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Three-dimensional structures of proteins are often critical in understanding proteins functions. However, structures
or states of proteins in cells undergo dynamical changes in response to interactions with other proteins and/or biological
molecules. In addition, post-translational modification such as phosphorylation, methylation and ubiquitination can
drastically change the structure and hence the properties of proteins. Therefore, to precisely correlate structure data of
proteins with cell biology data, the structure information should be collected in living cells preferably at atomic level. In
addition, as numerous biomolecules are packed into limited space, the concentration of macromolecules is substantially
high in cells. Such crowded environment of the cell interior can markedly change proteins behavior, affecting biochemis-
try and biophysics of the proteins, which is so-called ‘‘Macromolecular Crowding Effect’’. To figure out protein behav-
ior inside cells, which may be missed in in vifro studies, we are developing NMR and ESR methodologies to analyze pro-
tein structure and dynamics inside eukaryotic cultured cells. In this paper, in-cell NMR/ESR studies performed on HeLa

cells and Xenopus oocytes are presented.
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Fig. 1. In-cell NMR Spectra of Ubiquitin and Its Derivative

a) Wild-type ubiquitin in X. oocytes, b) L8A, 144A, V70A-D77 Ub in
X. oocytes, ¢) L8A, 144A, VI0A-D77 Ub measured in vitro. The figure was
adapted from Ref. 7.
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Fig. 2. Endogenous DUB Activity Detected by in-Xenopus
Oocyte NMR
A. Time dependent decay of the 'H-'SN HSQC cross-peak of Asp77 of
the ubiquitin derivative (L8A, 144A, V70A-D77 ubiquitin) measured in
Xenopus oocytes. B. Plot of the cross-peak intensities. The figure was adapt-
ed from Ref. 7.
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Fig. 3. Site-directed Spin-labeling of Ubiquitin

(A) Ribbon diagram of ubiquitin. Three sites, Ser20, Gly35 and Asp52,
were substituted with cysteine and (B) reacted with 3-maleimido-PROXYL.
Adapted from Ref. 8.
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(B) 12”79 X 57 DEER 5 —4 81553 7=. Figure
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Fig. 4. In-Xenopus Oocyte Pulse ESR of Ubiquitin Derivatives
(A and B) Constant-time DEER data of S20C-G35C (A) and G35C-D52C (B) ubiquitin in vitro and in oocytes (at 0 and 1 h after injection) . The fits to the
data are plotted by the solid lines. (C and D) Distance distributions of S20C-G35C (C) and G35C-D52C (D) derived from DEER experiments in vitro and in cells

either 0 h or 1 h after injection into cells. Adapted from Ref. 8.
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Fig. 5. Schematic Representation of in-HeLa Cell NMR

HeLa fifdic& A L7z, =L T, BXZ 107 fHOH
FIEFICDNWT, AFIREZER S 72 F £ 'H-5N
B§ NMR A X7 ML z#lE L/ (Fig. 5). 7238,
NMR i BHE (B 4mm) (28 % E Il 2 781
INDD, MDA ML ZARNn5 EHEHITNS
7Y, K93 KEEI O NMR JIERIC b U X T )L —Gefh
WCHERRL72E 25, 90% LA EOMIfaZAERFEL T
7z,

HeLa #Hf N T ® 5N Ub3A ® NMR £ 5 D#iE
13 in vitro LR THBAR L, EFREED ANRY
MV 57z [Fig. 6(a)]. NMR {§5 O E N
5, fEANO BN S > N7 B ORET 20-30
uM EHETE S 17z, HeLa WIEPE®D Ub #E 1L 10-15
UM FEE EHEINTNDEDT, D ZOERITEL
TE AL, AL BN ULZA ORIZAHANELMZ
WL 725 DTy, Ub3A @ in-cell NMR & X
7 BVIE, — R U Tinvitro DBRAXRT L EK
FE <, M T Ub3A ORI IC K E B b7z
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Fig. 6. In-HeLa Cell NMR of Ubiquitin Derivatives

