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The mechanism of recognition of hydrophobic substrates was investigated using Escheri-
chia coli aspartate aminotransferase (AspAT), E. coli aromatic amino acid aminotransfer-
ase (AroAT), and their chimeric enzyme (DY18). Surprisingly, broad substrate specificity
was observed in the reaction of aminotransferases with hydrophobic substrates. The
catalytic efficiency increased with an increase in the side chain length of straight or
branched-terminal aliphatic substrates. The straight-chain substrates catalysed with
maximal efficiency were the 7-carbon substrate in the case of AspAT and the 8-carbon
substrate for AroAT and DY18. Consecutive addition of single methylene groups to the
substrate had a constant effect on the stabilization energy of the transition state relative to
the unbound state. The dependency of binding energy on each methylene group is usually
interpreted as indicating hydrophobicity of the active site. However, we observed that
AroAT and DY18 had different dependencies although both enzymes have the same residues
in the substrate-binding pocket. For substrates with more than 7 carbons, the aminotrans-
ferases did not strictly distinguish between substrates with straight and branched side
chains. These results suggest that the recognition of manifold hydrophobic substrates of
different shapes might require not only the hydrophobicity of the active site but also
enzyme flexibility.

Key words: aromatic amino acid aminotransferase, aspartate aminotransferase, hydro-
phobic interaction, protein dynamics, substrate specificity.

It has been believed that many enzymes are active against
only one kind of substrate. This strict substrate recognition
is often observed with hydrogen bonding and ionic interac-
tions (2). These electrostatic interactions may be enforced
in the interior of the protein due to the hydrophobic
environment (3). The three-dimensional structures of
many hydrophobic-ligand binding proteins suggest the
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Abbreviations: AroAT, Escherichia coli aromatic amino acid amino-
transferase [EC 2.6.1.57]; AspAT, E. coli aspartate aminotransfer-
ase [EC 2.6.1.1]; sCn, aliphatic amino acid with straight side chain
bearing n carbon atoms; bCn, aliphatic amino acid with branched
terminus bearing n carbon atoms; DY18, AspAT-AroAT chimeric
enzyme whose N-terminal portion before codon 18 is E. coli AspAT
and C-terminal portion from codon 18 is E. coli AroAT; DTNB, [5,5'-
dithiobis(2-nitrobenzoic acid)]. The amino acid residues and codons
are numbered according to the sequence of porcine cytosolic aspartate
aminotransferase (1). * indicates the residue supplied by the other
subunit of the dimer.

characteristics of the hydrophobic binding mechanism. In
many cases, a hydrophobic binding pocket is surrounded by
aromatic and aliphatic side chains (4-6). However, the
detailed mechanism of hydrophobic ligand recognition has
not been completely elucidated (7, 8). Attempting to
engineer hydrophobic substrate and/or ligand specificity is
difficult. The conversion of trypsin to chymotrypsin is more
complicated than the reverse conversion (8). Even when a
cavity is observed in a protein, it is difficult to predict
whether it will accept a hydrophobic ligand. It has been
shown that such cavities can accommodate various ligands
with different shapes (9). These difficulties may be due to
the lack of insight into the dynamic motions of proteins. For
the same reason the effect on protein stability of a cavity
created by site-directed mutagenesis differs according to
the environment around the cavity (10-12). Needless to
say, protein structures determined by X-ray crystallogra-
phy or nuclear magnetic resonance imaging are static
models. Recently, there have been many attempts to reveal
the relationship between the dynamic motion and function
of proteins (13-15).

