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(57) Abréegée/Abstract:
he present invention herein provides a combination of stable isotope-labeled aliphatic amino acids, which permits the structural
analysis of a high molecular weight protein, in particular, a high molecular weight protein whose molecular weight exceeds 60 kDa.
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(57) Abrege(suite)/Abstract(continued):

This Is a combination of stable isotope-labeled amino acids which Is characterized in that arginine (Arg), glutamine (Gln), glutamic
acid (Glu), lysine (Lys), methionine (Met) and proline (Pro) satisfy the following regquirements concerning the labelling pattern: (b)
one of the methylene hydrogen atoms of at least one of the methylene groups Is deuterated and the both of the two methylene
hydrogen atoms of at least one of the methylene groups are likewise deuterated; and (d) when they each have a methyl group, the
hydrogen atoms of the methyl group except for one of the same are deuterated, or the methyl group Is completely deuterated.
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Abstract

The present 1nvention heremn provides a combination of stable
1sotope-labeled aliphatic amino acids, which permits the structural analysis of a
high molecular weight protein, in particular, a high molecular weight protein
whose molecular weight exceeds 60 kDa. This is a combination of stable
1sotope-labeled amino acids which 1s characterized in that arginine (Arg),
glutamine (Gln), glutamic acid (Glu), lysine (Lys), methionine (Met) and proline
(Pro) satisfy the following requirements concerning the labelling pattern:

(b) one of the methylene hydrogen atoms of at least one of the methylene groups is
deuterated and the both of the two methylene hydrogen atoms of at least one of the

methylene groups are hikewise deuterated; and

(d) when they each have a methyl group, the hydrogen atoms of the methyl group

except for one of the same are deuterated, or the methyl group is completely

deuterated.
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SPECIFICATION

Stable Isotope-Labeled Aliphatic Amino Acids, Method for Incorporating the Same
in Target Protein and Method for NMR-Structural Analysis of Proteins

Technmcal Field
The present invention relates to a stable 1sotope-labeled aliphatic amino acd
usetul 1n the protein structure analysis by NMR, a method for the incorporation of

the amino acid ito a target protein and a method for the structural analysis of a

protein through the NMR technique.

Background Art

The NMR technique 1s presently the only technique which permits the
observation of the three-dimensional structure of a protein present in a solution
and of the movement or activity thereof at a resolution of atomic level. The studies
based on the three-dimensional structures of proteins have recently widely been
made not only 1n the fields of the basic research institutions such as those
belonging to various universities, but also in the industrial fields including the
recent drug-preparation industries. However, the NMR spectrometry is a novel
technique developed only about 20 years ago and therefore, it would involve a
number of obstructions (problems) to be overcome in the near future. One of such
problems is that the NMR spectrometry 1s imited in the molecular weight of a
subject to be analyzed (Non-Patent Document 1).

In the NMR analysis, the increase in the molecular weight of a protein
whose structure should be elucidated results in any possible overlapping between
NMR signals caused by an increase in the number of signals and any reduction of
signal intensities due to the rapid relaxation phenomenon. In particular, if the

molecular weight of a target protein exceeds about 20,000, it would be essential to

the elimination of any error accompanied by this technique to develop a more
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precise and advanced NMR technique.

The structural analysis technique which makes use of a highly stable

‘isotope- labeled protein “Stereo-Array Isotope-Labeling technique (SAIL

Technique)” is a method wherein any unnecessary structural information obtained
in the '"H-NMR analysis is eliminated except for that needed and suthcient for the
NMR structural analysis through the exhaustive and selective deuteration of a
target protein (SAIL protein) to thus permit the considerable reduction of the time
required for the NMR measurement and/or analysis. The methods disclosed 1n
Patent Documents 1 and 2 are techniques which not only allow the highly precise
structural elucidation of a target protein, but also permit the automatic structural
analysis, with high precision, of even a protein having a molecular weight of about
40,000 higher than the aforementioned upper limit thereof. Thus, there has
hereafter been desired for the development of a novel technique which may allow
the automatic analysis of fine and precise structure of a high molecular weight
protein or a membrane protein, which has a molecular weight of not less than 60
kDa.

In the SAIL technique, the sensitivity of residual signal of a protein 1s
further improved and the limit in the molecular weight of a protein to be analyzed

is expanded from the conventional level on the order of 30 kDa to not less than 40

‘kDa through the efficient increase in the deuteration density of such protein

(Non-Patent Document 2). However, the structural analysis of a protein whose
molecular weight exceeds 60 kDa cannot easily be analyzed by any simple
application of the conventional SAIL amino acids, because of an increase in the
signal line wadth caused by the reduction in the mobi]ity of the protemn molecule
and of any possible overlapping between NMR signals due to an increase in the
number of signals. Moreover, the membrane protein 1s dissolved 1n an appropriate
medium in the presence of hipids or a detergent, although the molecular weight of
the protein per se is not high and therefore, the substantial molecular weight of the

membrane protein becomes high and this in turn results in the reduction of the

NO
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mobility of the protein molecule. Accordingly, the analysis of such a membrane
protein through the use of the NMR is not easy hike the NMR analysis of the high
molecular weight protein. From the aforementioned reasons, there has heen
desired for the development of any means for obtaining structural information of
membrane proteins and high molecular weight proteins, which may presently

become subjects for the development of pharmaceutical agents.

Patent Document 1° International Patent Publication WO 03/053910A1;

Patent Document 2: International Patent Publication WO 2005/042469A1;

Non-Patent Document 1: Wuthrich K (1986), NMR of proteins and nucleic acids.
Wiley, New York., Wuthrich K (1991); Structural Analysis of Proteins and Nucleic
Acid According to the NMR-Two-Dimensional NMR Spectroscopy, Tokyo
Kagaku-Dojin Publishing Co., Ltd.;

Non-Patent Document 2: Kainosho M, TorizaWa T, Iwashita Y, Terauchi T, Ono M

?

Guntert P. Nature 2006; in press.

Disclosure of the Invention

It 1s an object of the present invention to provide a combination of stable
1sotope-labeled aliphatic amino acids, which permits the structural analysis of a
high molecular weight protein, in particular, one having a molecular welght
exceeding 60 kDa.

It 1s another object of the present invention to provide a combination of
stable 1sotope-labeled amino acids, which permits the structural analysis of a high
molecular weight protein.

It 1s a further object of the present invention to provide a method for the
Incorporation of such a stable isotope-labeled amino acid into a target protein.

It 1s a still further object of the present invention to provide a method for
preparing a target protein which is composed of stable isotope-labeled amino acid.

It 1s still another object of the present invention to provide an NMR method

D
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for elucidating the structure of a protein, in which the NMR spectroscopy can
ensure a further improved sensitivity.

The inventors of this invention have conducted various studies to accomplish
the foregoing objects, have found that any possible overlapping between NMR
signals encountered when a protein is subjected to the NMR analysis can
significantly be reduced as compared with that observed for the foregoing
conventional techniques to thus effectively solve the foregoing problems, when
using, as a stable isotope-labeled aliphatic amino acid component, the stable
isotope-labeled aliphatic amino acid which is disclosed in Patent Document 1 and
has at least two methylene groups each carrying two hydrogen atoms, wherein one
of the methylene hydrogen atoms of at least one of the methylene groups present
on the aliphatic amino acid is deuterated (partially deuterated) and the both of the
two methylene hydrogen atoms of at least one of the methylene groups present
thereon are likewise deuterated (completely deuterated), and have thus completed
the present invention on the basis of the foregoing finding.

