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ABSTRACT

It has been described that enzymes or proteins irradiated with y-rays increasingly
changes their steric conformation with their dose, and results in losing their
physiological activity. Although the interaction between irradiation dose and activity
change has still remained unclear, biological effects in low irradiation dose have
generally intrigued us. In this study, we report increasing activity of tryptophanase
irradiated with a low dose of y rays [ L-tryptophan : 18 % increase (0.12 KGy), D-
tryptophan : 37 % increase (0.24 KGY)]. We have proposed that conformational
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change of tryptophanase is responsible for the advent of activity for D-tryptophan,
and also is now investigating whether this activity change is connected with

conformational change.

Key words: y-rays, Tryptophanase, D-tryptophan, Increasing activity change

INTRODUCTION

1-amino acid is recognized by a unique enzymatic stereospecificity."? If its
steric conformation is modified so as to correspond to the opposite enantiomer, D-
amino acid will be possibly recognized, though it is difficult to find such an enzyme
active to D-amino acid by changing the steric conformation for L-amino acid. ) We
have found that tryptophanase becomes active to both D- and L-tryptophan in highly
concentrated diammoniumhydrogen phosphate solution.®” The appearance of the
activity for D-tryptophan seems to be due to somewhat steric conformational change,
since the tryptophanase activity reverses into the original state in the absence of
diammoniumhydrogen phospbate.® Such a conformational change, if happened, is
considered to be very limited because of its reversibility. It is interesting to know
what kind of conformational change induces its activity for D-tryptophan. On the
other hand, y-rays are widely known to give proteins or enzymes tertiary
conformational changes.>'” A large dosage of y-rays deactivates enzyme because
of its drastic change, while a small dosage is supposed not to deactivate because of
its minor change, which is called hormesis.'>'® In this study, we irradiated a low
dose of y-rays for tryptophanase and analyzed its activity change. Since the activity
change of y-tryptophanase seems to be closély related to tertiary structural change,
infonnatior_x“received upon y-tryptophanase will help us understand a mechanism of

D-tryptophan recognition in the presence of diammoniumhydrogen phosphate.

MATERIALS AND METHODS
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Y-rays generate by-products from biomolecules. y-ray irradiation also gives
possible formation of by-products from tryptophanase or tryptophan. As
aldehydelike by-products especially colors Ehrlich reagent to red, it is important to
determine their presence or absence in advance, Thus, it was investigated whether
aldehydelike by-products were generated by y-rays from tryptophanase, L- and D-
tryptophan (Trp) together with gelatin, L-alanine (Ala) and L-alanine oligomers. All
the samples were prepared to a concentration of 2 mg/m¢ with Britton-Robinson
buffer (pH 8.3) and immediately irradiated with 0, 5.0 or 15.5 KGy y-rays at room
temperature. After irradiation, they were analyzed with Ehrlich reaction in order to
know whether aldehydelike by-products were formed.

Crude tryptophanase purchased from Sigma Chem. Co. (St. Louis, USA) was
used for experiments without purification. The composition of reaction mixture for
D-Trp degradation was different in both enzyme and substrate concentrations from
that for L-Trp degradation because tryptophanase activity for D-Trp (initial velocity
(A Agppp/min) = 8.0x10™*, Vm =0.006 units/mg and Km=750 mM in the presence of
1.2 M diammoniumhydrogen phosphate of pH 7.8) was much lower than that for L-
Trp (initial velocity (AAsgy,/min) = 9.4x107, Vm=0.09 units/mg and Km=330 mM
in pH 8.3 Briton-Robinson buffer solution). For L-Trp degradation reaction, the
reaction mixture included 50 pg/m¢ enzyme, 245 uM L-tryptophan and 380 uM
pyridoxal 5'-phosphate in pH 8.3, and for D-Trp degradation, it includes 200 pg/m¢
tryptophanase, 980 uM D-tryptophan, 1.2 M diammoniumhydrogen phosphate and
380 pM pyridoxal 5'-phosphate in pH 7.8. Prior to y-ray irradiation, the enzyme was
prepared to a concentration of 2 mg/m¢ in Britton-Robinson wide range buffer
solution of pH 8.3. This enzyme solution was exposed to 0~28 KGy y-ray
irradiation for which a 10,000 Ci cobalt-60 source was used with a dose rate of 22.9
kGy/h. After irradiation, tryptophanase activity for L- and D-Trp was immediately
assayed at 37 °C for 30 min in L-Trp degradation and for 4 h in D-Trp degradation
to obtain coloration enough to detect. Indole released from tryptophan was extracted
by n-butanol and colored with Ehrlich reagent for 30 min at 60 °C, and then its
amount was calculated at A'= 570 nm.

