J-PARC Workshop 2022
Deuterium Science Entering a New Phase

Methods of uniform or site-specific
deuteration of proteins
and their applications to NMR analyses
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1) How can we detect NMR signals?
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protein molecule 4N — 15N IH nucleus
19F _

31p proton

Safe nuclei that emit no radiation = stable isotopes
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1017 protein molecules /mL solution

NMR is the least sensitive spectroscopy.




20 K to minimize the coil resistance

The small coil detects
the electromagnetic
field induced by the
precession of nuclear
spins.
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an electromagnetic field pulse with the resonance frequency
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Faraday's electromagnetic induction, 1831
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NMR’s large static magnetic field (zaxis)

X

Nuclear spins precess on the x/y horizontal plane
about the z axis.



Induced alternating-current (AC) voltage
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Fourier transform
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The rotational speed of each spin
= chemical shift (ppm)
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2D 1H-15N correlation HSQC spectrum
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MRI detects 1H spins of H,0 in each part of your body.

blood =low viscosity

|

cells=high viscosity
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2) What can we get from protein deuteration?
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NMR-detectable isotopes in proteins

2HN is exchanged with water 'H D
during pur1f1clat10n. O e, <
Mo’ D
2D 1H-15N spectra — 15N —*C, —13C —
7 1 FEEZHN iR Ec UK TH c i I v b D

I

H-1 99.98  highest sensitivity and strong dd interactions

H-2 0.015 lower sensitivity and weak ddinteractions (compared to 'H)

H-3 0 high sensitivity but radio-active ! not allowed to use
C-13 1.108  [13C]-glucose supplied to bacteria, 1*CO, to chlorella

N-15 0.37 I’NH,Cl supplied to bacteria

F-19 100 often introduced to artificial medicine (synthesized drugs)
P-31 100 DNA, RNA, ATP, NAD ..., phospholipid
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Magnetic dipole-dipole interactions tell us
the distances between 'H spins — structures, interactions
electromagnetic waves
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Too many magnetic dd interactions disturb the

nuclear spin



The perturbation by ddinteractions becomes worse
as the molecular weight increases.
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’H spins have smaller ddinteractions than 'H spins.

Vg = 267 X 106 rad/s/T
Yo = 41X10°rad/s/T
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Deuteration can provide sharp peaks
even for high molecular-weight proteins.
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3) How can we introduce 2H to proteins?
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HyZ v 3B a— V338 F%2 77X FDNAICHEAT S

Insert the DNA encoding your protein

pUC19 .
2686 bp j ol

Amp"

Figure 6.4 Human Molecular Genetics, 4ed. (© Garland Science)

Plasmids replicate to > 100 in bacteria
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Host DNA —
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EF6691.5¢8 KV X15+6K 8085 mns

TSR = RZRBE(CHMAAD

Bacterial cells are transformed with

the plasmids. @

Lehninger Principles of Biochemistry, Sixth Edition
© 2013 W. H. Freeman and Company

@ Recombinant
vector
DNA is introduced
into the host cell.

O

9 Propagation (cloning)
of transformed cell
produces many copies

\ of recombinant DNA.
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1012 E. colibacterial cells /L

8 mL of the culture medium = the population of the earth
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" lacZ 17 RNA polymerase

growth of host cells
in culture

LTl

BEraI /N7 7 ) 7id, AL
N7z77 A3 F DNA Zi&EtX & L <,
REDODHWIZ VN7 E AT 5,

]

IPTG addition of lactose
analog to induce expression

i Transformed bacteria synthesize
ﬁl | large amounts of the desired
g “ proteins by translating the
IPL —— inserted plasmid DNAs.

Figure 6.11 part 2 of 2 Human Molecular Genetics, 4ed. (© Garland Science) 25



1L M9 minimum medium for 2H, 3N, 13C culture

Do not autoclave!

Na,HPO,
KH,PO,
NaCl

thymidine (T)
adenosine (A)
guanosine (G)
cytidine (C)
thiamine
biotin

10 mM FeCl,
1M MgSO,

50 mM MnCl,

15NH,CI
2H, 13C-glucose

(4) 50 mM CacCl,
(5) [?H]-glycerol
(6) ampicillin
(7) ZnCl,

7.09
3.09
059

Do not use hydrated ones
pH becomes 7.15 automatically
the total concentration becomes 130 mM

Do not autoclave!

20 mg
20 mg
20 mg
20 mg
20 mg
20 mg
1.0 mL
2.0 mL
1.0 mL

filter
2049
2.0

2.0 mL

1/1000 (=1mL)

nucleosides (need not be nucleotides)

vitamin B,
vitamin H (difficult to be dissolved in water)

not MgCl,!

only for 2H, >N-single-labelling

50-100 ug/mL

20 uM

only for zinc-finger proteins
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Very low calories with only salts, minerals and vitamins
I8, TxIN, E2IvOAHDOEBEIOY —BEH

Supplements

(1) folic acid (folate) (vitamin M) 1mg

(2) choline chloride (vitamin B) 1mg

(3) nicotine-amide (vitamin B) 1mg

(4) D-pantothenic acid (vitamin B) 1mg

(5) pyridoxal (vitamin By) 1mg

(6) riboflavin (vitamin B,,G) 0.1mg

(7) inositol 2mg

beer yeast powder

drinks of only vitamin and mineral D

S Asalu
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4) How can we observe even larger molecules?