Accordingly, the present invention herein provides a combination of stable
isotope-labeled amino acids in which all of the aliphatic amino acids constituting a
target protein satisfy the following requirements concerning the labelhing pattern:
(a) When only one methylene group carrying two hydrogen atoms exists, one of the
methylene hydrogen atoms is deuterated;

(b) When at least two methylene groups each carrying two hydrogen atoms exist,
one of the methylene hydrogen atoms of at least one of the methylene groups 1s
deuterated and the both of the two methylene hydrogen atoms of at least one of the
methylene groups are hkewise deuterated;

(c) When pro-chiral gem-methyl groups exist, all of the hydrogen atoms on one of
the methyl groups are completely deuterated while the hydrogen atoms on the
other methyl groups are partially deuterated;

(d) When a further methyl group in addition to the foregoing ones exist, the

hydrogen atoms except for one of the same are deuterated, or the methyl group 1s
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completely deuterated; and

(e) The methine hydrogen atoms are deuterated.

The present invention also provides a combination of stable isotope-labeled
amino acids in which arginine (Arg), glutamine (Gln), glutamic acid (Gluw), lysine

(Lys), methionine (Met) and proline (Pro) satisfy the following requirements

concerning the labelling pattern:

(b) one of the methylene hydrogen atoms of at least one of the methylene groups 1s
deuterated and the both of the two methylene hydrogen atoms of at least one of the
methylene groups are likewise deuterated; and

(d) when the amino acid moiety has a methyl group, the hydrogen atoms except for
one of the same are deuterated, or the methyl group 1s completely deuterated.

The present invention likewise provides a combination of stable
isotope-labeled amino acids constituting a target protein in which the ahiphatic
amino acids constituting the target protein are the foregoing stable 1sotope-labeled
aliphatic amino acids and the aromatic amino acids constituting the protein are
stable 1sotope-labeled aromatic amino acids selected from those histed .belowi

A stable 1sotope-labeled phenylalanine, 1n which the carbon atom of a phenyl
group attached to an amino acid residue represented by the following formula A 1s
13C atom; 2 to 4 carbon atoms out of the remaining 5 carbon atoms constituting the
phenyl group are 2C atoms, each of which 1s combined with a deuterium; and the
remaining carbon atoms of the phenyl group are 13C atoms, each of which 1s
combined with a hydrogen atom;

A stable 1sotope-labeled tyrosine, in which the carbon atom of a phenyl group
attached to an amino acid residue represented by the following formula A 1s 13C
atom; the carbon atom combined with the hydroxyl group (OH group) present on
the phenyl group 1s a 2C atom or a !3C atom; 2 to 4 carbon atoms out of the

remaining 4 carbon atoms constituting the phenyl group are 12C atoms, each of

 which is combined with a deuterium; and the remaining carbon atoms of the

phenyl group are 13C atoms, each of which i1s combined with a hydrogen atom;
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A stable isotope-labeled tryptophane, in which the carbon atom of an indoly!l
sroup attached to an amino acid residue represented by the following formula A 1s
13C atom; 1 to 5 carbon atoms out of the remaining 7 carbon atoms constituting the
indolyl group are 12C atoms, each of which is combined with a deuterium; the
remaining carbon atoms of the indolyl group are 3C atoms, each of which 1s
combined with a hydrogen atom; and the mitrogen atom of the NH group
constituting the indolyl group is a 15N atom or a 4N atom; and

A stable 1sotope-labeled histidine, in which the carbon atom of an 1midazolyl

' eroup attached to an amino acid residue represented by the following formula A 1s

13C atom; the both of the remaining 2 carbon atoms constituting the 1midazolyl
eroup are 13C atoms, which are each combined with a hydrogen atom, or one of the
carbon atoms 1s a ¥C atom which 1s combined with a deuterium and the other
carbon atom 1s a 13C atom which 1s combined with a hydrogen atom; one of the two
nitrogen atoms constituting the imidazolyl group 1s a >N atom and the other

thereof 1s a “N atom; and the hydrogen atom constituting the NH group 1s not a

deuterium:

1CX(Y)- 2C(Z)(BNH)(3COOH) (A)
wherein each of *1C, *2C, and C represents a 2C or 13C atom; X, Y and Z each
represent a hydrogen atom or a deuterium atom.

According to the present invention, there 1s also provided a method for the
incorporation of the foregoing stable isotope-labeled amino acids into a target
protein, which compnses the step of cultivating microorganisms or animal or plant
cells using a culture medium to which the foregoing amino acids are incorporated
to thus integrate a gene coding for a target protein into the microorganisms or
animal or plant cells.

According to the present invention, there is further provided a method for
the synthesis of a target protein which comprises the step of synthesizing the

target protein according to the chemical synthesis technique while using a

combination of stable 1sotope-labeled aliphatic amino acids as the whole amino acid
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components constituting the target protein.

According to the present invention, there is likewise provided an NMR
method for elucidating the structure of a protein, which comprises the steps of
ncorporating the atorementioned stable 1sotope-labeled aliphatic amino acids into
a target protein and then subjecting the target protein to the NMR analysis to thus
elucidate the structure of the protein.

The present invention thus permits the achievement of the following effects:
(1) The present invention is deprived of a part of the quantities of NMR information
required for the precise elucidation of the structure of a protein due to the
deuteration of a protein to be analyzed. However, the lost NMR signals would be
those undergoing overlapping with the signals of other atomic groups with a high
probability while they are investigated on the basis of the data base and the lost
NMR signals are so selected that the structural information can, in most cases, be
supplemented while taking into consideration the structural information of the
neighboring atomic groups. Accordingly, the present invention would permit the
correct elucidation of the three-dimensional structure of a high molecular weight
protein having a molecular weight of higher than 50 kDa. In this respect, the
conventional SAIL method cannot easily be applied to such a high molecular
welght protein without any modification.

(i1) The present invention would also permit the correct elucidation of the three-

dimensional structure of a membrane protein.

Briet Description of the Drawings
I1g. 1 shows the chemical shift distribution of each atom present in a lysine
residue obtained by searching for the BMRB data base. In this figure, the chemical

shift is plotted as abscissa and the frequency of each atom concerned appearing in

the data base as ordinate.

Fig. 2-1 shows the chemical structures of representative stable

1sotope-labeled amino acids.

-]
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Fig. 2-2 shows the chemical structures of representative stable
isotope-labeled amino acids (continued from Fig. 2-1).

Fig. 2-3 shows the chemical structures of representative stable
isotope-labeled amino acids (continued from Fig. 2-1).

Fig. 3 shows the structure of calmodulin protein whose structure 1s
elucidated according to the conventional SAIL method (experimental data)' or
elucidated using the amino acids of the present invention (data obtained through
the simulation experiments). (A): The structure elucidated according to the SAIL
method (ribbon model); (B): the structure elucidated according to the SAILmethod
(bundle model); and (C): the structure elucidated using the amino acids of the
present imnvention.

