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Microfluidics delivery of DARPP-32 into Hela cells
maintains viability for in-cell NMR spectroscopy
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High-resolution structural studies of proteins and protein complexes in a native eukaryotic
environment present a challenge to structural biology. In-cell NMR can characterize atomic
resolution structures but requires high concentrations of labeled proteins in intact cells. Most
exogenous delivery techniques are limited to specific cell types or are too destructive to
preserve cellular physiology. The feasibility of microfluidics transfection or volume exchange
for convective transfer, VECT, as a means to deliver labeled target proteins to Hela cells for
in-cell NMR experiments is demonstrated. VECT delivery does not require optimization or
impede cell viability; cells are immediately available for long-term eukaryotic in-cell NMR
experiments. In-cell NMR-based drug screening using VECT was demonstrated by collecting
spectra of the sensor molecule DARPP32, in response to exogenous administration of
Forskolin.
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tions is the next frontier of structural biology!. The

intracellular environment is extremely dense and hetero-
geneous providing both specific interactions that result in high-
affinity protein complexes and omnipresent weak interactions
that can influence protein structure and activity?=. The lack of
bulk water changes the physicochemical properties of proteins
and affects the strength of hydrophobic and electrostatic inter-
actions that drive protein complexation®”. In-cell NMR provides
a means to observe the atomic resolution structure of target
proteins in mammalian cells8-13,

Target proteins labeled with NMR active nuclei 13C and 1°N are
easily distinguished from the rest of cellular proteome!3 and can be
detected at concentrations as low as 5-10 uM. A common method
for introducing labeled target proteins to cells is by overexpression in
a labeled medium!!. However, because large protein complexes are
invisible by solution NMR!4; there is a need to deuterate proteins to
observe in-cell NMR spectral?. This requirement limits protein
overexpression, particularly in mammalian cells, which do not grow
in perdeuterated medium. Exogenous delivery of target proteins
using techniques such as microinjection®!%, cell-penetrating
peptides!®, creation of pores!? and electroporationl”18; limit cell
viability!® and may perturb the physiological state of the cells?%?! by
impeding homeostasis and cell growth20,

The ability of cells to rapidly exchange fluid with their sur-
roundings in response to ultrafast mechanical compressions presents
a robust method to deliver large extracellular molecules and particles
into cells*>-24. The microfluidic technique of cell volume exchange
for the convective transfer, VECT, has been used to deliver mole-
cules intracellularly from particles suspended in extracellular fluid.
The critical advantage of VECT over pore-forming techniques for
protein delivery is that VECT delivers proteins without creating
significant prolonged cellular stress?>26. Microfluidic delivery does
not destroy the nuclear membrane and protein is delivered only into
physiologically relevant compartments?2.

The effectiveness of microfluidics-based delivery of target
proteins into HeLa cells was tested. The viability of cells trans-
fected by using electroporation and VECT was compared and the
efficacy of in-cell NMR experiments utilizing a VECT-delivered
target protein, DARPP-32, was demonstrated.

The study of protein structure under physiological condi-

Results
VECT delivery of target protein promotes high cell viability.
Membrane disruption methods are used to deliver biological

Observation

Syringe Pump

Collection

Fig. 1 Experimental setup for cell volume exchange for the convective
transfer, VECT. A syringe pump delivers the target protein into Hela cells
as it passes through the microfluidic device.

target molecules intracellularly for in-cell NMR spectroscopy.
In-cell NMR requires a long time, =3 h, to collect spectra
during which cells die, lyse, and leak. Among the most com-
monly employed delivery techniques is electroporation, how-
ever, electroporated cells exhibit damage to membranes,
mitochondria, protein, and DNA, decreases in ATP levels as
well as increases in reactive oxygen species, ROS, and intra-
cellular Ca?t concentrations, all of which can lead to cell
death?7:28, Thus effective use of electroporation requires opti-
mization of a number of parameters including voltage, cuvette
gap size, shape, length and number of pulses, cell size and
concentration, buffer and temperature, to strike a balance between
transfection efficiency and cell death. This can be particularly
inconvenient when the target protein is expensive to prepare or
can only be purified in small quantities. The use of a bioreactor
helps maintain cell viability but electroporated cells still have to
recover from damage. VECT delivery, on the other hand, results in
high cell viability and does not require extensive optimization; the
basic procedure being applicable to most cell types and target
proteins.

