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High-resolution multi-dimensional NMR
spectroscopy of proteins in human cells
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In-cell NMR is an isotope-aided multi-dimensional NMR tech-
nique that enables observations of conformations and functions
of proteins in living cells at the atomic level'. This method has been
successfully applied to proteins overexpressed in bacteria, provid-
ing information on protein-ligand interactions® and conforma-
tions>*. However, the application of in-cell NMR to eukaryotic
cells has been limited to Xenopus laevis oocytes®”. Wider applica-
tion of the technique is hampered by inefficient delivery of
isotope-labelled proteins into eukaryote somatic cells. Here we
describe a method to obtain high-resolution two-dimensional
(2D) heteronuclear NMR spectra of proteins inside living human
cells. Proteins were delivered to the cytosol by the pyrenebutyrate-
mediated action of cell-penetrating peptides® linked covalently to
the proteins. The proteins were subsequently released from cell-
penetrating peptides by endogenous enzymatic activity or by auto-
nomous reductive cleavage. The heteronuclear 2D spectra of three
different proteins inside human cells demonstrate the broad
application of this technique to studying interactions and protein
processing. The in-cell NMR spectra of FKBP12 (also known as
FKBP1A) show the formation of specific complexes between the
protein and extracellularly administered immunosuppressants,
demonstrating the utility of this technique in drug screening
programs. Moreover, in-cell NMR spectroscopy demonstrates that
ubiquitin has much higher hydrogen exchange rates in the intra-
cellular environment, possibly due to multiple interactions with
endogenous proteins.
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We have established a method to observe in-cell NMR spectra of
>N-labelled proteins, which are delivered to cells by cell-penetrating
peptides (CPPs)’ . First, the CPP sequence of Tat from HIV-1 (ref. 12)
(CPPr,: 47-YGRKKRRQRRR-57) was fused to the carboxy terminus
of a human ubiquitin derivative containing alanine substitutions at
Leu8, Ile44 and Val70 (designated Ub-3A). The fusion protein
Ub-3A-CPPr,, (Fig. 1a) was uniformly labelled with "N, and then
incubated with human HeLa cells in the presence of pyrenebutyrate
(1-pyrenebutyric acid), which mediates the direct translocation of
CPP-linked proteins into the cytosol®. The 2D "H-""N correlation
spectrum of the cells gave well-resolved cross-peaks, showing a pattern
typical of a stably folded and homogeneously dispersed protein
(Fig. la). Comparison with the reference in vitro spectrum (Fig. 1b)
showed that the positions of most cross-peaks were well preserved in
the in-cell spectrum. However, an intense signal was observed at a
position corresponding to the C-terminal Gly 76 of mature ubiquitin
in the in-cell spectrum, but not in the in vitro spectrum. Conversely, the
cross-peak of the C-terminal residue of CPPr,, was missing in the in-
cell spectrum. This observation suggested that the Ub-3A—CPPry,
fusion protein was cleaved between Gly 76 and Asp 77—presumably
by a group of endogenous ubiquitin-specific C-terminal proteases
(DUBs)""—and that the clipped CPP peptide was not observed in
the in-cell NMR spectrum (Fig. la and Supplementary Fig. 1).
Cleavage of Ub-3A—CPPr,, in the cells was further confirmed by elec-
trophoretic analysis of transduced fluorescently labelled protein
(Supplementary Fig. 1c). Because DUBs are localized in the cytosolic
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Figure 1| In-cell NMR spectra and cellular distribution of transduced

ubiquitin derivative. a, Spectrum of Ub-3A in HeLa cells. The cross-peak of
the C-terminal Gly 76 is indicated. b, In vitro reference spectrum of the >N
Ub-3A—CPPr,, fusion. The cross-peak of arginine at the C-terminal end of
CPPr,, (Arg88) is indicated. ¢, Spectrum of HeLa cells treated with 15N Ub-

Ub-3A—CPPr, and Ub-3A-G75A/G76A—CPPr,, in HeLa cells observed by
confocal laser-scanning microscopy. DIC, differential interference contrast.
Scale bars, 20 pm. In a and ¢, the constructs used for intracellular
transduction are schematically shown above the spectrum. The DUB
cleavage site is indicated by a red triangle.