In this paper, we describe the dynamic mechanism of
recognition of a hydrophobic substrate using aminotrans-
ferase as an example. Escherichia coli aspartate amino-
transferase (L-aspartate:2-oxoglutarate aminotransferase
[EC 2.6.1.1] (AspAT) and E. coli aromatic amino acid
aminotransferase [EC 2.6.1.57] (AroAT) catalyze the
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transamination reaction between an amino acid and 2-keto
acid via the ping-pong bi-bi mechanism (16-19). Both are
dimeric enzymes composed of identical subunits, each of
which binds a cofactor, pyridoxal 5'-phosphate (PLP).
AspAT has a high specificity for acidic substrates and weak
activity for hydrophobic substrates. AroAT shows high
activity for both acidic and hydrophobic substrates {20).
AspAT and AroAT have 44% amino acid sequence homol-
ogy, and the residues in the active site are mostly conserved
(1, 21, 22). These enzymes are unique in being active
toward two entirely different kinds of substrates (acidic and
hydrophobic substrates). X-ray crystallographic studies of
AspAT have revealed its binding site for substrates (23-
26). The side chain COO" of a dicarboxylic substrate
interacts strongly with the guanidyl group of Arg292*. The
side chain of an aromatic substrate occupies the same
position as that of the acidic substrate and pushes the
Arg292* side chain away towards the solvent environment
(27).

To elucidate the mechanism of recognition of a hydro-
phobic substrate, AspAT-AroAT chimeras have been con-
structed using homologous recombination in E. coli cells
(28). It was confirmed that the spatial structures of the
chimeric enzymes were almost the same as those of the
wild-type enzymes (28). From kinetic studies of chimeric
enzymes, it has been suggested that not only residues in the
active site but also those distant from the active site
contribute to the substrate specificity (28).

Kuramitsu et al. (19) found a linear correlation between
the accessible surface area of neutral amino acid substrates
and AGT

f, the free energy difference between the unbound
enzyme plus substrate (E + S) and the transition state
(ES:), but the side chains of the natural amino acid sub-
strates were not uniform. In the present study, we used a
series of aliphatic amino acids (29) and keto acids with
straight and branched side chains, and examined the
detailed properties of the hydrophobic-substrate binding
pocket.

MATERIALS AND METHODS

Chemicals—The nor-alkyl amino acids CH3(CH2)n_3-
CH(NH3

+)COO-, where « = 3 (L-SC3), n = 4 (L-SC4), n = 5
(L-SC5), n = 6 (L-SC6), and n-8 (DL-sC8), and the aliphatic
amino acids with a branched chain, (CH3)2CH(CH2)n-5-
CH(NH3

+)COO-, where n = 5 (L-bC5) and n = 6 (L-bC6),
were purchased from Sigma (St. Louis). Here "h" denotes
L-stereo isomer, while "DL" denotes the mixture of DL-
isomers. DL-sC7, DL-sC9, DL-bC7, DL-bC8, and DL-bC9
were synthesized by the acetoamidomalonate method (30).
The substrates used are listed in Table I. In the calculation
of kinetic parameters, the concentration of L-stereo isomer
in the mixture of DL-isomers was assumed to be half that of
the DL-isomers.

Expression and Purification of Enzymes—The plasmid
pKYNH18 overproduces AroAT in E. coli TY103 (aspC,
tyrB, and recA) (31) under the promoter of the tyrB gene
encoding AroAT. The expression yield of AroAT under
these conditions is lower than that of AspAT expressed
under the promoter of the aspC gene encoding AspAT (32).
To obtain a higher yield of AroAT, the coding region of tyrB
was ligated under the promoter of aspC and the first codon
of tyrB was changed from GTG to ATG using the "homol-

ogous ligation" method (33). The resulting plasmid, named
pUCl9GpY, was used to overproduce AroAT in E. coli
TY103. This plasmid gave as high a yield of AroAT as that
of AspAT. AspAT, AroAT and the chimeric enzyme were
purified as described previously (19).

Pre-Steady-State Kinetic Studies of Half-Transamina-
tion Reactions—Aliphatic amino acid substrates with
straight and branched side chains were used to estimate the
hydrophobic substrate specificities of aminotransferase.
For the sC3-sC6 and bC5-bC6 substrates, L-forms were
used. For the sC7-sC9 and bC7-bC9 substrates, DL-iso-
forms were used. The aminotransferases tested here
cannot use D-form amino acids as substrates. All measure-
ments were carried out at pH 8.0 and 25°C. The buffer
solution contained 50 mM 2-[4-(2-hydroxyethyl)-l-piper-
azinyljethanesulfonic acid (HEPES) with 100 mM KC1 and
10//M EDTA.