a, Spectrum of Ub3A in HeLa cells. The cross-peak of the C-terminal Gly 76 is indicated. b, In vitro reference spectrum of the 'N Ub3A-TAT fusion. The
cross-peak of arginine at the C-terminal end of TAT (Arg 88) is indicated. ¢, Spectrum of HeLa cells treated with N Ub 3A-G75A/G76A-TAT. The DUB cleavage

site is indicated by a triangle. The figure was adapted from Ref. 10.
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7 NIV ORAIEIRE L Blz> Tz [Fig. 6(c)].
HFH5 7 NMR G5 OEEIZH<, KEE—INA
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Y UNTBEIZELS ALNDNY—2TH5b. Ub3A
J OF Ub3A-Ala-Ala % o 4 3 Alexa488 T %7
L, SfEEFABKIC HeLa IEA L THOEBIR L - &
Z %, DUB T TAT 23] D @it S 1 5 Ub3A-TAT i
MfE - FEIZE oML TwsolzxL,
DUB 2 & % Yl 2 5213 72 1) Ub3A-Ala-Ala-TAT (3
BEARZERLBCRICOALTHO (Fig. 7), in-
cell NMR OFEREGEHT 2. ZOX D BEEKRE
p%ld in-cell NMR A X7 ML ERBELITT 2 DA
59, MY 2NV EOAROEREZHEIZS B’ b
b5, Lin->7T, MENTCPP &fEf4s > /N7
BNGEEEINAZENEEL W, D EOEANS,
EESIT, DAV T 4 REEGZE LT CPP S
HUNTEEDIRWTHIAANE A L, in-cell NMR
RIS HES L THZ, MEILECHRERER
DT, VAT 1 REERZUIR SN, FEMERES
LHEEZLND. Y EPE ZDJET Ub3A % Pro-
tein G Bl domain @ E {78 in-cell NMR X X7 k)L

ubiquiting,y,—5GG,s— TAT  ubiquiting, —;5AA,g — TAT
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merge DIC merge

Fig. 7. Distribution of Alexa-488-labelled Ub3A-TAT and
Ub3A-G75A/G76A-TAT in HeLa Cells Observed by Confo-
cal Laser-scanning Microscopy

DIC, differential interference contrast. Scale bars, 20 mm. The figure

was adapted from Ref. 10.
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12, in vitro EER T U 72 ERMERH LS,
EEICHIBEN T, #HEHED O TENSY >N E
LREATIHINEIDPDOM VIO THEHATHS &
Hbnsn., £#513, in-cell NMR Zff 21X, =D
KON BEIC /2 % & & 2, FKBP12 &Gyl
fil#l FK506 D% & €5 )LV & L THGEE &7 > 72, 10

%9, FKBPI12 % HeLa fliffliC38 AT % /-01C
TAT-Ub-FKBP12 E WO G4 > )N\ B & i&at L
7= [Fig. 8(a)]. FKBPI12 % Ub ® 1)L K F 3 K
ficAEINTNS, ZORD, ZOF 2 I)N7EMN
HelLa [ AS N5 &, WNTEME DUB OfEIC& -
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T TAT-Ub 725 FKBPI2 3U) DX N 5. ZhiT
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Fig. 8. Protein Drug Interactions in HeLa Cells Analyzed
with in-cell NMR

a, b, In-cell two-dimensional 'H-*N correlation spectra of *N-labelled
TAT-Ub-FKBP12 in HeLa cells (a) and its in vitro reference (b). The con-
struct used is shown above the spectrum in a. The DUB cleavage site is indi-
cated with a triangle. ¢, Superposition of in-cell spectra with-out and with ad-
ministration of either FK506 or rapamycin. d, Superposition of in vitro refer-
ence spectra of SN FKBP12 in the absence and presence of either FK506 or
rapamycin. The figure was adapted from Ref. 10.
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Folded Unfolded

Fig. 9. Hydrogen Exchange Experiment to Measure Protein
Folding Stability
The deuterons (D) at amide groups deep inside the protein core with
strong hydrogen bonds exchange with solvent protons (H) only when the
protein unfolds.
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Fig. 10. The Hydrogen Exchange Rates (k.,) in HeLa Cells
and in Vitro at pH 7.4 of Protected Amides in Wild-type
Ubiquitin and Ub3A

Bars indicate standard errors. The figure was adapted from Ref. 10.
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