3A-G75A/G76A—CPP-. d, Distribution of transduced Alexa-488-labelled
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space’’, DUB-mediated cleavage suggested that pyrenebutyrate/
CPPr,-treatment delivered Ub-3A into the cytosol.

The concentration of transduced '’N-labelled protein in the NMR
sample was of the order of 20-30 uM, as estimated from the NMR
signal intensities of the in-cell spectrum and the spectrum of Ub-3A
recovered in the lysate (Supplementary Fig. 2b, c). The estimated
concentration of endogenous ubiquitin is 13 pM, assuming that
1 X 107 cells are contained in 200 pil of the NMR sample and that each
cell contains 1.5 X 10° ubiquitin molecules'. Leakage of '*N-labelled
proteins from the cells during NMR measurement was negligible, as
assessed by the 1D spectrum of extracellular fluid taken from the NMR
sample (Supplementary Fig. 2a). Cell viability and the integrity of the
plasma membranes were assessed by staining with 0.2% (w/v) trypan
blue after the completion of each NMR experiment'”. In each case of
in-cell NMR experiments shown in this paper, we found that more
than 90% of cells were resistant to trypan blue uptake. This high level
of cell viability and membrane integrity is consistent with the reported
low toxicity of pyrenebutyrate/ CPPr,, treatment®.

Having established that Ub-3A—CPPr,, undergoes intracellular
cleavage, we questioned whether detachment of Ub-3A from CPPr,,
is crucial for observing in-cell NMR spectra. We substituted the
sequence G75-G76 of Ub-3A—CPPr,, with two alanines to prevent
intracellular cleavage by DUBs. Indeed, Ub-3A-G75A/G76A—CPPr,,
was resistant to cleavage in cells (Supplementary Fig. 1¢). The "H-'"°N
correlation spectrum of cells incubated with this uncleavable protein
showed a pattern typical of an aggregated protein, with several over-
lapping signals (Fig. 1c), indicating that liberation of ubiquitin from
CPP is essential for observing well-resolved in-cell NMR spectra.

CPPs are known to show binding to acidic membrane and cytosolic
components''. Thus, it seemed likely that the uncleaved Ub-3A-
G75A/G76A—CPPr,, aggregated with the inner plasma membrane
or other intracellular components after delivery into the cytosol. To
confirm this, we labelled the cleavable Ub-3A—CPP+,, and uncleavable
Ub-3A-G75A/G76A—CPPr,; with the fluorescent probe Alexa-488,
and observed their intracellular distribution by confocal laser-
scanning microscopy. HeLa cells treated with Alexa-488-labelled
Ub-3A—CPPr,; showed a smooth and continuous distribution of
the transduced protein throughout the cytosol and nucleus (Fig. 1d).
This diffusion of internalized protein was observed in almost all cells.
In contrast, treatment with the uncleavable Alexa-labelled Ub-3A-
G75A/G76A—CPPr,, resulted in an unsmooth and heterogeneous
pattern of fluorescence in the cells, with intense staining of cytoplas-
mic components and nucleoli. Taken together, these results
demonstrate that detachment from CPP seems to be required for both
uniform distribution of the CPP-delivered proteins in the cytosol
and the detection of high-resolution in-cell NMR spectra. Using
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Ub-3A-CPPr,,, we also obtained a spectrum of Ub-3A in monkey
COS-7 cells, demonstrating the universality of this method
(Supplementary Fig. 3).