The slow reaction was followed spectrophotometrically
by monitoring the change in absorption of the bound
coenzyme at 360 run. When the kaPP value was directly
proportional to the substrate concentration, the km
value was calculated from the equation (19)

[S] (1)

Thus, the catalytic efficiency, km^/IQ, was given by fePP/
[S] for these substrates. The rapid reactions were followed
using a Union Giken RA-401 stopped-flow spectrophotom-
eter. The reaction curves conformed to a single-exponential
process. The free energy differences (AGT

}) between the
transition state and unbound enzyme plus substrate for
various substrates were calculated using the equation (19,
34)

where R is the gas constant, T the absolute temperature, ke
the Boltzmann constant, and h the Planck constant.

Stability of Enzymes toward Urea Denaturant—The
circular dichroic spectra of enzymes were measured in the
presence of various concentrations of urea as a denaturant
in a 1-mm cell in the region of 210-250 nm at 25°C. The
enzyme concentration was about 0.07 mg/ml. The buffer
used contained 5 mM HEPES, 10 mM KC1, and 1//M
EDTA at pH 7.0.

Titration of SH Group of Enzymes—The reaction of SH
groups of enzymes with DTNB [5,5'-dithiobis(2-nitroben-
zoic acid)] was monitored at 412 nm and 25°C by similar
methods to those previously described (35). The number of
titrated SH groups was calculated using a molar extinction
coefficient of nitrothiobenzoate eM —14,100 M^'Cm"1 at
412 nm (36). The enzyme concentration was about 0.5 mg/
ml. The buffer used contained 50 mM HEPES, 100 mM
KC1, and 10 //M EDTA at pH 8.0.

Measurement of Amide Proton/Deuterium Exchange—
The exchange of hydrogen with deuterium was monitored
by Fourier transform infrared spectrophotometry at room
temperature. The cell had about 0.1 mm light path length
and was composed of CaF2. At zero time, the enzyme passed
through the G-15 column (about 1 ml) equilibrated with
D2O buffer containing 50 mM HEPES, 100 mM KC1, and 10
;uM EDTA at pH 8.0. The enzyme concentration was 30-40
mg/ml.
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RESULTS

Substrate Specificity—dGT
x, the free energy difference

between the unbound enzyme plus substrate (E + S) and the
transition state (ESJ), was calculated for various substrates
using Eq. 1 or 2. A smaller Z/Gr* value indicates higher
enzyme activity. In previous studies, zJGT

J values were
plotted against the accessible surface area of neutral
substrates (19, 20). These plots gave approximate lines for
AspAT and AroAT but gave scattered points for some
substrates.

To standardize the properties of the substrates, we used
a series of aliphatic substrates with straight and terminal-
branched side chains (Table I). The zJGT

J values were
plotted against the number of carbons in the substrate (Fig.
1). The 3-carbon substrates, Ala and pyruvate, whose side
chain is a single methyl group, were used as reference
substrates for each enzyme. For straight side chain sub-
strates, the activities of AspAT and DY18 for the 4-carbon
substrate were lower than those for the 3-carbon substrate.
However, AroAT preferred a 4-carbon to a 3-carbon
substrate (Fig. 1, a and b). Generally, zJGT

J of all the
aminotransferases decreased with an increase in the chain
length of the substrate within the range of 4 to 7 carbons
(Fig. lb). The activity of AspAT was maximal for a
7-carbon substrate, whereas those of AroAT and DY18
were maximal for an 8-carbon substrate. AspAT showed
lower activities for 8- and 9-carbon substrates than for a
7-carbon substrate (Fig. lb). These long substrates maybe
larger than the binding pockets of the enzymes. These
results suggest that AroAT and DY18 have larger pockets
than AspAT by about one methylene group.