Fig. 4 shows the structures of LpxC protein obtained through the structural
elucidation according to the conventional SAIL method (experimental data) or the
method of the present invention which makes use of the amino acids of the present
invention (data obtained through the simulation experiments). (A): The structure
elucidated according to the SAIL method (ribbon model); (B): the structure
elucidated according to the SAIL method (bundle model); and (C): the structure
elucidated using the amino acids of the present invention.

Fig. 5 shows the structures of OmpA protein determined through the
structural elucidation according to the conventional SAIL method (experimental
data) or the method of the present invention which makes use of the amino acids of
the present invention (data obtained through the simulation experiments). (A): The
structure elucidated according to the SAIL method (ribbon model); (B)i' the
structure elucidated according to the SAIL method (bundle model); and (C): the

structure elucidated using the amino acids of the present invention.

Best Mode for Carrying Out the Invention

In the present invention, the stable 1sotope-labeled aliphatic amino acids

satisfying the foregoing requirements (a), (c), (d) and (e) can be prepared by the
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method disclosed 1n Patent Document 1.

The amino acids which satisfy the foregoing requirements (b) and (d) or
arginine (Arg), glutamine (Gln), glutamic acid (Glu). lysine (Lys), methionine (Met)
and proline (Pro) can easily be synthesized according to the method as will be
described in Examples of this specification.

The stable 1sotope-labeled aromatic amino acids represented by the
foregoing formula A can be prepared by the method disclosed in Patent Document 2.
It 1s herein contemplated that the whole content of Patent Document 2 is
incorporated into the description of this specification.

The amino acids which satisfy the foregoing requirements (b) and (d) or
arginine (Arg), glutamine (Gln), glutamic acid (Glu), lysine (Lys), methionine (Met)
and proline (Pro) as well as stable isotope-labeled isoleucine (Ile). valine (Val).
threonine (Thr), or leucine (Leu) will now be described in detail below:

The chemical shift distribution observed for each atom present in a lysine
residue while referring to the BMRB data base
reference from (Seavey BR, Farr EA, Westler WM. Markley JL., J. Biomol. NMR,
1991, 1:217-236) is depicted on Fig. 1 by way of example. Regarding this figure, the
chemical shift is plotted as abscissa, while the frequency of the atomic group

concerned appearing in the data base is plotted as ordinate. As will be seen from

these results, the chemical shifts of 8-, v-and § -protons of lysine are very close

to one another (see Fig. 1) and the attribution of these shifts is rarely quite difficult
due to the overlapping between them even in case of SAIL proteins. Accordingly, it
1s rather preferred to subject, to regio-selective CD; labelling (complete
deuteration), methylene protons present on the side chains of a long chain amino
acid such as lysine and arginine. This labelling method leads to an increase of the

rate of deuteration, and this in turn results in a decrease of the total number of

signals, but the method can provide the NMR spectroscopic information concerning
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at least one of the methylene protons. Therefore, accuracy and precision of the
structure of a target protein would rather be improved. In fact, it has been proved,
by the present invention, that the approximate three-dimensional structures of an
amino acid residue and the side chain thereof can be elucidated in the light of the
results obtained according to simulation experiments, if the positional information
of protons situating at least one position on the side chain of an amino acid residue
can be obtained. In addition, the nuclel of the «- and J-hydrogen atoms are
preferably 'H in order to determine the precise folded structure of a protein and 1t
has also been proved that the nuclei of the hydrogen atoms at the terminal of the
side chain on an amino acid residue are hikewise preferably 'H to precisely
determine the overall structure of the side chain on a long chain amino acid residue
even to the terminal thereof.

With regard to the methine protons of a branched amino aad, 1t 1s
demonstrated, by the conventional method, that the signal intensities of methine
protons are weak and it is, accordingly, predicted that, in most cases, the signals
thereof are not observed in case of high molecular weight proteins. For this reason,
the methine protons are deuterated to thus improve the rate ot deuteration.

Moreover, when labelling carbon atoms of an amino acid, the carbon atoms
completely deuterated are preferably replaced with 3C atoms and/or 1“C atoms,
but they are more preferably 2C atoms, while taking notice of the optimiZation of
the relaxation of the neighboring 1H atoms.

After the completion of the deuteration, 1t 1s preferred that all of the carbon
atoms of methylene groups and/or methyl groups each carrying hydrogen atoms
are replaced with 13C atoms.

In addition, all of the carbon atoms constituting a specific amino acid are
preferably !3C atoms and one of the hydrogen atoms present on the S -methylene
eroup 1s preferably deuterated.

Moreover, 1t 1s preferred that the nitrogen atoms constituting an amino acid

are completely or partially replaced with °NN atoms.

10
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Preferably used herein as the stable isotope-labeled aliphatic amino acids

include, for instance, those represented by the following formulas (1) to (13):

|Chemical Formula 1]

N D D H CO.H

H
|Chemical Formula 3]
D, DH COH
|Chemical Formula 4]
D, DH COH
10

|Chemical Formula 5]

H D H CO,H

- o~
~ z

19

1]



[Chemical Formula 7]

|Chemical Formula 10]

D O
Dm: i aH

:) U.u,/< ).n\““ H
H N

H

4
\..

|Chemaical Formula 11]

10

|Chemical Formula 12]

H CO.H

CA 02643994 2008-08-27



10

15

20

CA 02643994 2008-08-27

[Chemical Formula 13]

H  CO,H

HD,C D

Wherein, in these formulas, the carbon atoms included therein are 12C or 13C
atoms; the nitrogen atoms present therein are N or !°N atoms; H represents a
hydrogen atom; and D represents a deuterium atom.

The following are the most preferred labelling patterns for arginine (Arg),
glutamine (Gln), glutamic acid (Glu), isoleucine (Ile), leucine (Leu), lysine (Lys),
methionine (Met), proline (Pro), threonine (Thr) and valine (Val). In this respect,
however, the configuration of the side chain-stereoselective stable isotope labels 1s
not particularly specified in the following labelling patterns and 1t may be either R

or S configuration.

Arg:

'T D, D H'COH
14 15 12 13

2 N‘12%/N‘13p:c’13p:c’15NH2
“"NH H DD H

In this amino acid, the hydrogen atom situating at the f -position gives
important information on distances for the determination of the three-dimensional
structure of a protein and therefore, 1t 1s preferred that the hydrogen atom is
stereo-selectively labelled with a deuterium atom.

The hydrogen atom situating at the vy -position and that situating at the S
-position may overlap one another at a high probability and accordingly it is.
preferred that the hydrogen atom at the v -position is completely deuterated in
order to make the attribution or identification of the hydrogen atom at the S
‘position easy. Furthermore, the carbon atom at the v -position which never
provides any information on the proton 1s preferably 12C atom.

The hydrogen atom situating at the § -position is effective for the

determination of the conformation of the side chain on an arginine residue and for
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this reason, 1t 1s preferably stereo-sélectively labelled with a deuternum atom.

The guanidino group may be or may not be subjected to 1sotope-labelling.
Gln, Glu:

D DH PCOH D DH PCOgH
Y 4 K 4 Y 4 4
2, | 13c, 2¢,, 13
HNO'2C” 3@(’ SNH. HO,'2C ‘{c\ SNH,
H D H D

The hydrogen atom situating at the J -position gives important information
on distances for the determination of the three-dimensional structure of a protein
and therefore, it is preferably labelled with a stereo-selective deuterinum atom.