Unless otherwise stated, reagents were obtained from Wako Pure Chem. Co. Ltd.
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(Osaka). Allchemicals were reagent grades. All glasswares were washed by soaking

more than 3 days in a special detergent, CLEAN 99CL (Clean Chemical Co. Ltd.,

Osaka), thoroughly rinsed in deionized and distilled water, and then dried in an oven

RESULTS AND DISCUSSION

1. By-products generated by y-ray irradiation
y-rays produce different kinds of by-products upon irradiating amino acids or

proteins, among which by-products such as aldehydes sensitive to Ehrlich reaction

must be carefully checked, since its reaction was mainly employed to detect indole .
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Fig.1 Aldehydelike matters produced with y -ray-irradiated
tryptophanase, D- and L-tryptophan. @: L-Ala, +: L-Ala-L-Ala,
X:L-Ala-L-Ala-L-Ala, <: L-Trp, O: D- Trp O:
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during the course of study. Fig. 1 shows the y-rays-irradiated aldehydes from the
solutions (tryptophanase, gelatin, L- and D-Trp, L-Ala and L-alanine oligomers),
among which sole Ehrlich reagent-sensitive matter was formed in the case of L-Ala.
Ehrlich reagent-sensitive matter was supposed to correspond to aldehydes which
were formed by -OH radical upon y-irradiation. Alanine might be subsequently
transformed by <OH radical attacks into H,NCH(-CH,)HCOOH —
H,NCH(CH,OH)COOH — H,NCH(CHO)COOH, and finally converted to
H,NCH,CHO or CHyCOCOOH through decarbonation or deamination. None of
products sensitive to the reagent were formed in the case of tryptophanase and L- or

D-Trp irradiated with y-rays.
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Fig2 Remaining activity of v —tryptophanase for D-Trp
degradation. M presence of tryptophanase, @: control
( absence of tryptophanase).
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2. Tryptophanase exposed to high y-ray irradiation

Remaining activity of y-tryptophanase was analyzed for D-Trp degradation. It
was firstly investigated whether y-rays gave rise to by-products as aldehydes from
D-Trp. Controls (@ in Fig. 2), in which only tryptophanase was eliminated from
reaction mixture, were not colored at all by Ehrlich reagent in the same manner as
described in Fig. 1, indicating no generation of aldehydes. When tryptophanase was
exposed to strong y-rays, it was deactivated with their dose (M in Fig. 2). The
deactivation curve of tryptophanase shows logarithmical decrease, and 80 % of the
initial activity was lost at a dose of 15 kGy. High irradiation dose is considered to

give tryptophanase irreversible and drastic conformational change because

0.3

0.2

A570nm

0.1

]
et
[ 3]
(8]

¥ -ray irradiation dose (kGy)

Fig 3 Change of tryptophanase activity. M: D-Trp
@ L-Trp. ,
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tryptophanase didn’t resume to the original state again. On the other hand,

tryptophanase was not deactivated in a range of low dosage such as several kilograys,
or rather seemed to give a slight increasing trend of activity. We analyzed the activity
of tryptophanase exposed to a low dosage of y-ray irradiation in the further

experiment.

3. Positive effect of low y-ray irradiation on tryptophanase activity
Tryptophanase was irradiated between 0 and 2.8 kGy, and analyzed for its activity
against L- and D-Trp (Fig. 3). Tryptophanase activity increased with increasing dose
from 0 to 0.3 kGy and then decreased. The activity for L- Trp increased from 0.28
(y-irradiation dose = 0 kGy) at absorbance of A=570 nm to 0.33 (y-irradiation dose
=0.12 kGy). On the other hand, that for D-Trp increased from 0.19 (y-irradiation
dose = 0 kGy) to 0.26 (y-irradiation dose = 0.24 KGy). The respective activity went
beyond that of unirradiated tryptophanase by 18 % and 37 %, indicating that such
low dose enhanced enzyme activity.

When enzyme tertiary structure of enzyme changes, it is generally known that
affinity for substrate or catalytic efficiency also changes.”*'® Although the structural
change of tryptophanase was not really investigated, the change of tryptophanase
activity might be also responsible for steric conformational change which led to
increasing affinity for L- and D-Trp or catalytic efficiency. Accordingly, the activity
for L- and D-Trp might increase. A rate of increasing activity for D-Trp was
especially twice as much as that for L-Trp. The action of diammoniumhydrogen
phosphate on D-Trp activity might be elevated by this conformational change. There
is a question that the conformational change is small or not. The enzyme activity was
repeatedly measured the next day after it was measured, but the increasing activity
was not reappeared. Thereby, the conformational change is considered to be
transient. It seems to be very small change and promptly reverse.