To measure the in-cell NMR spectra of specific proteins, we used the
method of linking CPPs to cargo proteins by means of disulphide
bonds'®. In the cytosol, CPP-conjugated proteins are subject to cleavage
at disulphide bonds by autonomous reduction. The "H-""N correlation
spectrum of HeLa cells treated with the Bl domain of streptococcal
protein G (GB1) conjugated to CPPr,, showed well-resolved signals,
which could almost be superimposed on the corresponding signals in
the reference in vitro spectrum (Fig. 2a, b). The same procedure also
delivered Ub-3A into cells and gave a high-quality in-cell NMR spec-
trum (Fig. 2¢). These results demonstrate that this method can be
applied to various proteins.

The in-cell NMR experiments potentially provide a wealth of
information on the conformation, dynamics and functions of proteins
in the intracellular environment. The in-cell NMR spectrum of wild-
type ubiquitin showed severe line-broadening effects: the intensities of
most of the main-chain amide signals in the in-cell NMR spectrum
(Supplementary Fig. 4) were markedly smaller than those in the spec-
trum of Ub-3A (Fig. 1a). In contrast, an intense signal was observed at a
position corresponding to the C-terminal Gly 76 of mature ubiquitin in
the in-cell spectrum of wild-type ubiquitin, as seen in Ub-3A, suggesting
that the CPP was cleaved from Ub—CPPy, and that the transduced
ubiquitin exists, at least partly, in a C-terminally unconjugated form
in the cells. Because the mutation sites of Ub-3A (L8A, 144A and
V70A) are located at the common binding interface of ubiquitin with
ubiquitin-interacting proteins'’, the observation that mutation leads to a
large recovery of signal intensity suggests that the line broadening
observed for wild-type ubiquitin is due to its interactions with endogen-
ous proteins. The same effect of mutation on ubiquitin was previously
observed in in-cell NMR experiments using Xenopus oocytes”.

In-cell NMR spectroscopy can also be applied to studying protein
interactions with small compounds, such as screening drugs targeted to
specific proteins. We measured the in-cell NMR spectrum of FKBP12,
one of the targets of the immunosuppressants FK506 and rapamycin'®
which are often used in organ transplantation. To introduce "*N-
labelled FKBP12 into HeLa cells, we used another method" to link
the protein to a cleavable CPP, by constructing a CPPr,—Ub-FKBP12
fusion protein (Fig. 3a). The fusion protein was predicted to be cleaved
at the C terminus of ubiquitin by endogenous DUBs'?, thereby releas-
ing FKBP12 into the cytosolic space. The "H—'"N correlation experi-
ment of HeLa cells treated with *N-labelled CPPy,—Ub-FKBP12
provided an analysable high-resolution spectrum (Fig. 3a), which
could be well superimposed on the reference in vitro spectrum
(Fig. 3b), showing that the FKBP12 moiety of the fusion protein
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Figure 2 | In-cell spectra of proteins delivered by disulphide-linked CPPr;.
a, In-cell '"H-""N correlation spectrum of GB1. The construct used for
intracellular transduction is schematically shown above the spectrum.
CPPr, is conjugated at a cysteine introduced at the C-terminal end of GB1
via a disulphide bond. The red triangle indicates the reductive cleavage site.

b, In vitro reference spectrum of 15N-labelled GB1. ¢, In-cell spectrum of Ub-
3A transduced with CPPr,, linked through a disulphide bond. The construct
used is schematically shown above the spectrum. CPPy,, is conjugated at a
cysteine mutated at the C-terminal Gly 76 residue of Ub-3A via a disulphide
bond.
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Figure 3 | In-cell NMR observation of specific complexes of FKBP12 with
extracellularly administered immunosuppressants. a, b, Two-dimensional
"H-""N correlation spectra of HeLa cells treated with '’N-labelled
CPPr,—~Ub-FKBP12 (a) and FKBP12 in vitro (b). The construct used is
schematically shown above the spectrum in a. The DUB cleavage site is
indicated with a red triangle. ¢, Superposition of in-cell spectra of ">N-
labelled FKBP12 without (black) and with administration of either FK506
(red) or rapamycin (green). d, Superposition of in vitro spectra of '>N-
labelled FKBP12 in the absence (black) and presence of either FK506 (red) or
rapamycin (green). To generate the in-cell NMR spectra shown in a and

