of normal atmospheric pressure. This observation
suggests the possibility that submarine hydrothermal vents in the ocean on the
primitive earth may have functioned as a source of providing formic acid as a basic
building block of both sugars and lipids prebiotically.

* To whom correspondence should be addressed.

1. INTRODUCTION

Prebiotic synthesis of formaldehyde must have been a major evolutionary step
towards making the larger organic molecules including sugars and lipids
prebiotically (McCollom et al., 1999). Although electric dlscharge in the primitive
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atmosphere containing water and carbon dioxide molecules must certainly have
assisted in synthesizing those carbonylic acids (Schlesinger & Miller, 1983), their
evolutionary capability could further be enhanced if there has already been available
an organization to take advantage of. One such ready-made organization could have
been submarine hydrothermal vents (Cotliss et ai, 1979; Edmond et al, 1982; Shock,
1996). The presence of submarine hydrothermal vents in the primitive ocean could
have provided further evolutionary opportunity. of making oligomers from
formaldehyde if the latter was also available in the neighborhood (Ingmanson,
1997). It thus becomes of interest to se¢ whether formaldehyde and its derivatives
can be synthesized in the vicinity of those vents from the more basic building blocks
of water and carbon dioxide molecules (Ferris, 1992; Schulte & Shock, 1993). In
particular, carbon dioxide molecules were thought to abundantly enter into the
primitive ocean through the hot vents from magmas smeared out of the mantle core.

Submarine hydrothermal vents could definitely have provided those environments
that may help oligomerize monomers if available in their neighborhood (Matsuno,
1997; mai et al, 1999a, b). Of particular interest from the perspective of prebiotic
evolution would be abiotic synthesis of protocells or micells from lipids. Unless
protective protocells were available, the likelihood of further evolution of .
oligopeptides and oligonucleotides, if ever appeared spontancously, could
extremely be limited. In fact, once formaldehyde becomes available, the Fischer-
Tropsch type reaction can help synthesize lipids in some hydrothermal
environments (McCollom et al, 1999). Furthermore, if the concentration of lipids
thus synthesized is high enough in their aqueous solution, micells could quite easily
be formed through their hydrophobic and hydrophilic interactions. We shall thus
examine a possibility of synthesizing formaldehyde from carbon dioxide and water
molecules in hydrothermal environments.

2. MATERIALS AND METHODS

We constructed a flow reactor simulating an extremely hot region of a
hydrothermal vent in which the gas mixture of carbon dioxide and water molecules
come to contact with hot surfaces of metal oxides. Serpentinization of olivine at hot
temperatures is a possibility in the actual geological situation to be simulated
(Berndt et al, 1996). A rough sketch of our flow reactor is depicted in Fig. 1. Carbon
dioxide was supplied at the rate of 400 ml/min from its pressurized gas cylinder, and
pure water was circulated at the rate of 1 ml/min. Both were mixed in the circuit
made of a quartz tube whose inner diameter was 6.0mm. The mixture of carbon
dioxide and water was heated with use of an electric furnace. The highest
temperature attainable was 1100°C. The mixture of copper and zinc oxides, each 1g
in its weight, was placed on the inner wall of the tube located inside the furnace. The
outgoing flow from the furnace was fed into a 200 ml flask containing 100 ml pure
water maintained at 0°C in temperature. Exhaustion of gaseous carbon dioxide was
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expelled from the flask. The aqueous solution of the products was repeatedly
circulated in the closed circuit with use of a peristaltic pump, and its small portion
was sampled at every fixed interval for identification of the products.

«——— carbon dioxide

- —————— pure water

heater

[C

O
O sampling
ol 1

peristaltic pump

r_*,____
"

Vi

Fig. 1: A schematic representation of a flow reactor simulating a hydrothermal
environment,
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3. RESULTS AND DISCUSSION

3.1 IR Spectrum

We sampled a specimen when the furnace reached 1000°C, in which the
temperature was increased linearly in time at the rate of 33.3°C/min. The specimen
of its volume 1ml was absorbed in 0.5 M sodium carbonate 100ml, and it was then
dried in a desiccator. The dried sample 0.001g mixed with KBr 0.099g was used for
its IR absorption spectrum. The result is shown in Fig. 2, indicating the presence of
O-H and C=0 bonding. These absorptions are characteristic to carbonylic acids.

i
H H

O—H
c=o  (997.03)
u (1619.9)

Absorption

- g
I S

-Z %

4000 3000 2000 1000800 600500 400 300

Wave Number [cm™]

Fig.2: An IR spectrum of the products (solid line), in which the background
spectrum (broken line) is also presented.