We have shown that diammoniumhydrogen phosphate is responsible for the
advent of activity for D-Trp. We have proposed that conformational change should
conduct it. It was suggested that small conformational change by low y-ray

irradiation promoted the effect of diammoniumhydrogen phosphate on the activity for
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D-Trp. If such small change actually generates, it may also conduct the activity for

D-Trp instead of diammoniumhydrogen phosphate. If so, low y-ray irradiation may
give tryptophanase the same action as diammoniumhydrogen phosphate. Infact, we
investigated to solve that question on the appearance of the activity for D-Trp
whether y-tryptophanase irradiated at 0.24 kGy, whose dose gave the highest activity
for D-Trp in Fig. 3, reacted with D-Trp in the absence of diammoniumhydrogen
phosphate, but it did not have the activity for D-Trp. Judging from this lability of
conformational change, it will be difficult to keep such small conformational change
for long period. A dosage of 0.24 KGy will be too strong to hold such small change.
Lower dosage than it should be administrated for the occurrence of the activity for
D-Trp. Inaddition, the coexistence of D-Trp together with tryptophanase will make
it easier to detect the activity for D-Trp. An optimal dose to induce the activity for

D-Trp is now being explored.
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ABSTRACT

The effect of L-ascorbic acid 2-phosphate (Asc2P) on the formation of colonies
and lentoids in serially subcultured bovine lens epithelial cells (LEC) were
examined. When the cells were plated at low cell densities in culture medium
without Asc2P, bovine LEC formed only type I colonies, which were composed
of epithelial-like cellsat passage 5. When they were plated in culture medium with
1 mM Asc2P, in addition to type I colonies, the cells formed type II colonies
composed of fibroblast-like cells. When the cells were plated on a millicell CM,
bovine LEC were inducedto form larger lentoids in the presence of 1 mM Asc2P.

Furthermore, the largernumbers of aA crystallin-producing cells were found in
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©2000 by SSOEL Japan 77



T. Tokiwa etal.
the lentoids. Theseresults suggestthat the differentiated functions of bovine LEC
canbe restored by exposingthe cells to Asc2P and/ or by lentoid formation even
after duringthe late stage of passage.

Key words: lens, epithelial cells, ascorbic acid, differentiation, colony, lentoid.
INTRODUCTION

L-Ascorbic acid is present at the high concentrations in the aqueous humor of
many species. Enhancement of differentiation of lens and pigment cells by L-
ascorbic acid has been reported in the neural retinal cells from chick embryos in
vitro (1). Sometimes lens epithelial cells (LEC) in culture can be induced to form
lentoids composed of cells exhibiting the characteristics of more highly
differentiated lens fiber cells (2). However, the ability of cells to produce such
lentoids declines with the number of serial subcultures (2-3). To develop a cell
culture system that maintains the normal differentiation capacity of LEC would
be important inthe study of cataractogenesis(4-9).

The present study is to examine the effect of L-ascorbic acid 2-phosphate
(Asc2P) on the colony formation of serially subcultured bovine LEC. The
feasibility of using lentoids as a model system for studying bovine LEC
differentiationin vitro was alsotested.

MATERIALSAND METHODS
Cell culture

Bovine lenses were obtained from adult cattle within 24 hrs of slaughter. A
small cut was made in the posterior capsule of the lens, the free edge was grasped
with forceps, and the capsule with attached epithelium was placed in a type I
collagen-coated 60 mm tissue culture dish (Iwaki, Tokyo, Japan). The epithelium
was cut into two or three fragments, and an explant culture of the epithelium was
carriedout in a primary cultureas previously described(10). For subculturing, the
cells were rinsed once with phosphate-buffered saline (PBS) and then digested
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with 0.2% trypsin containing 0.02% ethylenediaminetetraacetic acid (EDTA) for
3-5 min. Cellnumber was determinedby trypan blue dye-exclusiontest. To obtain
small number of cells, cell suspensions were diluted with the culture medium.
Subculturing was routinely carried out at a cell density of 2 x 10* celis/cn? in 24-
well cluster plates every 10 days. For colony-forming assay, cells were seeded
into the 60 mm tissue culture dishes at 500 cells/dish. Six to ten days later, the
colonies formed were fixed in methanol and stained with Giemsa. For lentoid
growth, 1.2 x 10° cells were seeded onto a millicell CM insert (Millipore,
Bedford, MA), which contains a nonhaptotactic membrane. The inserts were then
placed into 6 well polystyrene plates (Iwaki, Tokyo, Japan). 1.0 and 1.5 ml of
culture medium, Dulbecco's modified Eagle's medium (DMEM) supplemented
with 5% fetal bovine serum (FBS), were added to the upper and the lower
chamber of the plates, respectively (1 1-13). The cells were cultured in a
humidified atmosphere of 5% CO2 and 95% airat 37 °C. The culture medium was
changed routinely every 2 days. Usually, lentoids were formed 2 or 3 days later
after plating. The effect of 1 mM L-ascorbic acid 2-phosphate magnesium salt
hydrate (Wako Pure Chem. Ind., Tokyo, Japan) was tested on the formation of
colonies and lentoids. Insulin (Wako) was used at a concentration of 5 x 10°6 M
asthe control.