The activities of all three enzymes for branched-terminal

substrates increased markedly as the length of the sub-
strate side chain increased from 5 to 9 carbons (Fig. 1, c and

(c) (d)
amino add keto acid
(branched) (branched)

22n 1 , 1 n 22ir

i
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3 4 5 6 3 4 5 6 7 8 9 " 5 6 7
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Fig. 1. Correlation between AGT
f and the carbon number of the

substrate. O, AspAT; A, DY18; and D, AroAT. 4GT* is the free
energy difference between the unbound enzyme plus substrate (E+S)
and the transition state (ES{) for various amino acid substrates (34).
JGT

J was calculated from the Kix/K, value using Eq. 2. The
measurements were carried out at pH8.0, ionic strength 0.1, and
25°C. (a) A series of keto acid substrates with straight side chains.
Lines were fitted to the data between 4 and 6. (b) A series of amino
acid substrates with straight side chains. Lines were fitted to the data
between 4 and 7. (c) A series of amino acid substrates with branched-
terminal side chains, (d) A series of keto acid substrates with
branched-terminal side chains.

TABLE I. Side chain structures and kinetic parameters of substrates."

Side chain

Amino acid series
-C
-CC
-CCC
-CCCC

-ccccc
-CCCCCC
-CCCCCCC

eg
-ccg
cccg
-ccccg
-cccccg

Keto acid series
-C
-CC
-CCC
-CCCC

eg
•ccg

Total carbon

3
4
5
6
7
8
9

5

6

7

8

9

3
4
5
6

5

6

kmax/K*
(M--S-)

0.45
0.30
0.84
2.8
6.4
2.2
3.1

0.0067

1.4

2.1

4.2

0.66

21
13
23

110

0.030

18

AspAT
z)GTJ

(kcal-mol-1)

17.9
18.2
17.6
16.8
16.3
17.0
16.8

21.1

17.5

16.2

16.6

17.7

15.6
15.9
15.6
14.7

19.5

15.7

AroAT

(M-.s-)

3.6
16

150
2,600

63,000
600,000
200,000

0.086

170

210,000

1,100,000

1,600,000

59
121

1,900
39,000

0.99

2,500

z)GT*
(kcal-mol-1)

16.7
15.8
14.5
12.8
10.9
9.6

10.2

18.9

14.4

10.2

9.2

9.0

15.0
14.6
13.0
11.2

17.5

12.8

knix/Ka
(M-'-'S"1)

0.22
0.18
0.67
5.6

59
140
120

0.0032

0.75

74

930

560

5.0
2.6

11
110

0.048

10

DY18
Z)GT'

(kcal-mol"')

18.3
18.5
17.7
16.4
15.0
14.5
14.6

20.9

17.6

14.9

13.4

13.7

16.5
16.9
16.0
14.7

19.3

16.1

"All measurements were performed in 50 mM HEPES buffer containing 0.1 M KCl at pH 8.0 and 25*C.
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TABLE II. Positions of cysteine residues.
Enzyme Position of cysteine residues
AspAT"
DY18
AroAT

82 (5.8)
78
78

191 (7.0)
191
191

192 (3.7)
192
192

270 (0)
274
274

401 (0)
388
388

aRelative accessible surface area (,"/•
tion is shown in parentheses (24).

I to perfectly exposed conforma-

d). Surprisingly, for longer substrates, those with 7 or more
carbons, the aminotransferases did not distinguish between
straight and branched substrates (compare Fig. 1, b and c).
Conversely, the activities for a Cfi branched substrate (5
carbons) were markedly lower than for a straight substrate
with the same number of carbons.

A keto acid was a better substrate than the corresponding
amino acid (Table I). The kn^/Ka values for keto acid
substrates were 20-30 times greater than those for amino
acid substrates. The substrate specificities (slopes for
carbon number 4-7) for keto acid substrates were exactly
the same as those for amino acid substrates (Fig. 1, a and d).
If the geometry of the catalytic group relative to reaction
site of substrate is unaltered among each series of amino or
keto acid substrates, the kmax values should also be unalter-
ed. The fact that the slopes in Fig. 1, a and b, are the same
thus means that the affinity between enzyme and aliphatic
substrate depends linearly on the carbon number of the
substrate.