3.2 NMR Spectrum

Tn order to identify the products more precisely, we measured the NMR spectrum.
The dried sample prepared by following the method depicted in the previous section
was dissolved in 10 ¢ g/ml DSS in D,O Iml. This solution sample was used for
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identification of its '"H NMR spectrum, The sample obtained when the furnace
temperature reached 1000°C as raising it at the rate of 33.3°C was examined, and the
measured result is shown in Fig. 3. Standards of formic acid, water, ethanol and
acetic acid were also displayed. Their comparison clearly demonstrates that both
formic and acetic acids were formed in the reactor. Those products prior to reaching
1000°C were also identified as demonstrated in Fig. 4, in which the quantities were
measured in terms of their concentrations in the sampled specimen. The synthesis of
both formic and acetic acids was identified at the furnace temperature above
roughly 800°C.

a) sample

1°

T ~————— PPM

©
-
-
o
]
o
"

»

ethanol
acetic acid

formic acid
water

b) standard

N bJUh‘_

- : ~ PPM

1 T T
4 3 2 1 [

~
o
w-

AR A

Fig. 3: 'H NMR spectrum of the products (sample), in which standards of
formic acid, water, ethanol and acetic acid are also demonstrated.
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Fig. 4 Temperature dependence of the products, in which the temperature on the
surface of metal oxides placed on the inmer wall of the quartz tube was referred
to.

In order to see the temperature dependence of the products, we then started the
circulation of the mixture of both carbon dioxide and water after the furnace
temperature reached the designated one. When the furnace temperature was
maintained at 1100°C, no identifiable amount of the products was detected. The best
yields were obtained when the temperature was at abeut 1000°C.

The time course of the products at the constant furnace temperature 1000°C is
presented in Fig. 5, while the temperature during the first 30 minutes was increased
linearly at the rate of 33.3°C/min. The products increased during the first 120
minutes, while they decreased or were decomposed after that.

—204—



Fixation of CO: in hydrothermal envirenments

350 T T T T T T T T T T T 51‘;__; T T T ] T T ]
. o *, formic acid
— 300 | ’ . -
= X ¢ . ]
= - , "\ ]
250 ~ ’/ o P - * N t‘ =
U') : rd L} :
o C © & N :
‘3 200 | S N o
< g < 7 acetic acid Ny
9 - ’ o] N .
=, 150 ¢ ¢ - . .
c - S Ay ]
O - ¢/ e h) J
O 100 - y ™ : v ]
= : e 0o ]
8 L7 .
50 b / .
-/ ' ]
0 / L i 1 L | L 1 1 t l 1 L A i 1 L I |‘ 1 3

0 50 100 150 200

Reaction Time [min]

Fig. 5: Time development of the products, in which the temperature of the
surface of metal oxides in the furnace was raised from room temperature at the
rate of 33.3°C/min during the first 30 minutes. Once it reached 1000°C, the
temperature was maintained at that value since then.

These results, when combined together, demonstrate that formic and acetic acids
were synthesized from carbon dioxide and water molecules when they came to
contact with hot surfaces of metal oxides. Although the best yields of carbonylic
acids were obtained when the temperature of the hot surfaces of metal oxides was
set around 1000°C, the pressure was maintained at normal atmospheric conditions.
If the pressure is increased as in the situation of the actual submarine hydrothermal
vents near magmas, the likelihood of having the lower temperature for the best
yields of carbonylic acids from carbon dioxide and water may be expected.
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4. CONCLUDING REMARKS

The present experimental demonstration of synthesizing carbonylic acids from
carbon dioxide and water molecules in hydrothermal environments comes to
p/rovide us with a unitary perspective towards chemical evolution. Although
synthesis of small organic molecules can be ubiquitous even on the cosmological
scale, the transition from prebiotic to biotic evolution has been quite limited, with
the only known example having proceeded on the planet Earth so far. This may
imply that the transition could significantly have been enhanced if some
organization to rely upon was also available in addition to ubiquitous small organic
molecules. One such candidate might have been submarine hydrothermal vents and
their vicinities in the ocean on the primitive earth. Despite that those hot vents can
easily decompose small organic molecules available in their neighborhood, it can
also be the very same hot vents which could further assist in synthesizing small
organic molecules if the locales of relevant chemical reactions are properly and
naturaily chosen in hydrothermal environments.
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Abstract