Fig.1. A) A colony(type I} composed of epithelial-likecells. B) A colony (type

IT) composed of fibroblast-like cells. Giemsa. x 100,
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Immunocytochemistry

Celis were fixed in a buffered 10% formalin solution. Sections were prepared from
lentoids formed on a millicell CM membrane, as described previously (11,13). For
immunocytochemistry, rabbit anti-human a A crystallin was used as a primary
antibody. Staining was carried out using the LSAB kit containing 3-amino-9-
ethylcarbazole as the substrate of horseradish peroxidase (Dako, Japan) according
to the previous reports (13-14). CHO-K 1 cells were used as the negative control.

RESULTSAND DISCUSSION

Bovine LEC were cultured well in vitro as a monolayer and could be passaged
11 times. The population doublinglevel(PDL) was 20. a A crystallin production
by thecellswas declined markedly with serial subcultures (datanot shown).

The colonies were formed when bovine LEC were plated ata low density
in culture medium with or without Asc2P at passage 5. The colonies were
morphologically classified into two types, type I and II (Fig. 1). As shown in
Table 1, only type I colonies, which were composed of flat epithelial-like cells,
were formed when the cells were plated in the absence of Asc2P. When the cells
were plated in culture medium with Asc2P, however, bovine LEC not only formed
type I colonies, but also type I1. The number of the type II colonies was not high
and the type II colonies were composed of fibroblast-like cells. Most of thetype I
colonies were small in size and composed of less than 50 cells per colony, but
type I1 colonies were relatively large in size. The plating efficiency of bovine LEC
was slightly increased when culture medium contained Asc2P or insulin.
Concerning the formation of type II colonies, Asc2P was more effective than the
insulinused as the control (15). The expression of a A crystallin increased with
L-ascorbicacid 2-phosphate (datanot shown).

LEC were shown to be a developmental transition into fiber cells of the lens
cortex. This process is characterizedby distinct biochemical changes, such as the
synthesis of fiber-specific proteins, and morphological changes, such as cell
elongation, loss of cellutar organelles and disintegration of the nucleus (16). The
fibroblast-like cells in the type II colonies are reminiscent of differentiated fiber
cellsin vivo.
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Table 1 The Effectof Insulin or Ascobic Acid2-Phosphate on the
Colony Formation of Bovine Lens Epithelial Cells
in Culture

Plating Efficiency(%)*

Colony None Insulin Ascobicacid2P

Type Sk L% S L S L

1 34 0.2 6.3 0.2 45 07
I1 0 0 0 0.4 0.5 0.6

* Mean of three experiments
** Colonies composed of less than 50 cells
*#* Colonies composed of morethan 50 cells

The proliferation of skin fibroblastsis stimulatedin the presence of Asc2P (17).
The addition of Asc2P to the medium inducesthe growthand/or differentiationof
porcine liver epithelial cells (Mukaiyama et al., personal communications), Asc2P
is a cofactor for the hydroxylation of proline and lysine residues in collagen, and
has been reported to increase both the rate of transcription of procollagen genes
and stability of procollagen mRNA (18). It has been demonstrated that the
synthesis of collagen is essential for the maintenance of functions of cultured rat
hepatocytes (17). These facts suggest that collagen synthesis stimulated by
Asc2P may also be involved in the mechanism of differentiation of bovine LEC
shown here.

In vitro, the cultured LEC from chick, quail, and human have been observed to
differentiate into spheroid aggregates, termed lentoids, which can produce several
lens-specific proteins, such as crystallins (2). Such a differentiation would be
expected in three dimensional configuration of cells in the lentoids as observed in
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Fig.2. Lentoids formed when bovine LEC were platedin culture medium with
insulin(B)or Asc2P (C) and without the reagents(A). Phase contrast.
Bar,10 um.

other tissues as well (11-13,19). Lentoids have therefore been of great interest to
study differentiation. However, lentoid formation using standard tissue-culture
techniques have been shown to take a long time. Early passage human LEC
formed lentoids after 40-50 days on standard tissue culture surfaces (2), but
required only 2-7 days on a nonhaptotactic membrane such as the Millicell CM
used here. Bovine LEC were induced to form larger lentoids when they were
plated on Millicell CM in the presence of Asc2P or insulin. However, the large
lentoids were not developed in the absence of these reagents (Fig.2).