In these amino acids, it 1s preferred that the hydrogen atom situating at the
v -position is completely deuterated in order to prevent the occurrence of any
overlapping with other hydrogen atoms and to make the signal ascribable to the
neighboring hydrogen atoms more sharp. In addition, the hydrogen atom at the v
-position 1s preferably 12C atom.

When it is desired to precisely obtain the three-dimensional structure 1n the
proximity to the carbon atom at the v -position, preferably used herein as a label 1s
one having a 3CHD group at the v -position. In this case, the atomic group at the
B -position may be any one selected from either 13CD3 or 12CD3; the carbon atom at

the 6 -position may be 12C or 13C; and the nitrogen atom at the ¢ -position may be

either 4N or 1°N.

lle:
D H HCO0,
Y N 4
13C. 13C.
HD,'3Cc” 12C” "5NH
2 i 2
D 12CD,

The signals ascribable to the hydrogen atom situating at the 3 -position can
frequently be observed with great difhculties due to an increase 1n the line widths
of signals. However, the signals attributable to this hydrogen atom may be
eliminated through the deuteration thereof. This 1s because the loss of the

information associated with the deuteration of the hydrogen atom at the S

-position can be compensated using the information on the signals ascribable to

14
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13CDoH at the v o-position or/and to 3CHD at the v i-position inasmuch as one
can obtain the information on the position of the methyl group at the < 2-position,
while taking notice of the tetrahedral charactenstic properties of the carbon atom
at the [ -position.

5 In any case, the carbon atom carrying only deuterium atoms 1s preferably a

12C atom.

The methyl group at the § -position is preferably labelled to give a group:-
BCD2H.

LLeu:

10 In this amino acid, it 1s preferred that the methylene group at the p3
-position 1s stereo-selectively labelled with a deuterium atom.

The carbon atom carrying only deuterium atoms is preferably a 12C atom.

The signals ascribable to the hydrogen atom situating at the v -position can
frequently be observed with great difficulties due to an increase in the line widths

15 of signals. However, the signals attributable to this hydrogen atom may be
eliminated through the deuteration thereof. This 1s because the precision of the
three-dimensional structure-elucidation can be ensured if one can obtain the
information on the position about one of the two methyl groups present at the o
-position, while taking into consideration the tetrahedral characteristic properties

20  of the carbon atom at the 3 -position.

In the present invention, it 1s preferred that one of the two methyl groups
present at the o -position 1s labelled to give a 12CD3 group and the other methyl
eroup 1s labelled to give a 3CD2H group.

Lys:

15
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D H D D H 'CO,H
150{ 1éC{ 136{
H215N/ 129/’ 13.(3/ SNH.,
SN &N

M R =
In this amino acid, the hydrogen atom situating at the [ -position gives

important information on distances effective\ for the determination of the three-
dimensional structure of a protein and therefore, 1t 1s preferred that the hydrogen
atom 1s stereo-selectively labelled with a deuterium atom.

The signals ascribable to the hydrogen atoms situating at the y- ando
-positions may be supernmposed with that ascribable to the hydrogen atom
situating at the B -position with a high probability and accordingly, 1t 1s preferred
that the hydrogen atoms at the vy - and 6 -positions are completely deuterated in
order to make the attribution or identification of the hydrogen atom at the j
-position easy. Furthermore, the carbon atoms at the vy - and 6 -positions which
never provide any information on the proton are preferably 12C atoms.

The hydrogen atom situating at the ¢ -position 1s effective for the
determination of the conformation of the side chain on a lysine residue and

therefore, 1t 1s preferably stereo-selectively labelled with a deuterrum atom.

Met:

D, ,D H 13co,H

A
HD213C 12~ 137 |
\S/ 13'(:/ 15NH2

R N
H D
In this amino acid, the hydrogen atom situating at the 3 -position gives
important mformation on distances effective for the determination of the three-
dimensional structure of a protein and therefore, it is preferably stereo-selectively
labelled with a deutenum atom.
It 1s preferred that the hydrogen atom at the v -position is completely
deuterated 1n order to prevent the occurrence of any overlapping between the

signals ascribable to this hydrogen atom and those ascribable to other hydrogen
atoms and to make the signals attributable to the hydrogen atoms in the proximity
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to the former more sharp. Furthermore, the carbon atom at the J -position 1s

preferably a 12C atom.

The hydrogen atom situating at the ¢ -position 1s effective for the

determination of the conformation of the side chain attached to a methionine

5 residue and therefore, 1t 1s preferably labelled with a deuterium atom to give a
13CD2H group.

Pro:
D D

- e

’12E3—13(§‘H

Df13C/ 13\0.
s/ '15N/ y

H | PCOsH
H

In this amino acid, the hydrogen atoms situating at the - and 6 - position

D

WA\ H

egive important information on distances effective for the determination of the
10 three- dimensional structure of a protein and therefore, they are preferably
stereo-selectively labelled with deuterium atoms.

It 1s preferred that the hydrogen atom at the v -position is completely
deuterated in order to make the attribution of other hydrogen atoms easy, since the
signals ascribable to the hydrogen atom situating at the vy -position may be

15 superimposed with those ascribable to the other hydrogen atoms with a high
probability. Furthermore, the carbon atom at the vy -position which never provides
any 1nformation on the proton 1is preferably a 12C atom. However, the amino acid
can be so designed that the v -position i1s composed of 13CHD and the § -position is
composed of 2CDs so that the chemical shjﬁ observed for the carbon atom (13C) at

20  the vy -position may reflect the cis- or trans-configuration of the peptide bond
between the proline residue and the residue just before the same (the residue on
the side of the N-terminal).

Thr:

H 13CO,H
- 13
HOQC/Ci SNHQ

L]
-
)
~>

»
D 'SCD,H
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In this amino acad, if taking into consideration the tetrahedral characterstic
properties of the carbon atom at the p -position, the methyl group at the v
‘position can be replaced with a 13CHD: group and the information on the group
can be used as a substitute for the structural information attributable to the
signals of the hydrogen atom at the 3 -position.

When deuteréting the hydrogen atom at the J -position, the carbon atom at
that position 1s preferably a 12C atom. Conversely, when the methyl group at the v
-position 1s completely deuterated, the f -position 1s preferably composed of 12CH

in order to obtain the structural information useful for the precise determination of

the structure.
Val:

H }CozH

D312€”ci§ “ien,
HDQ‘SC’S | \D

In this amino acid, if taking into consideration the tetrahedral characteristic
properties of the carbon atom at the f -position, one of the two methyl groups
situating at the vy -position can be stereo-selectively replaced with a 13CHD2 group
and the other methyl group can be stereo-selectively replaced with a 2CDj3 group
and the structural imnformation on the x'esultihg sroups thus obtained can be used
as a subsfitute for the structural information attributable to the signals of the
hydrogen atom at the 3 -position.

When replacing the hydrogen atom at the S -position with a deuterium
atom, the carbon atom at that position 1s preferably a 2C atom. Inversely, when
simultaneously and completely deuterating the two methyl groups at the vy
‘position, the J -position 1s preferably composed of 3CH to obtain structural
information useful for the precise structure-determination.