S DICRE AN T 2Bl 51213 ?
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The faster the Brownian rotation, the sharper the NMR peaks.
WL 72y vEERT 5138, NMRE—27203y ¥ =71k b,
\
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Methyl groups provide sharper and stronger
peaks than amide groups.
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IH-15N: fixed to the main chain

&5 N,

(~10 ns) i\y

BC-1H,: rotates around the chemical y L
bond at a high speed (~10 ps)

30



1H' \

-~ s
~~~~~~

Deuteration of all but methyl

- ~
Pd ~
~,

~
~ ’
______

groups allows for observation of

even larger proteins.
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Methyl groups are
scattered throughout the
structure, providing
many observation points.
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White: Leu, Val
Grey: Met, Ile



Proteins are deuterated except for the methyl groups of
[le, Leu, and Val

12
[°H]-glucose, 100% D,O CD, ND;*

¢“‘-....'0 I I
" 13CH,-GD.,-CD - CD-COO-
®CH3-CD,-CO-COO /' “., 81 3“0’}12 B o
2-keto-3,3-d,-4-13C-butyrate -

("3C'H;-31 methyl)-lle
a-ketobutyric acid methyl-1°C 3,3-d,

v2
2 -ketobutyrate CD, ND*
JRECE |
CD, # 13CH,-GD - CD-COO-

| o T B
* * (0
0..;Y.-“$

13 -
CH,-CD-CO-COO (13C'H-y methyl)-Val
2-keto-3-methyl-d,-3-d,-4-13C-butyrate
a-ketoisovaleric acid 3-methyl-13C 3,4,4,4-d, CD832 ND,*

""""

L L 4

R . I
-: 13CH3'C2D'CD2 = CD'COO-

”.,_ 81__¢’y B o

("SC'H;-6 methyl)-Leu

2 -ketoisovalerate

Tugarinov, V. et al. (2004) J. Biomol. NMR 28, 165.



pyruvate

The bacterial
metabolic
pathways for
biosynthesis of

Val, Leu, and Ile

Almost no scrambling to
other amino acids

2 -ketoisovalerate

Val

NH
T:P 3 H 'I_I
|
“a‘:—'l':—"-m_ Pyruvate H3c—CH,—Ic—c00' -—% H,c—c—f—coo‘
I - |
o H;C—E—CDO HO NH:‘
Pyruvate 0 a-Ketobutyrate Threonine
l\—» co, k
1 1 1 - b
it - 2 -ketobutyrate
|
OH
g
g s
H;—ﬁ—%—coo‘ H3C—t|}-—f—coo‘
0 OH O OH
a-Acetolactate a-Aceto-a-
hydroxybutyrate
2 2 i
g
Ha"T H,C
ch—f—ﬁ—coo‘ Hsc—(l:—jl:—coc“
HO O HO ©
NAD{P}H NAD(PJH
3
NAD(P)* NAD(P)*
CH,
e oo w
HyC—C—C—C00™ A Wl i HiC —€—C—coo”
HO OH H OH HO OH
a,B-Dihydroxy- wa-Isopropylmalate a,B-Dihydroxy-
isovalerate Acetyl-CoA 7 B-methylvalerate
4 H;0 CoA HC coo™ 4 H,0
I
H;C—aI:—c—cn—:oo‘ CHs
(.
H H OH H,c
Hs‘-I B-Isopropylmalate HiC —(li—%— oo~
H,C —<|:—'|:|— coo” . NAD* H O
“ NADE co? I'I'I!:'I‘Kf::l-fr-atl
w-Ketoisovalerate HyC Y
Glutamat
; |~ ~* Giutamate H:aC—C"'CHz-—I'ET-—COO' e
a-Ketoglutarate |!| C|! a-Ketoglutarate
a-Ketoisocaproate tI:H3
Ha‘f li' Glutamate “zc! Ii‘
HC—C—C—C00~ a-Ketoglutarate Hsc_‘l:_f_mo“ I Ie
H NH! Hy K H NHf
Valine HyC — € —CH, ~~C—C00™ Isoleucine
I |
H NH;
Leucine
Figure 26-61 Leu 34

© John Wiley & Sons, Inc. All rights reserved.



Methyl-specific labeling will be the cornerstone of

future protein NMR.
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Interaction analyses

[2H, 15N]-Fd

receiving e-

10 kDa

L34

33
BTZXITELS
7zl FFT v (2H, 15N)

[non-label|-Photosystem I
of cyanobacteria

2,200 kDa

ST I T YT DORERKIC
BId 2% w28 (FEEE)

Kubota-Kawai, et al. (2018) X-ray structure of an asymmetrical trimeric ferredoxin—

photosystem I complex. Nat. Plants 4, 218.
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Expression of deuterated proteins
using insect and mammalian cells

« Cells do not grow in D,0.
 Deuterated amino acids are added to the medium.

 However, they are expensive.

« 1H contaminates from the solvent water.

 Yeast (Pichia pastoris) would be a better choice.

. Cell-free expression system (£. coli) is also preferred.
D,0: 250,000 yen/L (90,000 yen/L in 2021)
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