All three enzymes showed considerable activity toward
not only aliphatic substrates but also aromatic substrates.
The difference in enzyme activities for aromatic and
aliphatic substrates was only about 1-2 kcal/mol, even
though the substrates were completely different in shape
(19, 20).

Flexibility of Enzymes—All three enzymes, AspAT,
DY18, and AroAT, have five Cys residues per subunit
(Table II). SH groups were titrated with DTNB, and the
time courses of the reactions are shown in Fig. 2a. The
numbers of SH groups titrated at 180 min were 1, 2, and
3.5 for AspAT, DY18, and AroAT, respectively. The
processes of deuterium exchange of amide protons were
also measured using infrared spectrophotometry (Fig. 2b).
The ratio of amide II/amide I, which shows the extent of
deuterium exchange (37, 38), increased in the order
AspAT, DY18, and AroAT. The stabilities in the presence
of urea denaturant also decreased in the same order (Fig.
2c). These experiments indicated that the conformational
flexibility increased in the order AspAT, DY18, and
AroAT, being consistent with the order of these enzymes in
terms of hydrophobic substrate specificity.

DISCUSSION

The Relationship between Activity and Substrate Carbon
Numbei—The plots of AGT

% against the accessible surface
area of natural amino acid substrates gave straight lines for
AspAT and AroAT (19, 20, 28). Similarly, when zJGT

J was
plotted against the substrate carbon number, the data
between 4 and 7 carbons fitted fairly well to straight lines
(Fig. lb). The correlation was better for the series of
aliphatic substrates than for natural substrates. The slopes
of these lines for amino acid substrates were 1.6, 1.2, and
O^Skcal-mol-'-CHr1 for AroAT, DY18, and AspAT,
respectively, and the correlation coefficients were 1.00,

(a)

50 100

Time (min)
150

(b)

200 300

Time (min)
400

(c)

Urea (M)
Fig. 2. Measurements of protein flexibility, (a) The time course
of SH group titration. AspAT ( ); DY18 ( ); and AroAT (---). (b)
The time course of amide proton/deuterium exchange. O, AspAT; A,
DY18; and n, AroAT. Vertical axis is the ratio of amide II (1,550
cm"')/amide I (1,650 cm"1). A smaller value shows that more
deuterium was exchanged, (c) Stability in the presence of urea
denaturant. O, AspAT; A, DY18; and n, AroAT. The values of
ellipticity at 222 nm were plotted versus the concentration of urea
denaturant.

0.99, and 1.00, respectively. Although it had not previously
been observed (29), the use of a 7-carbon substrate enabled
us to identify this relationship for AspAT. For keto acid
substrates, the corresponding slopes for 4- to 6-carbon
substrates were 1.7, 1.1, and 0.62 kcal-mol- '-CIV,
respectively, and the correlation coefficients were 1.00,
0.99, and 0.97, respectively (Fig. la). By these analyses,
we confirmed that the substrate specificities in both direc-
tions of the reaction are identical. In the same way, the free
energy difference for the transfer of a hydrocarbon from
pure liquid to water is proportional to the chain length and
the slope is about 0.9 kcal-mol"1 (39). The linear correla-
tion shown here suggests that the substrate-binding pocket
has a considerably uniform and hydrophobic environment,
together with substantial conformational freedom. Fur-
thermore, the substrate-binding pockets of AroAT and
DY18 may be more hydrophobic than ethanol or dioxane,
whereas that of AspAT is less hydrophobic.