The present invention permits the preparation of a target protein composed

of stable 1sotope-labeled amino acids according to the cell-free protein synthesis

technique, while making use of the foregoing stable 1sotope-labeled amino acids as

13
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the amino acid components constituting the desired target protein and the present

invention hkewise permits the subsequent NMR analysis of the resulting target

protein to thus elucidate the structure of the protemn. In this respect, however, 1t 1s
preferred to use the foregoing stable isotope-labeled amino acids in combination
with the amino acid components disclosed 1n Patent Document 2 as the aromatic
amino acid components which are hkewise constituent amino acids of the target
protein.

In addition, 1t 1s ikewise preferred to use amino acid components disclosed
in Patent Document 1 as stable 1sotope-labeled ahiphatic amino acids other than
the foregoing ones, 1e., arginine (Arg), glutamine (Gln), glutamic acid (Glu),
isoleucine (Ile), leucine (Leu), lysine (Lys), methionine (Met), proline (Pro),
threonine (Thr) and valine (Val).

Fig. 2 attached hereto shows the chemical structures of typical stable
1sotope- labeled amino acids.'

To analyze the structure of a protemn by the NMR spectrometry, stable
1sotope-labeled amino acids are incorporated into a target protein. In this respect,
arbitrarily selected one, a plurality or the whole of the amino acids constituting a
specific target protein can be replaced with the stable 1sotope-labeled amino acids
according to the present invention, each of which has a labelling pattern most
ethcaently used for obtaining the information on the three- dimensional structure of
the target protein hike the information discussed herein and for the NMR analysis
of the same. In this connection, however, 1t is preferred that all of the aliphatic
amino aclds constituting the target protein are replaced with the foregoing stable
1sotope-labeled aliphatic amino acids of the present invention, while all of the
remaining amino acids or all of the aromatic amino acids constituting the target
protein are likewise replaced with the foregoing stable isotope-labeled aromatic
amino acids. The amino acids constituting the target protein can be replaced with
the corresponding stable 1sotope-labeled amino acids by any conventionally known

method such as the usual high expression protein-synthesis system using

19
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cultivated biological cells (preferably cell-free protein synthesis system), the
organic chemical and/or enzyme-chemical peptide/protein synthesis technique, or
the protein synthesis method which makes use of a cell-free extract.

Moreover, the NMR structural analysis of proteins may likewise be carried
out according to a variety of techniques. The present invention likewise permits the
identification of the site undergoing any structural change caused by the linkage of
a ligand.

In any case, the most characteristic properties of the amino acids used in the
present invention are such that they have a variety of labelling patterns and
therefore, when these amino acids are incorporated into a protein to be analyzed,
they would permit the three-dimensional structural analysis of the protein which
has never been able to be analyzed by any conventionally known technique.

The present invention permits the design of amino acids optimal for the
acquisition of the information on the three-dimensional structure of an intended
protein by the use of a combination of the stereo-selective deuteration (SSD)
technique, the region-selective deuteration (RSD) technique, the stereo-array
deuteration (SAD) technique, the proton-density minimization (PDM) technique
and the tailored ring-labelling (TRL) technique, as disclosed in Patent Document 1.

As the NMR structural analysis method of proteins according to the present
ivention 1s preferably one for the structural analysis of a target protein, through
the NMR measurement, which comprises the step of analyzing the structure of the
target protein in which all of the amino acid moieties constituting the same are
completely replaced with the aforementioned stable isotope-labeled amino acids.

There will hereunder be illustrated, by way of example, methods for the
preparation of a protein labelled with amino acids having various labelling
patterns, and various excellent characteristic properties of the NMR spectra
observed for the protein, which are useful for obtaining the three-dimensional

structure thereof.

[t should of course be construed that the following Examples are simply

20)



10

19

20

CA 02643994 2008-08-27

llustrative and given herein for the more particular understanding of the

invention of this patent application and accordingly, the present invention 1s by no

means hmited to these specific Examples.

Examples

Example 1° As to Synthetic Methods and Results Obtained in Simulation

Experiments

The simulation experiments were herein carried out while taking notice of,
in particular, the following viewpoints for the evaluation of the precision and
correctness of the structure as has been discussed above:

(1) The estimation of any reduction in the number of NOE observed when the
aliphatic amino acids of the present invention are forced to be incorporated into a
specthic protein;

(2) The effect of any reduction in the quantity of distance information on the
precision and correctness of the structure of such a protein;

(3) The influence of any reduction in the number of NOE on the automati.c
attribution.

In respect of the foregoing viewpoints (1) and (2), the reduction in the
number of NOE permitted the direct reduction of any overlapping between signals
and made the structural analysis easy, while the distance information necessary
for and indispensable to the elucidation of the structure may optionally be lost and
therefore, 1t was essential to investigate the interrelation between the number of
NOE and the precision of the structure obtained. Regarding the viewpoint (3), the
automatic analytical program CYANA adopts, for the NOE analysis, the algorithm
“for carrying out the analysis while relying on the relation between the NOE
numbers” (Herrmann T, Guntert P, Wuthrich K., J. Mol. Biol., 2002, 319: 209-227)
and, for this reason, 1t should be confirmed how the automatic analytical algorithm
1s influenced by any reduction in the NOE numbers (decrease of density) and any

reduction in the information on such relationships between the NOE numbers
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accompanied by the former.

Adopted herein as the model proteins used 1in the simulation experiments
wére the following three kinds of proteins: calmodulin (Babu YS, Bugg CE, Cook
Wd., J. Mol. Biol., 1988, 204: 191-204), prC'deacetylation enzyme (Whittington
DA, Rusche KM, Shin H, Fierke CA, Christianson DW., Proc. Natl. Acad. Sai. USA,
2003, 100: 8146-8150), OmpA protein (Pautsch A, Schulz GE., Nat. Struct. Biol.,
1998, 5: 1013-1017). Calmodulin is a protein whose structure has already been
elucidated with a high precision according to the conventional SAIL technique and
1t 1s thus considered to be an optimum model for the investigation of the amino
acids of the present mvention while comparing them with SAIL amino aads.
Therefore, this substance was adopted as a model protein in the simulation
experiments. LpxC protem 1s a protein having the highest molecular weight,
among the proteins, i which not less than 90% of the NMR signals have been
assigned by the presently used NMR spectroscopy technique (Coggins BE, Li X,
McClerren AL, Hindsgaul O, Raetz CRH, Zhou P., Nat. Struct. Biol., 2003, 10:
645-651; and Coggins BE, McClerren AL, Jiang L, 1La X, Rudolph J, Hindsgaul O,
Raetz CRH, Zhou P., Biochemistry, 2005, 44: 1114-112) and therefore, the data of
chemical shifts observed for this protemn can be applied to the simulation
experiments without any further treatment, and further OmpA protein i1s, among
the membrane proteins, one having a molecular weight falling within the range to
which the NMR analysis can be applied. Accordingly, these proteins were used as
protein models for the stmulative analysis (Arora A, Abildgaard F, Bushweller JH,
Tamm LK., Nat. Struct. Biol., 2001, 8: 334-338).