The experimental setup for VECT delivery of proteins into cells
is shown in Fig. 1. Microliter to milliliter volumes of cells are
flowed through channels ranging from tens to hundreds of
micrometers in dimension. Rapid mechanical deformations cause
transient cell volume exchange that facilitates the convective
transfer of extracellular material into the cell. Many biological
macromolecules, such as dextrans, DNA, protein, and oligomers,
have been successfully transfected into a range of cell types,
including HEK293 and K562 cells, primary neurons, and
fibroblasts, neuron-like N1E-115 cells, dendritic cells, blood
immune cells, and embryonic stem cells?. Previous experiments
showed that, as in electroporation, the amount of protein
delivered into the cytosol is linearly proportional to the
concentration of extracellular protein®>30. Successful delivery of
protein resulted in minimal, ~10%, rupture of the nuclear
envelope, <5% loss of material to the cytosol, and ~2% loss of the
cytosolic content during transfection®2.

Green fluorescent protein, GFP (27 kDa), was used to quantify
and compare electroporation and microfluidic protein delivery to
HelLa cells. The intrinsic fluorescence of GFP facilitated imaging
to assess target protein delivery and cell morphology following
transfection. The concentration of extracellular GFP used for both
transfection methods was 300 uM. The electroporation pulse
program was the same as previously used by our group and others
to electroporate HeLa cells for in-cell NMR spectroscopy!>17:30.
Analysis of lysed cells indicated intracellular GFP concentrations
of 20 £ 10 uM and 5+ 2.5 uM from electroporation- and VECT-
delivery, respectively.

VECT-transfected cells exhibited normal morphology (Fig. 2a,
c) whereas electroporation-transfected cells were rounder,
aggregated, and displayed more concentrated GFP signals (Fig. 2b,
d). Cell attrition was assessed in the 90 min window immediately
following transfection (Fig. 2e). Electroporated cells exhibited a
steady decline in viability resulting in an ~25% reduction
compared to VECT, which increased by ~10% over the same
period. Long-term recovery showed that VECT-transfected HeLa
cells were capable of exponential growth comparable to that of
non-transfected cells over a 48 h period whereas the electro-
porated cells dropped below seeding density in 12h, and were
unable to demonstrate exponential growth by 24 h (Fig. 2f). The
viability of electroporated cells after 12h was 85-90%, compar-
able to the 75-85% observed by Theillet et al.!$, i.e., 15-25% dead
cells after >13 h. Overall, the higher attrition rates of electro-
porated versus VECT-transfected cells were consistent with
the idea that the electroporated cells were more extensively
damaged!?.
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Fig. 2 VECT versus electroporation delivery of GFP to Hela cells. a, ¢ VECT delivery. b, d Electroporation delivery. e Short-term Hela cell viability
following transfection. f Long-term Hela cell viability following transfection. Non-transfected (control) cells (black), cells with VECT-delivered protein
(blue), and cells with electroporated-delivered protein (red). Data were reported as a mean based on two experiments.

VECT-delivery of DARPP32 to HeLa cells. Dopamine and
cyclic adenosine 3, 5-monophosphate-regulated phosphoprotein,
DARPP-32, is a 32kD sensor protein found in dopamine-rich
areas of the brain that is extremely sensitive to cell
physiology3!-32. Functional studies highlighted the role of the
N-terminal region of DARPP-32 as a sensor of cell surface
receptors>>3%. To investigate its structure in live cells, a
C-terminally truncated DARPP-32,_;,, construct was used3>37.
In vitro characterization showed that DARPP-32, ,,, is an
intrinsically disordered protein, IDP, and contains a partially
folded short helix between amino acids 22 and 293>. The high
signal-to-noise ratio afforded by IDPs, relatively well dispersed
IH-15N correlation NMR spectrum3>-37, and high, 30 uM, phy-
siological intracellular concentration makes DARPP-32 an
attractive target for in-cell NMR analysis33-38.

Previous characterization utilized DARPP-32,_,,, constructs
from rats; in this work a human DARPP-32,_;,, construct was
used (Supplementary Fig. 1). 103 out of 108 possible 'H-1°N
cross-peaks were assigned for the human construct in the buffer
used for this study (Fig. 3a). HeLa cells were chosen to minimize

specific interactions that affect the localization and activity of
DARPP-32,_;,, in neuronal cells.