The Role of the N-Terminal Region in Hydrophobic
Substrate Specificity—The chimeric enzymes we construct-
ed showed no gross conformational changes (28). The
microenvironments around the coenzyme were also almost
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(a) (b)
AspAT(D) [

DY18

AroAT(Y)

Pro16

Ue17

Residues
AspAT
DY18 AroAT

11

12

13
;14
15
\#
17
18

Fig. 3. Structure of N-terminal portion, (a) The spatial structure of the N-terminal portion of one subunit (ball and stick model) and
another subunit (ribbon model) (24). The substrate analogue (red) and cofactor, PLP (yellow), are also shown, (b) Comparison of N-terminal
amino acid sequences of AspAT, DY18, and AroAT. Residues 6, 9, and 12 (green) orient to another subunit. Yellow shows Pro-conserved sites
in AspAT (see Fig. 4). * shows residues conserved between AspAT and AroAT.

identical to the parental enzymes (28). The slopes shown in
Fig. lb have been interpreted to reflect the hydrophobic
substrate specificity. Therefore, the slope of DY18 indi-
cates that DY18 was intermediate in specificity between
AspAT and AroAT. The hydrophobic substrate specificity
of AroAT was greatly altered by mutations in the N-termi-
nal portion. The amino acid residues in the N-terminal
regions of AspAT and AroAT are compared in Fig. 3b (40).
In this region, there are seven mutated residues, that is,
DY18 is an AroAT mutant with seven replacements.
According to crystallographic studies of AspAT, this
N-terminal portion interacts with the large domain of
another subunit (Fig. 3a). The side chains of the 6th, 9th
and 12th residues orient to that domain (24). The 6th
residue (Phe) was conserved between AspAT and AroAT.
The 9th residue is He in AspAT and Val in AroAT, and both
have similar properties. The 12th residue is Ala in AspAT
and Tyr in AroAT. This 12th residue may interact strongly
with the other domain in AroAT. The 13th and 14th
residues of AspAT are Pro and Ala, respectively. They are
replaced by Ala and Gly, respectively, in AroAT, and these
replacements increase the freedom of the polypeptide
chain. This region is rich in Pro (1-2 residues) in aspartate
aminotransferases (41-50), but AroAT has no prolyl
residue in this region (Fig. 4). AroAT may have high
activities toward hydrophobic substrates through the
flexibility of this region. These alterations may contribute
to the hydrophobic substrate specificity of aminotransfer-
ases. It seems that the replacements (7th, 8th, and 10th
residues) do not participate in the substrate specificity
because they are far from the active site and their side

cPD
cHD
CAD
cYD
mPD
mHD

AspAT mAD
mYD
PAD
all
a 12
! up
HID
ECD

chimera DV 1 8

AroAT ECV

APPSVFAEVPOA
APPSVFAEVPOA
MDSVFSSVARA
SATLFNNIELL
SSWWAHVEMG
SSWWTHVEMG
SSWWKSVEPA
TSSLSHVPRA

TGCSVFSHLVQA
+ASSDSVFAHLVRA
+ATNVSRFEGIPMA
+AVNVSRFEGIPMA

MFEHIKAA
MFENITAA

MFEXITAA

MFQKVDAY

QP
QP
PE
PP
PP
PP
PK
PP
PE
PE
PP
PP
PA
PA

PA

AG

0V18 : flspflT

20 30 10
VLVFKLIADFREDPDPRKVNLGVGAY
VLVFKLTADFREDPDPRKVNLGVGAY
DPILGVTVAYNNDPSPVKINLGVGAY
DALFGIKQRYGQDQRATKVDLGIGAY
DPILGVTEAFKRDTNSKKMNLGVGAY
DPILGVTEAFKRDTNSKKMNLGVGAY
DPILGVTEAFUDPSPEKVNVGVGAY
DKVLGLSEHFKKVKNVNKIDLTVGIY
DPiLGVTVAYNKDPSPVKLNLGVGAY
D P 1 L G V T V A V N K D P S P I K L N L G V G A Y
D P 1 L G V S E A F K A D T N D V K L N L G V G A Y
D P I L G V S E A F R A D T S D A K L N L G V G A Y
D P I L G L G E A F K S E T H E N K I N L G I G V Y
D P I L G L A D L F R A D E R P G K I N L G I G V Y