Ab initio MO GB calculation including the continuum model of solvent effect
using generalized Born formula has been applied to the HCN polymers, (HCN),,
(n=1-5), and the relative energies of the polymers in aqueous solution were
compared. The relative energy of the dimer is comparable to twice the HCN
energy, while the relative energies of trimers, tetramers and pentamers decrease
rapidly as the degree of polymerization increases. Although reaction mechanisms
and barrier heights were not examined for the polymerization reactions, the
remarkable increase of stability of the polymers suggests that the polymerization
of HCN is plausible in aqueous hydrogen cyanide of prebiotic condition, even if
the polymerization reactions are not the major reaction processes.

Key words: ab initio GB study, prebiotic synthesis, HCN polymerization
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INTRODUCTION

HCN is one of the most plausible starting materials for prebiotic synthesis on
the early Earth [1,2]. In dilute aqueous solution, HCN oligomerizes to produce a
complex range of products including amino acids and nucleic acid bases [2-11].
Sanchez et al. [7] have shown that two modes of destruction of HCN compete in
alkaline solution, hydrolysis to formamide and formic acid and polymerization
(Scheme 1). The formation of amino acids includes many steps starting by
dimerization of HCN, while the formation of precursors of nucleic acid bases
includes the reaction between the trimer and aminomethylenimine which can be
produced from HCN and NH3. It has been considered that the trimer and tetramer
play key roles in the formation of adenine [5-7].

Recent development of molecular orbital (MO} theory including solvent effect
[12] enables us to analyze the chemical reactions in solution quantum chemically
and to elucidate the prebiotic synthesis of aqueous hydrogen cyanide. Ab initio
generalized Born (GB) method [13-15], which has been developed as a continuum
model of solvent effect using generalized Born formula, is an appropriate tool for
this purpose, since it is easily employed to determine the molecular structure and
energy of a molecule in aqueous solution. |

NH NHg - H20 9
HENH, < HCN ———> H-CNH,

lHCN

HN=CH-CN
{dimer)

lHCN

CN
Amino acids ~«——-=--- HzN-C-H ----- — Adenine

I
CN

{trimer)

Scheme 1
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Figure 1. HCN polymers, (HCN),, (n=1-5).

In this study, the relative energies of the HCN polymers, (HCN), (#=1-5), in
aqueous solution were calculated, and the possibility of the polymerization of
HCN and the formation of purin precursors from aqueous hydrogen cyanide was
examined.

METHOD

Ab initio restricted Hartree-Fock (HF) GB calculations[13-15] were performed
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to determine the molecular structure and energy of HCN and its polymers in
aqueous solution. For the molecules 5-16, planar geometries were assumed.
Moller-Plesset second-order perturbation (MP2) calculations were also performed
using the geometries determined by HF calculations. In the ab initio GB
calculation, the dielectric constant &=78.5 was used to represent the aqueous
solution. Basis sets[16,17] and diffuse and polarization functions[18] were taken
from literature.

In the present study, relative energies are compared among polymers with
different molecular sizes. In general, relative energies of molecules with different
molecular sizes are not uniquely defined. The relative. energy of (HCN), was
defined by,

E[(HCN),] - n E[HCN] (1)

which is the heat of reaction for the formation of (HCN), from HCN. Table 1
shows the relative energies of selected polymers calculated at different levels of
theory. Although the relative energies depend on the methods and basis sets,
similar trends are observed in energy variations for successive polymerization
steps in all methods.

Table 2 shows the relative energies among three isomers of the HCN trimers,
which have the same molecular formula and different bonding schemes. The
inclusion of polarization functions in the basis sets stabilizes ring structures. The
energy of 1,3,5-triazine, 7, relative to three HCN molecules can be estimated from
Tables 1 and 2: 24.9, 44.3, 37.0, 41.3, and 41.6 kcal/mol by HF/3-21G, HF/6-
31G**, 6-31++G**, MP2/6-31++G**¥//3-21G, and MP2/6-31++G**/[HF6-
31++G** calculations, respectively. The HE/6-31G** and MP2 energies agree
well with the experimental value of 43.5 kcal/mol [19].