In the practical simulation experiments, each aliphatic amino acid of the
present invention was first inspected for the effectiveness in the structural analysis.
More specifically, a modified calmodulin obtained by converting only one kind of
aliphatic amino acid present in calmodulin to the aliphatic amino acid of the
present invention was subjected to the structural analysis-simulation experiment

to thus estimate the correlation between the correctness and precision of the
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protein and the reduced number of NOE. In this calculation, the reduction in the
number of NOE was found to be 6 to 216 per one kind of aliphatic amino acid of the
present invention and 6 to 21 per one amino acid. As a result, lysine was found.to
be an amino acid which could most ethciently reduce the number of NOE and, more
specifically, 1t could reduce about 21 NOE signals per single amino acid. On the
other hand, these RMSD values were increased by only about 0.01 to 0.08 A as
compared with those obtained according to the conventional SAIL technique. It
would be expected that the increase to such an extent can sufficiently be
compensated by the effects of making the analysis efficient through the reduction
1n the overlapping between signals and in the line width of the signal and therefore,
the practical experiments would permit the structural analysis at a higher
resolution as compared with that achieved by the conventional methods.

Next, simulation experiments were carried out using a model protein in
which all of the hydrogen atoms of 19 kinds of amino acids except for glycine were
replaced with “H atoms to examine the effect of amino acids whose rate of
deuteration was increased to a level higher than that used in the present invention.
As a result, 1t was found that the RMSD values were considerably higher, in the
both correctness and precision, than those observed for the conventional methods.
This fact clearly indicates that the both correctness and precision of the structure of
a protein would significantly be reduced if the number of 'H atoms in each amino
acid component 1s further reduced to a level smaller than that used in the aliphatic
amino acid component of the present invention. This fact also indicates that the
ahphatic amino aad of the presént 1nvention 1s so designed as to have the smallest
possible and optimum degree of deuteration.

Finally, structural analytical simulation experiments were likewise carried
out using calmodulin, LpxC, and OmpA protein, wherein all of the constituent
amino acids were replaced with the corresponding stable isotope-labeled aliphatic

amino acids (as depicted in Fig. 2). The results thus obtained are summarized in

the following Table 1 and the attached figures 3, 4 and 5.

NV
&
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Table 1: Results obtained in the structural analysis of calmodulin, LpxC, and

OmpA protein carried out according to the Uniform Labelling (UL) method, the

conventional SAIL method and the method using the amino acids of the present

invention:
Calmodulin LpxC OmpA
UL | SAIL | Pre. | UL SAIL | Pre. | UL | SAIL | Pre.
Inv. Inv. Inv.

NOESY Peak No. 4814 | 3457 | 11079 | 7615 | 6111 | 8893 | 5435 | 4197
Attributed NOESY Peak 4568 | 3159 | 10941 | 7532 | 6036 | 8574 | 5232 | 3941
No.
Main Chain RMSD (A)a 0.37 [0.61 | 040 . 0.50 080 [0.37 [ 058 |0.64
Heavy Atom's RMSD 069 | 1.04 | 0.95 1.03 137 (058 | 081 094
(A)» .
Main Chain’s RMSD (A)e 095 087 |0.89 095 1097 1101 094 | 124
as compared with X-ray

*: Pre. Inv.: Present invention;

a: These values were obtained by comparing 20 structures, with one another,

outputted by CYANA at the atoms N, C*, C of the main chain;

b: These values were obtained by comparing 20 structures, with one another,

outputted by CYANA at the heavy atoms [those extending from 8214 to 146th amino

acids (calmodulin); 15t to 255t amino acids (LpxC); and 15 to 172n amino acids

(OmpA)};

c: These values were obtained by comparing the average of 20 structures outputted

by CYANA with the result obtained through the X-ray crystal structure analysis.

In this connection, CYANA represents software used in the automatic NMR

structural analysis (Guntert P., Prog. NMR Spectrosc., 2003, 43: 105-125; Guntert P

Mumenthaler C, Wuthrnich K., J. Mol. Biol., 1997 273: 283-298; Guntert P..

Automated NMR structure calculation. In:

24

NMR Techniques 1n Structural
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Biology - From Liquid to Solid State, Springer, New York. 2006).

As will be clear from the data histed in Table 1, the RMSD values of the main
chains were found to be not more than 1A in all of the simulation experiments
herein carried out using calmodulin, LpxC, and OmpA protemm, in which the
aliphatic amino acids of the present invention were used and it was also found that
these proteins maintained their structures with a sufficiently high precision.
Moreover, even when comparing the RMSD values with the results obtained
through the X-ray crystal structure analysis, the results of the simulation
experiments obtained using the aliphatic amino acids of the present invention were
found to be almost 1dentical to or superior to those obtained in the conventional
SAOL method. Regarding the degree of convergence, the RMSD values were
shghtly increased as compared with those observed for the conventional techniques,
but the numbers of NOE were reduced to a level on the order of almost the half of
that observed for the uniformly labelled sample. The degree of convergence
observed for the uniformly labelled sample 1in the simulation experiments was
extremely excellent, but i1t would certainly be presumed that, in the practical
experiments, the analysis of a spectral chart including a vast number of signals on
the order of, for instance, about 11,000 signals (LpxC) or 9,000 signals (OmpA) is
almost impossible because of any possible overlapping between such signals. On
the other hand, 1t would be beheved that a shght reduction of the precision in the
structural analysis due to the use of the aliphatic amino acids of the present
invention can sufficiently be compensated by making the structural analysis more
efficient through the reduction in the number of NOE. Further, in respect of the
imtluence of the NOE dénsity reduction on the automatic structural analysis, it was
demonstrated that a target protein could still sufficiently be used for the automatic
structural analysis 1nasmuch as the number of 'H atoms included in the amino
acids or the target protein was simply reduced to a level corresponding to those
observed for the amino acids of the present invention, since the automatic

analytical program CYANA could automatically attribute 94 to 96% of the total

25
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NOE.

Then the folowing Table 2 shows the statistical structural data observed
when only one kind of amino acid component included in the SAIL calmodulin were

replaced with the corresponding amino acid of the present invention:

D
Table 2
SAIL | ARG | HIS | [LE | LEU | LYS | MET
bN OESY Peak No. 4814 | 4738 | 4808 | 4681 | 4692 | 4647 | 4710
Attributed NOESY Peak No. 4568 | 4487 | 4567 | 4428 | 4440 | 4400 | 4459
Main Chain RMSD (A )2 % 0.37 1044 1040 |0.43 [ 0.42 | 0.39 |0.44
Heavy Atom’s RMSD (A)b 069 [0.79 10.72 | 0.74 {0.76 | 0.74 | 0.76
Main Chain’s RMSD (A)s as {095 [ 1.08 {095 | 1.00 | 106 {097 |0.94 d
compared with X-ray .
Table 2 (Continued)
PRO | PHE | THR | VAL | GLN | GLU { noH®
NOESY Peak No. 4777 i 4665 | 4698 | 4700 | 4719 | 4598 | 3030
Attnbuted NOESY Peak No. 4521 | 4411 | 4446 | 4451 | 4493 | 4336 | 2724
Main Chain RMSD (A)s 0.41 10.38 1 0.40 | 0.42 | 0.45 | 0.41 | 0.92
Heavy Atom’s RMSD (A)b 0.72 { 046 [ 0.73 {0.75 {0.78 | 0.80 | 1.38
Main Chain’s RMSD (A) as|1.08 [1.03 [ 1.00 |0.88 | 0.89 | 0.93 ﬂ 1.31
compared with X-ray |
a: These values were obtained by comparing 20 structures, with one another,
10  outputted by CYANA at the atoms N, C*, C of the main chain;

b: These values were obtained by comparing 20 structures, with one another,
outputted by CYANA at the heavy atoms [those extending from 82rd to 146th amino

acids (calmodulin); 1st to 255% amino acids (LpxC); and 1st to 1727 amino acids

(OmpA)l;



10

15

20

25

CA 02643994 2008-08-27

¢: These values were obtained by comparing the average of 20 structures outputted

by CYANA with the result obtained through the X-ray crystal structure analysis.