D P I L T L M E R F K E D P R S D K V N L S I C L Y

D P I L T L M E R F K E D P R S D K V N L S I G L Y

I RroflT

Fig. 4. Comparison of N-terminal amino acid sequences. The
N-terminal amino acid sequences of 14 different AspATs, DY18, and
AroAT are aligned. Pro residue are highly conserved at the 13th and
14th positions of AspAT. At these sites, AroAT has no Pro residues.
cPD, cytosolic pig AspAT (41); cHD, cytosolic human AspAT (42);
cAD, cytosolic ArabidopsisAspAT (43); cYD, cytosolic yeast AspAT
(44); mPD, mitochondrial pig AspAT (45); mHD, mitochondrial
human AspAT (46); mAD, mitochondrial Arabidopsis AspAT (43);
mYD, mitochondrial yeast AspAT (47); pAD, chloroplastic arabidop-
sis AspAT (43); all, alfalfa AspAT-1 (48); al2, alfalfa AspAT-2 (48);
lup, narrow leaved blue lupine AspAT (49); HID, Haemophilus
influenzae Rd AspAT (50); ECD, Escherichia coli AspAT (22); DY18,
chimera between E. coli AspAT and AroAT (28); and ECY, E. coli
AroAT (21).

chains orient to the outside of the protein (24). The above
chimera analyses indicate that the N-terminal portion
contributes up to about 50% of the hydrophobic substrate
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specificity of AroAT, and the other parts may account for
the remaining 50% specificity difference.

Mechanism of the Recognition of a Hydrophobic Sub-
strate—The spatial structure of E. coli AspAT (24) and the
amino acid sequences of AspAT and AroAT (11) suggest
that all residues which directly interact with a substrate are
conserved in both enzymes, and that there is no cavity
which can accept a large substrate. From our analysis using
a series of aliphatic amino acid substrates, the effect of one
substrate methyl group was calculated for each carbon
position (Fig. 5). Each substrate methyl group uniformly
decreased AG-x1 by 1-2 kcal/mol in a wide area of the active
site, but not in the vicinity of the substrate /?-carbon (Fig.
5). Therefore, we think that the region in the vicinity of the
substrate /?-carbon is rigid, forming the root of the sub-
strate side chain (the "rigid" region in Fig. 5), and that the
interior has a flexible conformation (the "flexible" region in

Fig. 5). The latter phenomenon is rarely observed in
enzymes with strict substrate specificities. For example,
glycyl endopeptidase has a steric barrier to substrates with
large side chains (51), which is thought to be fixed in the
substrate-binding site. Aminoacyl-tRNA synthetases can
discriminate between similar amino acid substrates with
high precision (52). In these cases, flexibility of the binding
pocket would be disadvantageous to the strict substrate
recognition. Unlike such enzymes, AroAT, AspAT, and
DY18 have flexible hydrophobic substrate-binding pockets
and may change their conformation according to the bound
substrate. Such hydrophobic substrate reorganization of
enzymes seems to be ubiquitous, since a linear relationship
between substrate hydrophobicity and enzyme activity has
been observed for other enzymes (53-55).

Relationship between Flexibility and Hydrophobic Sub-
strate Specificity—Numerous studies of amide proton

AspAT

AroAT

o

Fig. 5. The effect of one methyl group
of substrate on transition state stabili-
zation. Red, AspAT; blue, AroAT. Plus
value means stabilization and minus value
means destabilization of the transition
state. The flexible binding subsite and the
rigid binding subsite are also shown. These
values were calculated for a series of
amino acid substrates with straight and
branched side chains (Table I). For a keto
acid substrates series, similar results were
obtained. According to X-ray crystallogra-
phic studies (24), a-COO' of substrate is
fixed by Arg386. The »-NH3

+ forms a
covalent bond with the aldehyde group of
the cofactor, pyridoxal 5-phosphate. The
a -proton of the substrate points to the
£-amino group of Lys258, which is a
catalytic group. It is therefore expected
that a Cg atom would occupy the same
position in all substrates (64).