¢, data from two (spectrum in a and spectrum shown in red in c) or three
(spectrum shown in green in ¢) experiments, each with a measurement time
of 3 h, were added and processed.

contributed to the well-resolved cross-peaks. In contrast, the contri-
bution from the CPPr,—Ub moiety seemed rather limited: a large
proportion of strongly overlapping signals around the 'H and "N
chemical shifts of 7.8-8.5 and 119-125p.p.m., respectively, were
presumably attributable to the CPPr,—Ub moiety (Fig. 3a), as similar
overlapping signals were observed in the in-cell spectrum of the
uncleavable Ub-3A-G75A/G76A—CPPr, (Fig. 1¢). From these observa-
tions, we concluded that FKBP12 was released from the CPPr,~Ub
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Figure 4 | Hydrogen exchange experiments. a, 'H-'°N correlation
spectrum of HeLa cells treated with '*N-labelled deuterated Ub—CPPr,.
Data from two experiments, each with a measurement time of 3 h, were
added. b, In vitro reference spectrum of '°N-labelled deuterated Ub—CPPr,.
Slices at "H frequencies of Val 5 (red) and Glu 64 (green) are also shown. The
amide of Glu 64 is unprotected even in the folded state. ¢, Build-up of cross-
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moiety by DUB cleavage and gave analysable signals, whereas
CPPr,—Ub aggregated with cellular components through the CPP.

We then examined the effect of externally administered immuno-
suppressants on the in-cell NMR spectrum of FKBP12. When the cells
were incubated with FK506 after the introduction of FKBP12, several
cross-peaks in the in-cell spectrum of FKBP12 were markedly different
from those observed in the absence of FK506 (Fig. 3c). The in-cell
NMR spectrum of FK506-treated cells showed a similar pattern to the
in vitro reference spectrum of FKBP12 complexed with FK506
(Fig. 3d). The administration of another immunosuppressant, rapa-
mycin, to FKBP12-containing cells gave an in-cell NMR spectrum that
was distinct from the in-cell spectrum after administration of FK506,
but more similar to the in vitro spectrum of the FKBP12-rapamycin
complex (Fig. 3¢, d). These results indicated that exogenously applied
FK506 and rapamycin autonomously entered the cells and formed
specific complexes with FKBP12. This finding demonstrates that
in-cell NMR spectroscopy can act as a powerful tool for screening
drugs targeting specific intracellular proteins by, first, providing
information about the efficiency of drug delivery to cells, and second,
establishing whether the drug makes the same interactions with the
target proteins, and exerts the same structural and functional effects,
as identified from in vitro experiments.

Proteins in cells can have dynamic properties and folding stabilities
that differ from those in vitro, due to both specific and nonspecific
interactions with intracellular macromolecules and the cytoskelton®.
We analysed the folding stability of ubiquitin in the intracellular
environment by performing a hydrogen exchange experiment coupled
with in-cell NMR spectroscopy. Hydrogen exchange experiments can
measure the equilibrium between folded and unfolded states of proteins,
and thus reveal thermodynamic properties of proteins®’. We transduced
Ub-CPPr,,, in which the protected amide protons were replaced by
deuterons, into HeLa cells and measured the "H-'"N correlation spec-
trum of the cells to evaluate the hydrogen exchange of the main-chain
amides of Val 5 and Leu 15, which are highly protected in the folded state
and give well-isolated cross-peaks. We found that these amides were
more highly exchanged to protons in the transduced protein than in the
protein in vitro (Fig. 4a, b), raising the possibility that hydrogen
exchange rates are increased in the intracellular environment.