From the viewpoints discussed above or from the conclusion deduced from
the results obtained 1n the foregoing simulation experiments, each of the amino
acids according to the present invention 1s so designed to realize the deuteration of
a target protein optimum for the determination or elucidation of the structure
thereof and the foregoing results likewise sufficiently suggest that an automatic
analysis system may be applied to the structural eluadation of a protemn
correctively and highly precisely .even when the amino acids of the invention are

applhed to extremely high molecular weight proteins or membrane proteins.

synthesis of 1sotope-Labeled Amino Acid

It 1s thus proved, from the results obtained 1n the foregoing simulation
experiments, that the 1sotope-labeled aliphatic amino acids herein disclosed can
suitably be applied to extremely high molecular weight proteins or membrane
proteins for the elucidation of the structure thereof and accordingly, the following
1sotope- labeled amino acids were actually prepared. The compounds thus prepared
each were assigned by the confirmation of the fact that the signals to be ascribed to
the deuterated sites were disappeared (this was confirmed by the use of the 'H
NMR ‘spectroscopy) and the fact that the carbon nuclei undergoing 1sotope shifts

due to the deuteration caused coupling with 2H atoms (this was confirmed

according to the 13C NMR spectroscopy).
Example 2: Synthesis of Glutamic Aad

(28,38,4R)'[1,2,3,4,5-13C5;2-15N;3,4-2H2] Glutamic acd derived from
L-glutamic acid uniformly labelled with ¥3C atoms according to the method
disclosed in an article (M. Oba et al., J. Org. Chem., 1999, 64: 9275) was heated in
deuterated hydrochloric acid to thus give (28,38)-[1,2,3,4,5-1305;2-15N;3,4,4-2H3]

glutamic acid.

Example 3: Preparation of Lysine

N
-
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(2S,5S,6R)-11,2,3,4,5,6-13C6,2,6-15N2;3,4,4,5,5,6-2H6] Lysine Wwas
synthesized according to the method as disclosed in PCT/JP02/13303 using
(2S,35)-11,2,3,4,5- 13C5;2-15N;3,4,4-2H3] glutamic acid. In this respect, deuterium
gas was used when catalytically hydrogenating dehydro-histidine, the resulting
(2S.,5S,6R)- [1,2,3,4,5,6-1306;2,6*15N2;2,3,3,4,4,5,6-2H’7] lysine was converted 1nto
the racemic 1somer thereot 1n light water followed by the optical resolution of the
racemic body to thus give the desired product. In addition, the lysine corresponding
to [Chemical Formula 8] can likewise be prepared according to the same
procedures using 11,2,3,4,5-13C5;2-15N;3,4-2H] glutamic acid, as a starting
material.

Example 4: Synthesis of Leucine

(2S,3S,45)-[1,2,3,4,5-13C5;2-15N:3,4,5,5,5°,5',5"- 21 6] Leucine was
synthesized while referring to the description of PCT/JP02/13303 and an article (M.
Oba et al., J. Org. Chem., 1999, 64: 9275).

Example 5 Synthesis of Methionine
(2S,3R)-[1,2,3,4,6-13C5;2-15N;3,4,4,6,6-2H4] Methionine was synthesized by

first converting into its SMe derivative according to the method as disclosed in
PCT/JP02/13303 without subjecting the terminal aldehyde group to any
asymmetric reduction.

Example 6° Synthesis of Prohne

The desired prohine was denved from uniformly 13C- and 15N-labelled
L-glutamic acid according to the procedures disclosed in an article (M. Oba et al.. J.
Org. Chem., 1999, 64: 9275-9278), while all of the asymmetric reduction steps of
the 0 -position were carried out using deuterated reagents. In addition, the proline
corresponding to [Chemical Formula 10] can likewise be prepared according to the
same procedures, while making use of (2S5,3S)-[1,2,3,4,5-13C5;2-15N;3 4 4-2H3]}
glutamic acid, as a starting matenal.

Example 7° Synthesis of Arginine

(25,4S5,5R)-[1,2,3,4,5-13C5;2,6-15N2;3,3,4,5-2H4] Arginine was synthesized

28
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according to the method as disclosed in PCT/JP02/13303 using (2S,3S)-[1,2,3,4,5-
13C5;2-15N;3,3-2H2] glutamic acid as a starting material. Moreover, the arginine
corresponding to [Chemical Formula 1] can likewise be prepared according to the
same procedures while making use of [1,2,3,4,5-13C5;2-15N;2,3.3.4 4-2H5]
oclutamic acid, as a starting matenal.
Example 8 Synthesis of Glutamine

(2S,39)-11,2,3,4,5-13C5;2-15N;3.4,.4-2H3] Glutamine was synthesized
according to the method as disclosed 1n PCT/JP02/13303 using
(25,3S)-[1,2,3,4,5-13C5;2-15N; 3.4.4-2H3] eglutamic acid as a starting material.

Kxample 9° Isoleucine

Isoleucine was synthesized according to the following reaction scheme. In
this connection, the compound 5 serving as a key compound to the synthesis of this

amino acid was synthesized while referring to the disclosure of an article (Eur. J.

Org. Chem., 2003, pp. 4664-4678).
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Example 10: Threonine

Threonine was synthesized according to the following reaction scheme:
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Example 11: Valine
Valine was synthesized according to the reaction scheme given below. In this
connection, the compound 7 serving as a key compound to the synthesis of this

amino acid was synthesized while referring to the disclosure of an article (Eur. J.

Org. Chem., 2003, pp. 4664-4678).
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Each of the isotope-labeled aliphatic amino acids synthesized according to

the foregoing methods has the structure given below:
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CLAIMS:

1. A composition comprising stable isotope-labeled amino acids wherein all of the
aliphatic amino acids constituting a target protein satisfy the following requirements

concerning the labeling pattern:

(a) when only one methylene group carrying two hydrogen atoms exists, one of the

methylene hydrogen atoms 1s deuterated;

(b) when at least two methylene groups each carrying two hydrogen atoms exist, one of the
methylene hydrogen atoms of at least one of the methylene groups 1s deuterated and both of
the two methylene hydrogen atoms of at least one of the methylene groups are likewise

deuterated;

(c) when pro-chiral gem-methyl groups exist, all of the hydrogen atoms on one of the methyl
groups are completely deuterated while the hydrogen atoms on the other methyl groups are

partially deuterated;

(d) when a further methyl group in addition to the foregoing ones exists, the methyl group 1s

partially deuterated, or the methyl group is completely deuterated; and
(¢) the methine hydrogen atoms are deuterated,

wherein the aliphatic amino acids are selected from the group consisting of arginine,

olutamine, glutamic acid, isoleucine, leucine, lysine, methionine, proline, threonine and

valine.