The MP2/6-31++G**//HF/3-21G calculations give the relative energies which
are comparable to those of MP2/6-31++G**//HF/6-31++G** calculations. In the
present study, the relative énergies of polymers 1-16 in Fig. 1 were calculated by
the MP2/6-31++G** method using the geometry optimized by the HF/3-21G
method.

All calculations were carried out using our ABINIT program, in which the
solvent effect using the GB formula has been incorporated, on the HP-J210 and
DEC-500a workstations.
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Table 1. Relative energies (in keal/mol) of HCN polymersa)

HCN dimer trimer’ tetramer pentamer

2 4 8 13
HF/3-21G 0.0 -0.5 -24.6 :57.6 -86.3
HF/6-31G** 0.0 -4.3 -21.4 -55.4 -93.8
HF/6-314++G** 0.0 -23 -16.0 -49.2 -85.3
MP2/6-31++G** 0.0 -3.8 217 -65.1 -111.2
/MHF/3-21G
MP2/6-31++(G** 0.0 -4.0 -22.2 -65.5 -111.8

/MHEB/6-31++G**

a) The energy of (HCN), is the relative energy to » times of the HCN energy.

Table 2. Relative energies (kcal/mol) of HCN trimers

AMN trans-ethane- 1,3,5-triazine
4 diimine 5 7

HF/3-21G 0.0 20.4 -0.3
HF/6-31G** 0.0 9.7 -1%9.9
HEF/6-314+G** 0.0 9.3 -21.0
MP2/6-31+4+G** 0.0 10.1 -19.6
//HF/3-21GY

MP2/6-31++G%* 0.0 9.9 -19.4

JHF/6-31++G**Y

a) MP2/6-31++G** caleulation for the HF/3-21G structure.
b) MP2/6-31++G** calculation [or the HF/6-31++G** structure.
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RESULTS

Figure 2 shows the relative energies of HCN polymers. The dimers can be
derived by addition of CN™ at the C=N carbon atom in HCN; the trans
iminoacetonitrile (IAN), 2, is slightly more stable than the cis isomer, 3. In the

dimers, the C=N carbon atom and the C=N carbon atom may be attacked by CN’
' to give trimers; the former gives aminomalononitrile (AMN), 4, and the latter

Energy
0.0
0 4 1 3 -27
2 .38 5 -11.1
5 1.7
-20 - ‘ 4
217 1o -30.8
19 -36.2
-40 7 4138 10 a7
60 - -64.
_ _ 8_651 . 5
9 g54
16 77.8
-80_
-93,
14227
-100 ~
g3 1112
-120 -
1 1 { 1 1
1 2 3 4 5
n

Figure 2. Relative energies (in kcal/mol) of the polymers, (HCN), (n=1-5) n
aqueous solution calculated by MP2/6-31++G**/HF/3-21G method. The
numbering of molecules is shown in Fig. 1.
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gives ethanediimines, § or 6. AMN which has been recognized as an important
species in prebiotic synthesis, is most stable among these three trimers. Although
1,3,5-triazine, 7,is more stable than AMN, its formation requires a high activation
energy;, one-step reaction from three HCN molecules requires more than 70
kcal/mol of activation energy [20]. 1,3,5-Triazine may not be an important species
in the formation of adenine.

Five isomers, 8-12, were considered for the tetramer. Diaminomaleonitrile (cis-
tetramer), 10, and diaminofumaronitrile (trans-tetramer), 11, can be derived from
the reaction of AMN with HCN. The cis tetramer is slightly more stable than the
trans tetramer. The stability of the cis isomer may be due to a large dipole
moment which 1s stabilized in aqueous solution. 4-Aminoimidazole-5-carbonitrile
(AICN), 8, is derived by the reaction of AMN and formamidine or from 10
photochemically [6]. The two imidazoles 8 and 9 have similar energies.

Four isomers 13-16 were considered for the pentamer. Adenine is the most
stable of these isomers. Pentamers 15 and 16 have been considered as important
intermediates in the formation of adenine [9].

The relative energies are estimated from the equation (1). The dimers have
the relative energies similar to the monomer. As the polymerization proceeds, the
relative energies of polymers become low and the stabilization increases rapidly.

DISCUSSION

Energy profile and reaction mechanism should be examined to analyze a
chemical reaction. However, there are numerous plausible reaction paths in the
formation of adenine by polymerization of HCN, and it may be practically
impossible to examine all of them.