To determine the exchange rates in the cells, we measured a series of
spectra of ubiquitin recovered in lysates prepared by cell disruption at
various times after protein transduction (Supplementary Fig. 5a).
From the build-up curves of cross-peaks, the hydrogen exchange rates
of all of the analysable protected amides, Val5, Leu 15, Lys 27 and
Ile 30, were approximately 15-22 times higher in cells than in vitro
at pH7.4 (Fig. 4c, d). Comparison of these higher exchange rates
between wild-type ubiquitin and Ub-3A showed that mutation at
the B-sheet surface caused a significant decrease in the amide hydro-
gen exchange rates (Fig. 4d and Supplementary Fig. 5b). Thus, the
higher exchange rates in cells versus in vitro seem to be at least partly
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peaks of protected amides in the spectra of ubiquitin recovered in lysates
collected at various times after protein transductions (filled symbols). Those
in vitro at pH 7.4 are also shown (open symbols). For the lysates, averaged
values over three independent trials are plotted with standard deviations.
d, The hydrogen exchange rates (k) in cells and in vitro at pH 7.4 of
protected amides in ubiquitin and Ub-3A. Bars indicate standard errors.
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due to interactions of ubiquitin with endogenous interacting proteins,
as the mutation sites of Ub-3A are located at the common binding
interface of ubiquitin with them". Ubiquitin exhibits large structural
heterogeneity both in itself and after binding to different partners™.
Thus, binding to various proteins in cells might cause interconversion
between different conformations of ubiquitin, which may destabilize
folding and increase hydrogen exchanges rates. Alternatively, some of
these proteins may preferentially bind to less folded states of ubiquitin.
The observation that Ub-3A still showed significantly higher exchange
rates in cells than in vitro raises the possibility that nonspecific inter-
actions with other macromolecules, the cytoskeleton and inner
membranes may also decrease the folding stability of ubiquitin in cells
(Fig. 4d). This result may challenge the general belief that the folding
of proteins inside cells is stabilized through macromolecular crowding
and macromolecular confinement effects'®. A comprehensive analysis
will be required to determine the mechanism and generality of
the observed intracellular increase in hydrogen exchange rate by
examining various proteins and cell types in the future.

In this report, we show that high-resolution in-cell NMR spectro-
scopy of proteins enables the investigation of the structures, func-
tions and folding stabilities of specific proteins using human cells in
an intracellular environment. Our results demonstrate that detach-
ment of the proteins from CPPs yields a homogeneous dispersion of
labelled proteins in the cytosol, which allows the proteins to form
specific protein—protein and protein—drug complexes. Protein trans-
duction by CPPs have been shown to be applicable to a variety of cells,
including established cell strains, primary cultured cells and even cells
of living animals'®'*>**, Thereby, the present in-cell NMR technique
opens up a multitude of different applications, such as the study of
protein dynamics, investigations of amyloid-forming or intrinsically
unstructured proteins in neuronal cells, and molecular diagnostics by
observing probe proteins in biopsy specimens.

METHODS SUMMARY

Protein transduction to HeLa cells for in-cell NMR spectroscopy. Protein
transduction into HeLa cells was carried out as described previously® with modifi-
cations. Approximately 2 X 10° cells were plated into two 90-mm Petri dishes and
incubated in DMEM medium containing 10% FBS (Thermo Fisher Scientific),
penicillin and streptomycin for 48 h under 5% CO, humidified atmosphere. After
removing the medium, the cells were washed twice with PBS. The cells were
incubated with 1-pyrenebutyric acid (Sigma-Aldrich) in PBS for 5 min at 37 °C,
and then the CPP-linked protein dissolved in PBS was added. The final concen-
trations of both pyrenebutyrate and protein were 250 M. After a 10-min incuba-
tion at 37 °C, the cells were washed five times with PBS. The pyrenebutyrate/
CPP-treatment was repeated four times. After each of the four rounds of treatment,
the cells were incubated for 40 min at 37 °C in medium. The cells were then
detached from the dish by treatment with 0.01% (w/v) trypsin (5ml per dish)
for 10 min at 37 °C. The cells were then gently suspended in 20 ml of the medium
containing 5mM HEPES (pH 7.2) and 90 mM b-glucose. The resulting cell sus-
pension (30 ml) was incubated for 30 min at 37 °C, and then centrifuged at 100g for
5min at room temperature. Finally, the cell pellet was resuspended in DMEM
containing 5 mM HEPES (pH 7.2), 90 mM D-glucose and 5% D0, yielding 200 pl
of cell suspension, which was used for the NMR measurements.