Lentoids expressed a A crystallin more than monolayer cultures (data not

shown). Furthermore, a largernumber of crystallin-producing cells was present in
the lentoids when Asc2P was added to the medium (Fig.3).
Retinal pigmented epithelial cells proliferated when they were cultured to induce
dedifferentiation. By the addition of ascorbic acid, the dedifferentiated cells
accumulated and formed a large number of lentoids (20). Based on the results from
~ the present experiments, it is likely that the addition of Asc2P induced the
accumulation of differentiated bovine LEC and caused them to form larger
lentoids. ‘
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Fig.3. Lentoidsformed whenbovine LEC were plated in culture medium with (B)
or without (A) Asc2Pby immunostainingusing anti @ A crystallin. Bar,
10 g m. Inset,alens-likestructure found in a lentoid.
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ABSTRACT

Huxley proposed that the process of biological evolution proceeded stepwise.,
In this report, we present a few experimenta! evidences which show that the
process of chemical evolution also took place in a stepwise manner. We
proposed two stages which are supposed to be responsible for the stepwise
chemicalevolution.  The first stage was shown from the dilution effect of
radiation which is an universally observed phenomenon in the field of radiation
chemistry..  The second stage was shown from the action of rare earth
element (REE) to hydrolyze nucleotides and to inhibit catalytic activity of
proteins. The low “transition from quantitative change to qualitative change”
seems to be valid for the principal cause of the stepwise chemical-evolution.

Key words: Chemical evolution, Stepwise chemical-evolution, Rare earth element,
Radiation, Dilution effect
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Table i. G-values for the decomposition of glycine, and the formation of amino acids
* and amines.

Conc. () GC-Clyy  G(Asp) GGTRD) G(#Ser) GGGIW *GEHA. A) G{+MeNHz) CCHEENH) G(#NHa)

10-# 0.286  0.00024 0.00012 0.00004 0.00002 0.00042 0.0013 0.0010  0.0023
102 0.556  0.00041 0.00015 0.00010 0.00003 0.00068 ©.007¢ 0.0031 0.0230
10! 3.08 0.00048 0.00045 0.00022 0.00016 0.0013L 0.0117 0.014L  0.061
bry 23.97 0.00084 0.00041 0.00013 0.00064 0.00202 ©.0145 0.0330  0.187

‘peans Lhe G-value of the sum of four kinds of amlno acids.
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ABSTRACT

The CCA sequence is common to the 3'-ends of all tRNAs and
aminoacyl-tRNA synthetases (aaRSs) can be divided into two groups on the
basis of differences in the structure of their active sites. In tRNAs belonging
to the class I aaRSs, decreased aminoacylation activities resulted from the
substitution of A76 with a pyrimidine, whereas in tRNAs belonging to the
class II aaRSs, decreased aminoacylation activities resulted from the
substitution with guanine. The results suggest that the 3'-terminal adenine
base of tRNA is very much related with the early evolutional aspect of
aaRSs. Aminoacylation of proto-tRNA might have started through the direct
hydrophobic (or stacking) interaction between the large, hydrophobic amino
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acid residue {(now utilizing a class I aaRS) of aminoacyl-AMP and the 3'-
terminal adenine. The shorter distance between the adenine and the 2'-OH
position than the 3'-OH position, and the bulkiness and hydrophobicity of
amino acids may be important reasons why class I aaRSs select the 2'-OH
position in aminoacylation. Molecular mechanics-based conformation
modeling also indicated that the resulting positioning of the adenine-base
and the aminoacyl residue of 2'-aminoacyl-adenosine for large and
hydrophobic amino acid is in proximity, which is advantageous for the
hydrophobic interaction. In contrast, in the case of small amino acids (with
class I aaRSs) which were not able to use this interaction, a protein enzyme
might have participated in the aminoacylation reaction from an early stage.
The active-site folds of aaRSs belonging to each class reflect the history of
evolution: evolved nucleotide-binding fold (Rossman fold) (class I aaRSs),
and primitive fold, found also in the family of adenylate-forming enzymes
(class IT aaRSs).

KEY WORDS : tRNA, CCA sequence, Aminoacyl-tRNA synthetase,
Evolution

1. INTRODUCTION

In the processes involved in the translation of genetic information,
tRNAs play crucial roles. Among these processes, aminoacylation is the
first step in which tRNAs participate. The 3'-terminal three nucleotides
(CCA 3'-end) are universal among all tRNAs (Sprinzl ef al., 1989), and
aminoacylation is performed uniquely at the 2'- or 3'-OH of the ribose of the
terminal adenosine residue by each aminoacyl-tRNA synthetase (aaRS).
The CCA end is clearly not responsible for discrimination by noncognate
aaRSs. However, these three terminal nucleotides are located in the vicinity
of the active site of the aaRS and the elucidation of the influence of the
nucleotides in the CCA sequence on the efficiency of aminoacylation



Evolutional relationship of terminal adenosine of t-RNA
should give us clues toward understanding aminoacylation and its evolution,
including the problem of opposite stereochemistries of aminoacylation.