Arg292* Arg386

Fig. 6. Environment of hy-
drophobic substrate-binding
pocket. Hydrophobic substrate
(red) forms an aldimine bond
with the cofactor, PLP (yellow).
Arg292*, which interacts with
the w-carboxyl group of the
dicarboxylic substrate, is push-
ed away towards the solvent. *
shows the residue from another
subunit. The vicinity of the /?-
carbon is rigid (dark blue circle),
whereas the interior of the sub-
strate binding pocket is flexible
(light blue circle).
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[ Low Flexibility = High Specificity)

catalytic group

{ Multi-induced-fit j

Activity + + +

v y
(High Flexibility = Low Specificity)

Fig. 7. Scheme for multi-induced-fit mod-
el. Conformational reorganization of the sub-
strate-binding pocket is induced by each sub-
strate. The upper three cases represent an
enzyme with low flexibility and high substrate
specificity. The substrate at left is optimal for
this enzyme. The lower three cases represent an
enzyme with high flexibility and low substrate
specificity. The enzyme is able to adapt to all
three substrates. This multi-induced-fit model
well explains the broad substrate specificity of
enzymes that have activities toward various
substrates with different shapes.

exchange and aromatic ring motion, using nuclear magnetic
resonance, have suggested a correlation between flexibility
and protein stability (56, 57). The flexibility of the en-
zymes used here appears to decrease in the order AroAT,
DY18, and AspAT, because their ability to exchange an
amide proton for deuterium, the sensitivities of their SH
groups toward DTNB, and their sensitivity toward urea
denaturant decreased in that order (Fig. 2). This order of
flexibility is the same as that of hydrophobic substrate
specificity. These results may be the first experimental
indication that the conformational flexibility of an enzyme
contributes to its hydrophobic substrate specificity. The
conformational flexibility of the whole enzyme, including
the flexibility of the N-terminal region, may enable the
enzyme to accept many kinds of substrates. That is,
recognition of and/or reactivity toward hydrophobic sub-
strates may require conformational flexibility of the en-
zyme in order for it to bind multiple substrates. AroAT,
AspAT, and DY18 probably have flexible substrate binding
pockets that are adjusted to fit the bound substrate. In this
case, "flexibility will lead to plasticity"; flexibility refers to
a continuum of conformations of almost equal energy,
whereas plasticity refers to that conformational changes
that occur over an energy barrier of significant height (58,
59). Here, we use the term flexibility, because flexibility
does not directly relate to plasticity.

As mentioned above, it seems that the binding pocket for
a hydrophobic substrate has a uniform hydrophobicity.
Here, we should consider the real nature of "hydrophobi-
city" in the substrate-binding pocket. High hydrophobicity
means that there are few water molecules, charged atoms,
and polar residues. Alternatively, high packing will make
the enzyme-substrate complex stable. The conformational
flexibility of the enzyme may contribute to this packing
effect during complex formation if the enthalpy change is
dominant in the free energy change per methylene group of
substrate. AroAT and DY18 have the same sets of residues
in the substrate-binding pocket. Therefore, it is reasonable
to suggest that AroAT and DY18 have different flexibilities
which produce hydrophobic substrate specificity. It has
been reported that some proteins have two modes of
protein-ligand complexes (60, 61). These proteins are

expected to have broad energy landscapes (62, 63) of the
active site conformation.

We propose that conformational reorganization of an
enzyme or binding pocket is induced by each bound sub-
strate, particularly hydrophobic substrates of various
shapes. The difference in conformational free energy for
each enzyme-substrate complex is unexpectedly small. For
example, the interior of the substrate binding-pocket
seems to be flexible in the aminotransferases used here
(Fig. 6). Therefore, conformational flexibility may contrib-
ute to substrate specificity. That is, high (or low) flexibility
produces an enzyme with a broad (or high) substrate shape
specificity (Fig. 7). On the other hand, a high (or broad)
specificity for substrate hydrophobicity is promoted by a
high (or low) flexibility. These concepts may provide a basis
for designing proteins with affinities for hydrophobic
ligands. In future, the flexibility and/or plasticity of
enzymes should be considered more precisely.

We express our deep gratitude to Dr. Akihiro Okamoto, Osaka
Medical Collage, for calculation of the accessible surface area of
cystein residues in AspAT and to Mr. Shin-ichi Ishikawa for
measurement of IR spectra.
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