NMR spectroscopy. In-cell and the reference 2D 'H-""N correlation NMR
spectra were obtained using the band-selective optimized flip-angle short tran-
sient (SOFAST)-heteronuclear multiple quantum coherence (HMQC) pulse
sequence®. The data for the indirectly acquired dimension ('°N) were acquired
by a nonlinear sampling scheme and processed by maximum-entropy recon-
struction™, except for those of cell lysates.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Protein preparation. All proteins used to obtain the in-cell and reference NMR
spectra were expressed in E. coli BL21(DE3), grown in M9 minimal medium
containing 1>NH,Cl as the sole nitrogen source. Ub—CPPr,, and its derivatives,
which contain an extra aspartic acid at the amino terminus of CPPr,,, were
purified as described previously”. A GBI fusion protein that has a thrombin
cleavable N-terminal 6-His-tag and a cysteine residue at its N and C terminuses,
respectively, was purified using a similar procedure. After the His-tag was
removed, GB1-SS—CPPy,, was prepared using the GB1 derivative and Cys-
(NPyS, 3-nitro-2-pyridinesulfenyl)-CPPr,** (TORAY RESEARCH CENTER
Inc.) as described'®. To generate Ub-3A-SS—CPPr,, (Fig. 2c), Ub-3A with a
cysteine substitution at Gly76 was used. The GST-SUMOI1-CPPr,~Ub—
FKBP12 fusion protein, which has an additional DGA sequence between ubi-
quitin and FKBP12, was expressed, and was purified by glutathione (GSH)
affinity chromatography. After cleavage by the catalytic domain of SENP2, the
CPPr,—Ub-FKBP12 fusion protein was purified by chromatography.
Immunosuppressant administration. HeLa cells were treated with '°N-labelled
CPPr,—Ub-FKBP12 as described above, and were detached from the dishes,
collected by gentle centrifugation and suspended in 20 ml of a medium/buffer
cocktail containing 30 uM FK506 or rapamycin. The cell suspension was incu-
bated for 1h at 37 °C, and then centrifuged at 100g for 5 min. Finally, the cell
pellet was resuspended in DMEM containing 5mM HEPES (pH7.2), 90 mM
D-glucose, 5% D,0O, and 30 uM FK506 or rapamycin, yielding 200 pl of cell
suspension, which was used for the NMR measurements. The resonance assign-
ments of unliganded FKBP12 are on the basis of a previous report®’.

NMR experiments. All NMR experiments were performed at 37 °C on a Bruker
Avance 700 spectrometer equipped with a cryogenic TCI probe head. The
volume of each cell suspension used for NMR measurements was approximately
200 pl. NMR sample tubes with a diameter of 4 mm (Shigemi) were used for in-
cell NMR measurements. All the 2D "H-""N correlation spectra were acquired
usinga SOFAST-HMQC pulse sequence®. The spectral widths were 5597.015 Hz
and 2128.792 Hz for 'H and "N, respectively. Data in the indirectly acquired '°N
dimension were sampled non-uniformly and processed by the maximum-
entropy procedure™, unless mentioned otherwise. Thirty-two time-points were
randomly selected from 64 conventional linear sampling points with a #;,,,, of
7.52ms. The final size of the matrix reconstructed was 512 (F,) X 256 (F,)
complex points. Measurement of each in-cell NMR sample took no longer than
3h. Data were processed by NMRPipe” or AZARA 2.7 software (http://
www.bio.cam.ac.uk/azara/), and analysed with Sparky®.