2. A composition comprising stable isotope-labeled amino acids in which arginine
(Arg), glutamine (Gln), glutamic acid (Glu), lysine (Lys), methionine (Met) and proline (Pro)
constituting a target protein satisfy the following requirements concerning the labelling

pattern:

(a) one of the methylene hydrogen atoms of at least one of the methylene groups is deuterated
and both of the two methylene hydrogen atoms of at least one of the methylene groups are

likewise deuterated; and
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(b) when they each have a methyl group, the methyl group is partially deuterated, or the
methyl group 1s completely deuterated.

3. The composition of claim 1 or 2, wherein after the deuteration, all of the carbon atoms
of methylene groups and/or methyl groups each carrying hydrogen atoms are replaced with

13
C atoms.

4, The composition of claim 1 or 2, wherein the carbon atoms of the completely

deuterated methylene groups are replaced with Cor *C.

. The composition of claim 1 or 2, wherein the carbon atoms of the completely

deuterated methylene groups are replaced with '*C.

6. The composition of claim 2, wherein all of the carbon atoms present in the amino

acids are °C atoms.

7. The composition of claim 2, wherein one of the hydrogen atoms present on the

methylene group at f3-position is deuterated.

8. The composition of claim 1, wherein the amino acid in which one methylene group
carrying two hydrogen atom is present or which is free of any such a methylene group is
isoleucine (Ile), valine (Val), threonine (Thr), or leucine (Leu) and the methine groups
situating at the B-positions of isoleucine (Ile) and valine (Val) and that situating at y-position

of leucine (Leu) are deuterated.

9. The composition of claim 1 or 2, wherein the carbon atoms of the methine groups
situated at the B-positions of isoleucine (Ile), valine (Val) and threonine (Thr) and the carbon

atoms situated at y-position of leucine (Leu) are '2C atoms.

10.  The composition of claim 1 or 2, wherein the nitrogen atoms constituting the amino

acids are completely or partially replaced with PN.

11.  The composition of claim 1, wherein the isotope-labeled amino acids are those

represented by the following
formulas (1) to (13):
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(1);

(2);

M (3);
i o (@)
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(5);

(6);

(7);

(3);
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(9);

(10);

(12); and
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(13);

_ 1 .
wherein, in these formulas, the carbon atoms are 2C or °C atoms; the nitrogen atoms are N

or °N atoms; H represents a hydrogen atom; and D represents a deuterium atom.

12. A composition comprising stable isotope-labeled amino acids constituting a target
protein wherein the aliphatic amino acids constituting the target protein are stable 1sotope-
labeled aliphatic amino acids as set forth in any one of claims 1 to 11 and a carrier, wherein
the aromatic amino acids constituting the target protein are selected from the following stable

isotope-labeled aromatic amino acids:

a stable isotope-labeled phenylalanine, in which the carbon atom of a phenyl group

attached to an amino acid residue represented by formula A
1 CX)(Y)- **C(Z)("NH)(**COOH) (A)

wherein each of *'C, *2C_ and 30 represents 2C or °C: X, Y and Z each represent a

hydrogen atom or a deuterium atom,

is 1°C atom: 2 to 4 carbon atoms out of the remaining 5 carbon atoms constituting the
phenyl group are 12C atoms, each of which is combined with a deuterium atom; and the
remaining carbon atoms of the phenyl group are 13C atoms, each of which is combined with a

hydrogen atom;

a stable isotope-labeled tyrosine, in which the carbon atom of a phenyl group attached
to an amino acid residue represented by the formula A 18 '3C atom; the carbon atom
combined with the hydroxyl group present on the phenyl group 1s a '2C atom or a °C atom; 2
to 4 carbon atoms out of the remaining 4 carbon atoms constituting the phenyl group are 2C
atoms, each of which is combined with a deuterium atom; and the remaining carbon atoms of

the phenyl group are 3C atoms, each of which is combined with a hydrogen atom;
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a stable isotope-labeled tryptophan, in which the carbon atom of an indolyl group
attached to an amino acid residue represented by the formula A is °C atom; 1 to 5 carbon
atoms out of the remaining 7 carbon atoms constituting the indolyl group are '2C atoms, each
of which 1s combined with a deutertum atom; the remaining carbon atoms of the indolyl
oroup are ~C atoms, each of which is combined with a hydrogen atom; and the nitrogen atom

of the NH group constituting the indolyl group is a °N atom or a "N atom; and

a stable 1sotope-labeled histidine, in which the carbon atom of an imidazolyl group
attached to an amino acid residue represented by the formula A is °C atom; both of the
remaining 2 carbon atoms constituting the imidazolyl group are °C atoms, which are each
combined with a hydrogen atom, or one of the carbon atoms is a '~C atom which is combined
with a deuterium atom and the other carbon atom is a °C atom which is combined with a
hydrogen atom; one of the two nitrogen atoms constituting the imidazolyl group is a "N atom
and the other thereof is a '*N atom; and the hydrogen atom constituting the NH group is not a

deuterium atom.

13. A method for the incorporation of stable isotope-labeled aliphatic amino acids as set
forth in any one of claims 1 to 11 into a target protein, wherein the method comprises the step
of transforming microorganisms, animal cells or plant cells with a gene coding for the target
protein; and cultivating the microorganisms, animal cells or plant cells using a culture
medium to which the isotope-labeled aliphatic amino acids are incorporated so that foregoing
amino acids are integrated in the target protein expressed in the microorganisms, animal cells
or plant cells, wherein the aliphatic amino acids are selected from the group consiéting of
arginine, glutamine, glutamic acid, 1soleucine, leucine, lysine, methionine, proline, threonine

and valine.

14. A method for the incorporation of stable isotope-labeled amino acids as set forth 1n
claim 12 into a target protein, wherein the method comprises the step of transforming
microorganisms, animal cells or plant cells with a gene coding for the target protein; and

cultivating the microorganisms, animal cells or plant cells using a culture medium to which
the isotope-labeled aliphatic amino acids are incorporated so that the foregoing amino acids
are integrated in the target protein expressed in the microorganisms, animal cells or plant

cells.
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15. A method for the incorporation of stable isotope-labeled amino acids into a target
protein set forth in any one of claims 1 to 11, wherein the incorporation of the amino acids

are carried out according to a cell-free protein-synthesis method.

16. A method for the synthesis of a target protein wherein the method comprises the step
of synthesizing the target protein according to a cell-free protein-synthesis technique which
makes use of stable 1sotope-labeled aliphatic amino acids as set forth in any one of claims 1

to 11 as the amino acid components constituting the target protein.

17. A method for the synthesis of a target protein wherein the method comprises the step
of synthesizihg the target protein according to a cell-free protein-synthesis technique which
makes use of stable isotope-labeled amino acids as set forth in claim 12 as the amino acid

components constituting the target protein.

18.  An NMR method for elucidating the structure of a protein, wherein the method
comprises the steps of incorporating stable 1sotope-labeled aliphatic amino acids as set forth
In any one of claims 1 to 11 into a target protein and then subjecting the target protein to an
NMR analysis to thus elucidate the structure of the protein, wherein the aliphatic amino acids
are selected trom the group consisting of arginine, glutamine, glutamic acid, isoleucine,

leucine, lysine, methionine, proline, threonine and valine.

19.  An NMR method for elucidating the structure of a protein, wherein the method
comprises the steps of replacing all of the amino acids constituting the target protein with
stable 1sotope-labeled amino acids as set forth in claim 12 and then subjecting the target

protein to an NMR analysis to thus elucidate the structure of the protein.
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