We have studied the mechanism of dimerization of HCN in aqueous solution

[21]. The dimerization of HCN proceeds in three steps, formation of the CN” ion

from HCN and H;O, addition of CN" to HCN, and the formation of the dimer
from the adduct by protonation. For these processes, the transition states were
isolated and the activation energies were determined. The second step, the

addition reaction between HCN and CN™ is the rate-determining step and the
activation energy (26 kcal/mol) is not large. It was also shown that the
dimerization reaction is highly accelerated by NH; dissolved in water because the

concentration of the CN” anion increases and the association of NH4" cation with
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HCN catalyzes the reaction of HCN and CN'. ‘

The reactions for the formation of trimers, tetramers and pentamers are much
more complex than the dimerization reactions, and it is practically impossible to
address many plausible reaction paths. Also a number of reactions which are
unrelated to the formation of precursors of nucleic acid bases occur in aqueous
solution. The relative energies of the polymers are thus one possible criteria to
estimate the easiness of prebiotic synthesis from aqueous hydrogen cyanide. As
is seen from Fig.2, stability of the polymers increases as the polymerization
proceeds. Adenine is very stable and the formation of adenine from aqueous
cyanide is expected strongly.

Only the relative energies have been compared in this study Two points may
be considered for more reliable discussion on the formation of adenine: (1) taking
into account the reactions more favorable than the polymerization and (2)
estimation of activation energies in every steps of the polymerization. For the
reaction of HCN in aqueous solution, the hydrolysis of HCN to formamide and
formic acid may proceed efficiently more than the dimerization of HCN. Also
many reactions are expected to compete with the trimerization and further steps.
However, stable reaction products can be accumulated in a long time provided that
HCN is supplied continuously, and the existence of the reaction processes other
than the polymerization is not a fatal factor for the prebiotic synthesis of purine
pTecursors.

The activation energy of the dimerization reaction of HCN is reduced
substantially by acid or base catalysis[21]. In aqueous solution of prebiotic
system, such catalytic action is strongly expected and the polymerization
reactions are expected to proceed with a low activation energies. This is expected
especially in the system in which the reaction product is lower in energy than the
reactant, as in the case of present polymerization of HCN.  The present
theoretical results support the prebiotic synthesis of purine precursors from
aqueous hydrogen cyanide.
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Abstract

Previously, we found two racemized and isomerized aspartic residues
(D-B-Asp) of cA-crystallin (Asp-58, Asp-151) in aged human lenses. The
ratios of racemization and isomerization of both Asp residues increased during
aging. In order to find the individual isomers of Asp residues of aA-crystallin,
we treated the pro.tein with trypsin, then separated the resulting peptides using
RP-HPLC and determined the D/L ratio of the Asp-containing peptides after
identification of the tryptic peptides. In the present study, we checked whether
other Asp residues racemized and isomerized and we succeeded in finding new
racemized and isomerized Asp residues (Asp-105 and Asp-106 residues) of
aA-crystallin by changing the conditions of RP-HPLC separation. After

treatment of aA-crystallin with trypsin, three peaks of T13 peptide, which

Viva Origino 27 (1999) 219—230
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included both Asp-105 and Asp-106, were obtained from each age sample.
According to mass spectrography and amino acid sequence aﬁ-alysis, it was
revealed that the first peak contained isomerized Asp-106(f-Asp-106), the
second one contained isomerized Asp-105(p-Asp-105), and the third one
contained normal o-linkage at both Asp residues. Isomerization of Asp-105
residue remarkably increased compared with that of Asp-106 residue during
aging. The D/L ratio of f-Asp-106 increased with age, while that of p-Asp-
105 increased until 33 year old and then slightly decreased in the samples of 80
years old. The results indicate that two new D-$-Asp residues, Asp-105 and
Asp-106, were observed in aA-crystallin from lenses of three different age,
fetal, 33-year-old, and 80-year old and those post-translational modifications

of Asp residues are related to aging process.

Key words : post-translational modification, c-crystallin, racemization, isomerization, D-

aspartic acid, p-asparatic acid, lens , aging.

1. Introduction

a-Crystallin is one of major protein in eye lens and since there is low turnover of

lens proteins, c-crystallin undergoes various post-translational modifications during aging,

such as deamidation (1, 2), racerﬁization and isomerization (3,4), C-terminus truncation (5-9)
N-terminus truncation (10), phosphorylation (1 1), oxidation (12, 3, 4), acetylation of Lys-70

(13), and crosslinking in intramolecular disulfide bonding (14, 15). -Most of these
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modifications are age dependent and cause extensive heterogeneity of a-crystallin.