DARPP-32 is known to engage in an extensive interaction
network that results in the formation of complexes with
molecular weights that exceed the detectability limit, ~50 kDa,
when using pulse programs typically employed for in vitro
work3®. Indeed, the !H-I°N heteronuclear single quantum
coherence, HSQC, NMR spectrum of HeLa cells electroporated
with [U- 1°N] DARPP-32,_,, resulted in no interpretable cross-
peaks (Supplementary Fig. 2). Perdeuterating target proteins and
collecting cross-relaxation-enhanced polarization transfer hetero-
nuclear multiple quantum coherence transverse relaxation-
optimized, 'H-1°N' CRINEPT-HMQC-TROSY, NMR spectra on
in-cell samples can circumvent this problem by facilitating
detection of high molecular weight complexes!?. Uniformly
labeled [U- 2D, I5N]-DARPP-32, ;,, was delivered to HeLa cells
using VECT and electroporation. 'H-1>N CRINEPT-HMQC-
TROSY experiments affirmed that perdeuteration was required to
obtain an in-cell spectrum of DARPP-32, ;,, (Fig. 3b, c). The
narrow chemical shift dispersion showed that the protein
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Fig. 3 VECT-transfected cells portray the physiological state. a In vitro 'TH-SN CRINEPT-HMQC-TROSY spectrum of [U- 2D, 1°N]-DARPP-32;.125. b In-
cell TH-1SN CRINEPT-HMQC-TROSY spectrum of VECT-transfected [U- 2D, 1°N]-DARPP-32;42,. ¢ In-cell TH-°N CRINEPT-HMQC-TROSY spectrum of
electroporation-transfected [U- 2D, 1°N]-DARPP-32;.1,,. Boxed regions highlight differences in TH-1>N cross peak resolution between electroporated and

VECT-transfected Hela cells.

remained predominantly unfolded in-cell, with many of the in-
cell cross-peaks lying very close to those observed in vitro
(Fig. 3a). The spectra were consistent with intermediate exchange
implying that DARPP-32; 1,, may engage in transient quinary
interactions that will result in cross-peak broadening.

The spectrum of electroporated cells (Fig. 3c) contained sharp
cross-peaks not observed in cells containing VECT-transfected
target protein (Fig. 3b). Unlike the case of VECT protein delivery,
control experiments examining the supernatant of electroporated
samples revealed sharp 'H-1°N cross-peaks consistent with
leakage of labeled target protein from the cells (Supplementary
Fig. 3). This likely reflects the loss of integrity of plasma and
nuclear membranes and other organelles due to the electropora-
tion process!®2728, The combination of prolonged cell viability
and the absence of cell leakage suggests that VECT is a simple and
reliable method to deliver exogenous target proteins for long-
duration in-cell NMR studies. It should be noted that electro-
poration parameters, as well as those of other delivery methods,
can be optimized to minimize cell damage, and viable cells can be
isolated, although this procedure requires several additional
hours!”.

DARPP-32 phosphorylation is not regulated in HeLa cells. In
neuronal cells, the intracellular localization and activity of
DARPP-32 is regulated by phosphorylation and depho-
sphorylation at several residues (Supplementary Fig. 1). Phos-
phorylation by cAMP-dependent protein kinase A, PKA, of
residue T34 converts DARPP-32 into a potent inhibitor of protein
phosphatase-1, PP1. As a PP1 inhibitor, DARPP-32 amplifies the
activity of PKA at the plasma membrane and in the cytoplasm
affecting a broad spectrum of potential targets and downstream
functions and is a key target in combating neurological
diseases?042 and carcinogenesis*>. Conversely, when phos-
phorylated at T75 by cyclin-dependent kinase 5, CDK5, DARPP-
32 inhibits PKA signaling, abating inhibition of PP1444>
Amplification of PKA activity also results in the phosphorylation
of protein phosphatase 2 A, PP-2A, and subsequent depho-
sphorylation at T75%. In the cytosol, where DARPP-32 pre-
dominates, S45 and S97 (S102 in humans) are phosphorylated by
casein kinase 2, CK2, and require dephosphorylation at S97
(S102) for nuclear co-localization32-34, CK2-mediated phosphor-
ylation enhances phosphorylation of T34 by PKA*’ but the
functional consequences of this interaction remain unresolved44.
Thus the state of phosphorylation determines the cellular location
and consequent activity of DARPP-32.

Antibodies that recognize phosphorylated T34, T75, and S102
were used to look for evidence of biochemical modification.
Western blots of cell lysates revealed weak phosphorylation at
$102, indicative of constitutively expressed and active CK248, The
extent of phosphorylation was not quantified. No phosphoryla-
tion at T34 or T75 was detected (Supplementary Fig. 4). The lack
of T34 phosphorylation by cAMP-dependent PKA, which exists
as an inactive tetramer, may be due to the absence of induction
and/or the intracellular localization of PKA%. Regulation of
cAMP/PKA signaling is controlled by A-Kinase Anchor proteins,
AKAPs, which confine PKA to subcellular compartments close to
its targets, thus limiting its activity>?. The lack of phosphorylation
of T75 by CDK5 is likely due to the absence of regulatory
neuronal activators p35, p39, and cyclin-I in HeLa cells®!.