The studies using deletion or insertion technique (Kirschenbaum and
Deutscher, 1976; Roy and Tener, 1967; von der Haar and Gaetner, 1975),
chemical modification (Maelicke e al., 1974; Schulman and Pelka, 1977,
Sprinzl ef al., 1972; Sprinzl et al., 1973; Uretsky et al., 1968; Ward et al,,
1969) and X-ray crystallography (Biou ef al., 1994; Cusack et al., 19964;
1996b; Goldgur ef al., 1997; Rould et al., 1989; Ruff et al., 1991) have been
performed extensively. We also investigated the role of the CCA sequence
in aminoacylation (Tamura ef al., 1994) and peptidyl transfer reaction
(Tamura, 1994). However, these studies have not given us an answer
concerning the significance of the CCA sequence from the standpoint of
evolution.

aaRSs can be divided into two groups on the basis of differences in the
structure of their active sites, and class I aaRSs share a "Rossman
nucleotide-binding fold" (Carter, 1993), whereas class II aaRSs pOSSess an
antiparallel 3-sheet in their active sites (Cusack ef al., 1995). In addition,
class T aaRSs position the 2'-OH of the terminal ribose to attack the
carbonyl of the aminoacyl-AMP, whereas class II aaRSs place the 3'-OH in
the reactive position (Eriani ef al., 1990). The minimal structure of the RNA.
substrate is now considered to reside in the acceptor stems of tRNAs, and
the corresponding minimal primordial aaRs§ is thought to have recognized
these regions (Schimmel ef al., 1993). However, an explanation of the
origin of such opposite stereochemistries of aminoacylation has not been
given yet,

Bearing the above-mentioned questions in mind, we investigated the
effects of base substitutions in the CCA sequence of several £, coli tRNA
species by using the T7 RNA polymerase transcription system and
performed molecular mechanics-based conformation modeling for
aminoacyl-mono- and tri-nucleotides. From these results, we considered the
relationship between the 3'-end of tRNA and the early stage of evolution of
aaRSs.
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2. MATERIALS AND METHODS

2.1. Preparation of template DNAs and in vitro transcripts

Synthetic DNA oligomers carrying the T7 promoter and tRNA genes
were ligated into pUC19 and transformed into E. coli strain JM109
(Sampson and Uhlenbeck, 1988). Transcripts of the tRNA genes were
prepared in a reaction mixture containing 40 mM Tris-HCI (pH 8.1), 5 mM
dithiothreitol, 2 mM spermidine, 10 mM MgClz, bovine serum albumin (50
pg/ml), 2.0 mM of each NTP, 20 mM 5' GMP (or 5' AMP, 5' CMP), ScrFl-
or EcoT22I- digested template DNA (0.2 mg/ml), 2 units of inorganic
pyrophosphatase (Sigma), and pure T7 RNA polymerase (50 pg/ml)
(Himeno ef al., 1989; Sampson and Uhlenbeck, 1988). The transcripts were
purified by electrophoresis on 15% polyacrylamide gels.

2.2. Aminoacylation assay

Aminoacylation was performed at 37 °C in a 50-pi reaction mixture

containing 60 mM Tris-HCI (pH 7.5), 10 mM MgCls, 1 mM dithiothreitol,
0.1 mg/ml bovine serum albumin, 2.5 mM ATP, 0.01-5.0 uM transcript

RNA, various concentrations of E. coli Q13 aaRSs and L-[U-14C]-labeled

amino acids.

2.3. Molecular modeling

The molecular modeling study was performed using InsightIl/Discover
(MSI) on the Silicongraphics OCTANE workstation. The Biosym CVFF
force field was used to perform molecular mechanics calculation for
searching of the conformation of the several kinds of aminoacyl-

mononucletotide and trinuc1eotides.

3. RESULTS AND DISCUSSION
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Class Il Class |

. (Small amino acid) {Large amino acid)
Vmax/Km (relative)

"*TGly [ Ser| Ala[Asp| Thr| Val | Tyr | GIn| Met| Leu

TN

013

.001 AGCU AGCU AGCU AGCU AGCU AGCU AGCU AGCU AGCU AGCU

Fig. 1. Aminoacylation activity with each aminoacyl-tRNA synthetase for
the mutants of the terminal adenosine of various tRNAs. Each parameter
was determined from a Lineweaver-Burk plot.