It has been considered that D-aspartic acid tesidues (D-Asp) and B-Asp of

polypeptides are formed by racemization and isomerization during the natural aging process.
Previously, we found two D- B -Asp residues of aA-crystallin (Asp-58, Asp-151) (4) and
two D-p -Asp residues of aB-crystallin (Asp-36, Asp-62) (3) in aged human lenses. Site-

specific racemization of the Asp-151 residuc of aA-crystallin has also been observed in

bovine lens (16), UV-irradiated young rat lens (17), aged and X-ray irradiated mouse lens
(18,19), rabbit leﬂs, and those from aged horses (our unpublished observation) despite the
difference of amino acid sequences among these species. These results suggested that the
configuration of Asp-151 residue in aA-crystallins stereochemically labile. In the present
study, our purpose is to find other racemized and isomerized Asp residues in aA-crystallin

obtained from human fenses of various ages.

2. Materials and methods
Fetal lenses and a 33-year-old (young lens) and the lenses from subjects with a mean
age of 80 years (aged lenses)were homogenized in buffér ('.-IOO mM Na,SO, and 1 mM
EDTA/50 mM Tris-HCI buffer, pH 7.4). The proteins weré fractionated iﬁ;o water-soluble
and water-insoluble fractions By centrifugation at 15000 g for 20 min at 4°C. The water-

soluble fractions were applied to Superdex 200 (2.6 X 120 rﬁm, Pharmacia, Uppsala,

Sweden), equilibrated with the same buffer, and the a-crystallin fraction was collected. «-

Crystallin was digested with trypsin for 20 h at 37°C in 0.1 M Tris-HCl buffer (pH 7.6) with
20 mM CaCl, at an enzyme-to-substrate ratio of 1:50 (mol/mol). The resulting tryptic (T)
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peptides were separated by RP-HPLC (LC-10A, Shimadzu, Kyoto, Japan) using a C18
column (TSK gel-ODS-80 T™, 4.6 x 250 mm, Tosoh, Tokyo, Japan) as previously
described (Fujii et al., 1994b) except for the modified gradient, 0-35% acetonitrile in 250
minutes. All glassware was baked at 500°C for 3 h. The peptides were hydrolyzed with
gas-phase 6 N HCI in vacuo at 108°C for 7 h. After hydrolysis, the samples were
derivatized with o-phtalaldehyde (OPA) and n-tert-butyloxycarbonyl-L-cysteine (Boc-1.-Cys)
to form diasterecisomers. The determination of the D/L ratio of amino acids was
performed by RP-HPLC with a C18 column (Nova-Pak ODS, 3.9 x 300 mm, Nihon ‘Waters,
Tokyo, Japan) using fluorescence detection (344 nm excitation wavelength and 433 nm
emission wavelength) according to Fujii et al (3). Amino acid sequences were determined
using Edman degradation on a pulsed-liquid protein sequencer equipped with an on-line
phenylthiohydantoin (PTH) amino acid analyzer (Applied Biosystems 476A/120A, Foster
City, CA, U.S.A). Mass spectra analysis of the tryptic peptides was performed by a matrix-
assisted laser desorptionfionization time-of-flight (MALDI-TOF) mass spectrometer
(Kompact MALDI IV, Shimadzu Corporation).  The MALDI-TOF equipment was operated
with a nitrogen laser at a wavelength of 337 nm and ion acceleration voltage of 20 kV. The
data were collected in reflection mode as signals of positive ions. As a matrix, 2,5-
dihydroscybcnzoic acid (DHBA, 10 mg) was dissolved in 1 ml of a 0.1% solution mixture
containing trifluoroacetic acid and acetonitrile at a ratio of 2:1 (vol:vol). The sample peptide
(0.5 ml) was added to an equal volume (0.5 ml) of the matrix solution on the plate and then

dried. Each sample was present at a level of a few pmols per spot.
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3.Results
Based on the amino acid sequence of aA-crystallin, 20 tryptic peptides (T1 to T20)
were expected. As we previously reported (4), T6 (Asp-58 containing peptide) and T18 (Asp-