Assessment of cell viability after in-cell NMR experiments. The viability of the
cells after each in-cell NMR experiment was checked by trypan blue staining'’.
The cells recovered from the NMR tube were mixed with 0.2% (w/v) trypan blue,
and the number of stained cells was counted under phase-contrast microscope.
Hydrogen exchange experiments. Replacement of the exchangeable protons of
Ub—CPPr,, with *H was achieved by unfolding the protein using 6 M guanidium
hydrochloride in PBS (pH 7.3) containing D,O. The protein was then refolded
by repeated dialysis against PBS in D,O. Finally, the sample was dialysed against
PBS (pH7.3) in H,O. At this stage, only highly protected amides were deuter-
ated. The deuterated protein was transduced into HeLa cells as described in the
Methods Summary, except for the incubation temperature, which was room
temperature. Data for the "H-""N-correlation spectrum of the cells were then
collected at 37 °C for 3 h. For an in vitro reference, deuterated Ub—CPPr,, was
incubated in PBS (pH 7.3) at room temperature for 6 h and at 37 °C for 5 h, and
then the spectrum was measured for 5 min. To measure hydrogen exchange rates
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in cells, Ub-CPPr,, and Ub-3A-CPPr,,, in which the protected amides were
deuterated, were transduced into HeLa cells as described above, except for times
of pyrenebutyrate/CPP treatment, which were two. In addition, the treatments
were done without an interval incubation. This procedure of pyrenebutyrate/
CPP treatment took 30 min in total. The cells were then incubated at 37 °C until
they were collected for disruption, except for the experiments for data collected
at a time point of 30 min, in which the cells were collected for disruption imme-
diately after the pyrenbutyrate/CPP treatment. At 30, 60, 120 and 210 min after
the start of protein transduction, the cells were detached from the dishes, washed
and disrupted in 100 mM ammonium acetate and 50 mM sodium chloride
(pH 5) to obtain cell lysates. The lysates were concentrated approximately 1.5-
fold by Microcon-YM3 (Millipore). "H-">N SOFAST-HMQC spectra of the
lysates were acquired at 37 °C for 20 h by a linear sampling scheme and processed
by Fourier transformation. Three independent experiments were performed for
each time point. The signal intensities of the main-chain amides of Val 5, Leu 15,
Lys 27 and Ile 30 were used for the analysis, because they were invariant for at
least 20 h in vitro at pH 5. The cross-peak intensities were normalized by the
averaged intensities of the main-chain amides of 14 residues, the hydrogens of
which rapidly exchange with water even in the folded state.

To estimate the variance of the cross-peak intensities due to intracellular effects

other than hydrogen exchange, we performed the same procedure using fully
protonated proteins. The signal intensities were used to normalize the hydrogen
exchange data. Furthermore, the protonation ratios of the samples used for the
protein transductions were assessed by in vitro spectra, and were used to correct
intensity data. The normalized intensities at time ¢ after the start of protein
transduction, Int (), were fitted to the equation Int(¢)=1— exp (— ket), in
which k. is the hydrogen exchange rate. To obtain k. values for the in vitro
condition, "H-""N SOFAST-HMQC spectra were acquired for ubiquitin every
24h for 3days in PBS (pH 7.4) at 37 °C, and for Ub-3A every 2 h for 12h. One
experiment was performed for each time point.
Confocal laser-scanning microscopy. To generate Alexa-labelled Ub-3A—CPPr,,
and Ub-3A-G75A/G76A—CPPr,, proteins with a cysteine substitution of Gly 35
were treated with Alexa-Fluor-488 C5 maleimide (Invitrogen). Unliganded fluor-
escent reagent was removed using a PD-10 column (GE Healthcare). The ratios
between the labelled and unlabelled proteins were approximately 0.1. Next, 2 X 10°
HelLa cells were plated into 35-mm glass-bottomed dishes and cultured for 48 h.
The cells were treated first with 50 uM pyrenebutyrate for 5min, and then with
75 pM protein in the presence of 50 UM pyrenebutyrate for 10 min. Distribution of
the Alexa-labelled proteins in Hela cells was analysed without fixing using a
confocal laser-scanning microscope (Olympus FV300) equipped with a
X 60 objective lens. The fluorescence signals were detected by excitation with the
488-nm Argon laser using an emission filter (510-530 nm).
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