The analyses indicated that the influence of each nucleotide of the CCA
sequence on the efficiency of aminoacylation differs among the present-day
amino acid-specific tRNAs. However, in spite of individual differences, we
noticed the following facts about the substitution of A76: in tRNAs
belonging to the class I aaRSs, decreased aminoacylation activities resulted
from the substitution of A76 with a pyrimidine, whereas in tRNAs
belonging to the class II aaRSs, decreased aminoacylation activities resulted
from the substitution with guanine. The extents of the decreases of the
aminoacylation activities were less than 20% for both cases (pyrimidine
substitution for tRNAs belonging to class [ aaRSs (GInRS, LeuRS, MetRS,
TyrRS, ValRS) and G substitution for tRNAs belonging to class II aaRSs
(AlaRS, AspRS, GlyRS, SerRS, ThrRS)) compared with those of the A76
transcripts (Fig. 1). These results suggest the existence of a remnant of a
hydrophobic (or stacking) interaction between A76 and the corresponding
amino acid residue on aminoacyl-AMP in class I aaRSs and the importance
of strict recognition of A76 by the aaRS in class II aaRSs, unrelated to
hydrophobicity or stacking. Generally, aaRSs for large, hydrophobic amino
acids belong to class I aaRSs, whereas those for small, charged amino acids
are classified as class IT (Table 1). Compared with the cases of small amino
acids, 1t is easy for large amino acids to interact with adenine via
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Class | Class Il Table 1. Prin-
cipal features of
L Paralle! f-sheet - the two classes of
Active-site fold Antiparallel B-sheet .
(Rossman fold) amino-acyl tRNA
synthetases.
icti Typical nuclectide-  Similarity with nonribosomal
Characteristic binding fold peptide synthetases
Oldness New old
Large
Amino acid . . Small
Hydrophobic Charged
Aminoacylation . )
site . 2-OH 3-OH

hydrophobic (or stacking) interactions. It is not advantageous to small
amino acids to use such kinds of interactions. The style of strict recognition
of A76, which becomes possible relatively easily in the case of charged
amino acids, may result from similar causes.

Class I aaRSs share a common "Rossman nucleotide-binding fold"
characterized by five parallel B-strands and four a-helices (Carter, 1993),
while class IT aaRSs possess a seven-stranded antiparallel B-sheet buttressed
by three o.-helices (Cusack et al., 1995) (Table 1). Studies using RNA
helical oligonucleotides corresponding to the acceptor stems of tRNAs, i.e.
minihelix and microhelix (Francklyn and Schimmel, 1989; 1990; Francklyn
et al., 1992; Frugier ef dl., 1992; Martinis and Schimmel, 1992; 1993;
Rudinger ef al., 1992; Sampson and Saks, 1993; Shi es al., 1992), have
suggested that early synthetases acquired tRNA binding specificity firstly
through acceptor stem interactions with the activation domain and later by
addition of extra tRNA-binding domains. Thus, it is thought that aaRSs
which originated from primordial enzymes consisting of either the class I or
class II catalytic fold subsequently acquired the distinctive accessory
domains of modern aaRSs (Schimmel ef al., 1993). These views are
consistent with recent X-ray crystallographic structures of aaRSs, indicating
that they have common core structures for amino acid activation and
variable accessory structures for anticodon recognition (Arnez and Moras,
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1997, Cusack, 1995; Franckiyn ef al., 1997). However, still unanswered is
why aaRSs have two such different types of core structures. We think that
the origin of the classes of aaRSs is very much related with the the opposite
stereochemistries of aminoacylation. As is well known, class I aaRSs
position the 2'-OH of the terminal ribose to attack the carbonyl! of the
aminoacyl-AMP, whereas class II aaRSs place the 3'-OH in the reactive
position (Eriani ef al., 1990) (Table 1). Our data give some answers to the
question why class I aaRSs position the 2'-OH, rather than the 3'-OH, of the
terminal ribose to attack the carbonyl of the aminoacyl-AMP. As described
above, hydrophobic (or stacking) interaction of adenine at position 76 may
have an important role in aminoacylation by class I aaRSs. In solution,
adenine nucleotides such as AMP and ATP are known to possess the anfi-
conformation (Feldman ef al., 1968; Schweizer ef al, 1968). In addition,
analysis using NMR has indicated that the trinucleotide diphosphate CpCpA
in aqueous solution also has the anti-conformation, although it prefers a
C(3')-endo ribose conformation (Cheng ef al., 1980). In these cases, the
physical distance between the adenine base and the acylated amino acid on
the 2'-OH of the terminal ribose is shorter than the distance when the amino
acid is on the 3'-OH, which means that having the amino acid on the 2'-OH
is advantageous for hydrophobic (or stacking) interaction.