151 containing peptide) peptides were separated into two peaks on RP-HPLC ‘due to the

difference between the a-and p-linkage of Asp-58 and Asp-151, respectively. In addition, we

found two racemized and isomerized Asp residues, (Asp-105 and Asp-106), of aA-crystallin

obtained from lenses of three different age. Figure 1 is a part of the elution profile (about
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Fig. 1. Portion {10-11%) of elution profile of tryplic peptides of aA-crystallin from fetal lenses(a), a 33-year-
old lens(b), and lenses from subjects with a mean age of 80(c). Tryptic peptides were separaicd by reverse-phase
HPLC using a C18 column (TSK gel-ODS-80TM, 4.6 x 250 mm, Tosoh, Tokyo) with a gradient of 0-40%
acetonitrile in the presence of 0.1% trifluoroacetic acidat a flow rateof 0.8 ml/ min, with monitoring at 215 nm.
The peaks were identified on the bases of mass spectrometry and sequence analysis.
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10-11% acetonitrile/DW) of the tryptic peptides in o-crystallins obtained from the fetat (a)

young(33-year-old) lens (b) and aged(SO—year-old)'lenses (c). The peaks were assigned on

the basis of mass spectrometry (MS) and amino acid sequence analysis. The symbols at each

peak correspond to the tryptic fragment. Both Asp-105 and Asp-106 residues were present in

the T13 peptide, which was separated into three peaks on RP-HPLC for all three age.

TableI TOF-MS and sequence analysis of T13 (QD'“D'™HGYISR) peptides of cA-crystallin
from human lens.
Tryptic Observed M+H’ Molar ratio of
age Peak Peptide Sequence Observed Theoretical total T13 peptides
fetal T13a T13f{Aspl06) QD 1092.0 1091.0 3%
T13b T13p(Asp105) Q 1091.7 1091.0 11%
Ti3c T13a QDDHGYISR  1091.7 1091.0 86%
33-year-old | Ti3a T13p(Aspl06) QD 10913 1091.0 5%
T13b T138(Aspl05) Q 1091.5 1091.0 2%
Ti3c T13a QDDHGYISR  1092.1 1091.0 73%
. 80-year-old | T13a T13p(Aspl06) QD 1091.2 1091.0 l 4%
T19 AIPVSR 6454 643.1
BT19 EEKPAV 1194.6* 1140.8
T13b T13p(Aspl05) Q 10919 1091.0 42%
BB2(112-119) ENPNFTGK 932* 906.4
Bs(141-146) ELPNYR 788.6 792.7
T13c T13a QDDHGYISR 10919 1091.0 54%

The molar ratio were calculated based on the area of peaks and amino acid sequence in the peaks.

*It considered to add Na(+23) to theoretical mass value.
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The MS analysis of these T13 peptides (T13a-c) revealed 1091 Da which was
consistent with the theoretical mass (Table I). In previous studies, we distinguished the a-
and fi-linkage of Asp residues by sequence analysis because the f -linkage of the Asp residue

is resistant to Edman degradation. Sequence analysis of T13a gave the sequence QD'*,

which indicates §§ -linkage of Asp-106 (T13 B-Asp-106); the sequence analysis of T13b was

104

only Q™, which indicates at least the § -linkage of Asp-105 (T13 3 I—Asp—IOS); and the
sequence analysis of T13c was QD'’D'™"HGYISR, which indicates normal o-linkages of
both Asp-105 and Asp-106 (T13a). The molar ratios of those T13 epimers were calculated by
a combination of the areas of peaks of RP-HPLC and amino acid sequence analysis (Table [).

In all three age subjects, the relative amounts of the T13 epimers were in the same
order, T13a > TI3 (B -Asp-105) > T13 (B -Asp-106) (T13c>T13b>T13a) and T13 (B -Asp-
106) was always under 10% of T13« in lenses of all three age (Table I). The relative amount
of the peptides containing isomerized Asp-105 residues, T13 (B -Asp-105) to T13a increased
with age (0.13 in fetal, 0.30 in the young lens and 0.77 in the aged lenses)(Table II), while
T13 (p-Asp-106) kept almost the same ratio of total T13 peptides (Table I).

The D/L ratios of Asp residues in those T13 epimers were determined, As shown in

.Table II, the D/L ratios of Asp residues of T13 (B-Asp-105) and T13 (B -Asp-106) were

higher than that of the Asp residue of T13a in 33 and 80 year old lenses. This result,

showing D/L. ratios of B-Asp to be higher than that of a-Asp-residues, is consistent with
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Table I  Characterization of T13 epimers of aA-crystallin in three different age.

age Peptide Linicagc of Asp Bla D/L of Asp
fetal T13a B(Asp106) 0.04 0.032
" T13b B(Aspl05)* 0.13 0.031
T13c o - 0.027
33-year-old T13a B(Asp106) 0.07 0.183
T13b B(Aspl105)* 0.30 0.228
T13c o - 0.058
80-year-old T13a B(Asp106) 0.08 0.498
T13b B(Asp105)* 0.77 0.167**
T13c a - 0.084

The D/L ratios of Asp residues were measured in triplicate.

The ratios of B-linkage to o-linkage (B/c) were calculated based on the area

of peaks and amino acid sequence in the peaks.

*We couldn't determined whether Asp-106 were isomerized or not.

**The D/L ratio of Asp-105 residue was underestimated because of coexsitence
of Asn-113 in fB2-crystallin and Asn-144 in Bs crystallin.

previous reports (4,9). During aging, the D/L ratios of B-Asp-106, o~Asp-105 and o~Asp-

106 increase. On the other hand, the D/L ratios of f -Asp-105 increased with age betweer

fetal and 33-year-old, then seemed to decrease slightly between 33-year-old and 80-year-old.
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In aged lenses, there were two peptides containing the Asn residue, BB2 (E''*NPNFTGK! %)
and PBs (E"LPNYR'*) in the same fraction of TI3 (B-Asp-105)peak T13b), which
comprised 20-30% of T13 (-Asp-105) which may resuit in the underestimation of /L ratios
of B-Asp-105 Because we could not distinguish asparagine (Asn) and Asp by the method of
determination of D/L. amino acids. Unfortunately, we did not have a sufficient sample for
rechromatography and further analysis of the fraction. We could not also determine whether
Asp-105 or Asp-106 was the main contributor to the high D/L ratio and whether Asp-106 was
isomerized in T13 (B-Asp-105)(peak T13b) because we could not separate those two Asp

residues even using RP-HPLC separation after treatment of endoproteinase AspN.

4. Discussion

. In aged human lens, we reported the isomerization of Asp-58 (20% of total Asp-58)
and Asp-151 (50% of total Asp-151) of aA-crystallin (4) and Asp-151 (37% of total Asp-
151) of truncated a:A-crystallin (9). The relative molar ratios of isomerization found in aged
human lenses are higher than other modifications, such as acetylation of Lys-70 (5%),
oxidation of Cys residues (<10%) and phosphorylation (20% at Ser-122) and as high as
truncation (50% at Ser-173), deamidation (30% at GIn-50, 50% at Asn-101) in aged human
lens. In this study, we found new racemized and isomerized residues at Asp-105 and Asp-
106 of aA-crystallin and the ratios of p-linkage were also high in T13 (B-Asp-105), with 22%
in the young lens and 42% of the total in the aged lenses (Table I). In a previous report (4),
we showed that B/ linkages of Asp-151 and Asp-58 increased with age; the B-contents of
Asp-151 and Asp-58 in aA-crystallin of 11 months old lens were about 5%, while the
residues of aA-crystallin of 80 year old lens were 50 % and 20 %, respectively. In this study,
we found the isomerization of Asp-105 and Asp-106 even in fetal at levels of 11% and 3%,
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respectively. During aging, the molar ratio of T13 (B-Asp-105)(peak T13b) increased in
lenses from older subjects and the amount of increase was almost the same as the decrease of
T13afpeak T13c) (Table 1).

Now we clarified that four specific Asp residues (Asp-58, Asp-151, Asp-105, Asp-
106) of aA-crystallin were simultaneously isomerized and racemized during aging. It is
suggested that the configuration of those four Asp residues in cA-crystallin is
stereochemically labile, which may cause the local structural chanée around the Asp residues,
resulting in the conformational change of monomeric aA-crystallin. Although the ratios of
racemization of Asp-105 and Asp—l()G were lower than those of Asp-58 and Asp-151, the
ratio of isomerization of Asp-105 was as high as those of other isomerized Asp residues, and
those isomers may effect on the three-dimensional structure of aA-crystathin. Subsequently,
those changes may produce an effect on surface hydrophobicity leading to the formation of
Jarge aggregates (HMW) and affect the transparency in old human lenses. Further studies are
being focused on the racemization and isomerization of those specific Asp residues of aA-

crystallin in samples from subjects of various ages.
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