To reinforce the speculation, we performed molecular mechanics
calculations for aminoacyl-mononucleotide and trinucleotides which
correspond to the 3'-end of aminoacyl-tRNA studied in this study.
Molecular mechanics-based methods are more efficient and accurate as a
conformational analysis compared to the routine application of
semiempirical calculation (Zhang ef al., 1994). CVFF force field is an
adequate tool for modeling (Zhang ef al., 1994). Although these simulation
determines the conformation of the base and the aminoacylation residue
after the aminoacylation, these positioning could give sufficient basis for
above-mensioned hypothesis. The resulting conformation of 2'-leucyl-
adenosine indicated that the adenine-base and the leucine residue are
located in the near position (Fig. 2), which is advantageous for hydrophobic
(or stacking) interaction between them, whereas that of 2'-leucyl-cytidine
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-\t.(k C

Fig. 2. Stereo view of
the lowest energy con-
formation for several
aminoacyl- -mononucle-
otide using molecular
mechanics calculation.
CVFF force field was
used as a tool for
modeling.
(a) 2'-leucyl-adenosine.
(b) 2'-leucyl-cytosine.
(c) 3'-leucyl-adenosine.
(d) 2'-glycyl-adenosine.
(e) 2'-glycyl-cytosine.

showed that the cytosine-base and leucine residue are apart from each other

(Fig. 2). In contrast, 3'-leucyl-adenosine did not show such near positioning

between adenine-base and leucine residue. One of the reasons why adenine

has been selected as the base of 3'-end of leucine tRNA and why leucine is
positioned at 2'-OH could be due to this hydrophobic interaction. Such

differences between the base and amino acid could not find in the case of

small amino acids. The case of glycine was shown as an example (Fig. 2).
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Fig. 3. CPK presentation of the lowest energy conformation using
molecular mechanics calculation. CVFF force field was used as a tool for
modeling. (a) 2-leucyl-adenosine and (b) 2'-glycyl-adenosine.

The CPK-representations clearly show the differences between 2'-leucyl-
adenosine and 2'-glycyl-adenosine (Fig. 3).

The partition of aaRSs into two mutually exclusive and structurally
different classes might reflect two different pathways in the replacement
process. We think that at first aminoacylation occurred through direct
interaction between the large and hydrophobic amino acid residue of
aminoacyl-AMP and the 3'-terminal adenine of proto-tRNA with some help
from a ribozyme (Fig. 4). In the case of large and hydrophobic amino acids,
such kinds of aminoacylation might have continued for a relatively long
period (Fig. 4). The reason is that once the amino acid residue of the
aminoacyl-AMP interacts with the adenine of the 3'-terminal proto-tRNA,
the dimensionality of the possible encounter is reduced compared with the
non-interacting case, which is functionally advantageous for
aminoacylation. It has been indicated that the diffusional encounter between
enzyme and substrate can be enhanced by reducing the dimensionality in
which diffusion takes place from three-dimensional space to two-
dimensional surface diffusion (Adam and Delbriick, 1968). The Rossman-
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Fig. 4. Schematic representation of a possible process of the evolution of
two classes of aminoacyl-tRNA synthetases at an early stage.

fold, found in class I aaRSs, is a typical nucleotide-binding motif that is
thought to be a relatively evolved structure (Table 1). The recruitment of
such a protein into the aminoacylation reaction might have occurred in a
later period than that of class Il aaRSs because the above-described direct
interaction might have reduced the need for the help of a protein enzyme
(Fig. 4). In contrast, in the case of small amino acids, a protein enzyme
might have been necessary to help the aminoacylation reaction between
aminoacyl-AMP and proto-tRNA because of the lack of the direct
interaction of adenine and amino acid (Fig. 4). In addition, the processes
involving ribosomes, which utilize the 3'-OH-esterified aminoacyl-tRNA,
might have required the same stereochemistry for aminoacylation by proto-
class II aaRSs.

It has recently been found that the class II aaRS catalytic domain fold is
present in BirA, a biotin-protein ligase that attaches biotin to various key
metabolic proteins involved in carboxylation and decarboxylation
(Artymiuk e al, 1994). In addition, sequence data and evolutionary
arguments suggest that a similarity may exist between class II aaRSs and

proteins involved in the nonribosomal biosynthesis of peptide antibiotics,
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and more generally, proteins belonging to the family of adenylate-forming
enzymes (Di Giulio, 1996) (Table 1). These facts suggest that class II
synthetases had a common ancestor which was capable of activating small
molecules with ATP. Class II synthetases would then have evolved when an
activation domain, specialized to an amino acid, also became able to
transfer the amino acid to the 3'-end of a tRNA molecule,

In conclusion, we speculate that aminoacylation on proto-tRNA started
through the direct interaction between the large, hydrophobic amino acid
residue of aminoacyl-AMP and the 3'-terminal adenine. In contrast, in the
case of small amino acids which were not able to use the interaction, a
protein enzyme might have participated in the aminoacylation reaction at an
early stage (Fig. 4). The active-site folds of aaRSs belonging to each class
reflect the history of evolution: evolved nucleotide-binding fold (Rossman
fold) (class 1 aaRSs) and primitive fold found also in the family of
adenylate-forming enzymes (class IT aaRSs) (Fig. 4, Table 1).
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