VECT-transfected cells were treated with 10 uM Forskolin, a
small drug-like molecule, which activates adenylyl cyclase and
downstream cAMP-sensitive enzymes such as PKA, altering
metabolic fluxes in the cell. Western blots indicated no change in
the extent of S102 phosphorylation after Forskolin treatment
(Supplementary Fig. 4). The absence of changes suggests that the
regulation of DARPP-32 activity may be cell-specific. Indeed, it is
not known the extent to which DARPP-32 is expressed in HeLa
cells®2, so it is not surprising to suspect that many of the
regulatory elements are not present at the required concentrations
or intracellular locations. It is also possible that elements from the
C-terminal half of the molecule or intact DARPP-32 is required
for full regulation of phosphorylation and dephosphorylation
activity.

Purified [U- 1°N]-DARPP-32, ;,, was treated in vitro with
PKA, which phosphorylates T34, and CK2, which phosphorylates
$102. 'H-15N HSQC spectra were assigned to account for
chemical shift changes associated with the biochemical modifica-
tions and to help identify modified 'H-1°N cross-peaks in in-cell
spectra (Supplementary Fig. 5). !H-1°N cross-peaks correspond-
ing to phosphorylated T34 and S102 were observed in the H-1°N
HSQC spectra (Supplementary Fig. 5, Fig. 4a) but not in the in-
cell 'H-1N CRINEPT-HMQC-TROSY spectrum of [U- 2D,
ISN]-DARPP-32, _,,, treated with Forskolin (Fig. 4b). This is not
surprising since phosphorylation of T34 was not detected by
Western blot analysis (Supplementary Fig. 4) and phosphoryla-
tion of S102 was sub-stoichiometric in HeLa cells.

The in-cell spectrum of [U- 2D, 1°N]-DARPP-32,_;,, treated
with Forskolin is more extensively broadened than in untreated
cells (Fig. 4b). Overlays of selected 'H-1°N cross-peaks obtained
in vitro and in-cell in the absence and presence of Forskolin
reveal differential changes in chemical shifts and intensities
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Fig. 4 Forskolin treatment results in broadening of the DARPP-32,.,, in-cell NMR spectrum. a In vitro 'H-">N HSQC spectrum of [U- °N]-DARPP-
321122 treated with CK2. The cross-peak associated with phosphorylated S102 is in red. Bold residues are the same as in the insets on the right. b In-cell TH-
15N CRINEPT-HMQC-TROSY spectrum of [U- 2D, 5SN]-DARPP-32;_15, treated with Forskolin. Boxed regions show overlays from the in vitro TH->N HSQC
spectrum of [U- >N]-DARPP-32;125 (black) and the in-cell TH-">N CRINEPT-HMQC-TROSY spectrum of [U- 2D, 15N]-DARPP-32;.1»> acquired in the

absence (blue) and presence (red) of Forskolin.

(Fig. 4b boxed regions) often indicative of changes in quinary
structure. The relevance of these changes was assessed by
comparing the normalized cross-peak intensity ratios of [U- 2D,
I5N]-DARPP-32,_,,, from two biological replicate samples of
VECT-transfected cells (Supplementary Fig. 6). About 90% of the
cross-peak ratios were between 0.5 and 2 indicating a roughly
two-fold variation in intensity (Supplementary Fig. 6). This level
of biological variation, i.e., noise, precluded an accurate assess-
ment of the location and extent of quinary structure changes due
to Forskolin. Control experiments demonstrated that VECT-
transfected cells maintained viability for at least the 90 min
window required to prepare them for NMR spectroscopy. Beyond
that, reduced intracellular oxygen and ATP were likely to cause
the health of the cells to decline during the time required to
collect the data, which may contribute to the spectral changes.

Discussion

Microfluidics-based delivery of target protein into HeLa cells was
tested and found to be a simple reliable method that preserves cell
physiology for long-term in-cell NMR experiments. Direct com-
parison of protein delivery into cells showed that electroporation
may deliver up to four times more protein under the same con-
ditions. However, unlike electroporation and other pore-forming
delivery techniques, which result in cell mortality within 24-48 h
and can rupture internal membranous structures!®-21, VECT-
transfection does not require extensive optimization to effectively
deliver target protein to 107 eukaryotic cells and can be applied to
most cell types and target proteins. The procedure can be
accomplished in 20 min by using a standard syringe pump con-
nected to a microfluidics chip (Fig. 1). Processed cells are uni-
formly loaded with protein and require minimal recovery time.
Growth resumes immediately and is comparable to that of control
cells (Fig. 2). The applicability of VECT delivery for drug
screening and monitoring changes in physiology was demon-
strated by collecting in-cell spectra in response to exogenous
administration of Forskolin.

Methods
Chemicals and reagents. All chemicals used were of molecular biology grade or
better.

Plasmid construction. Synthetic DNA encoding for the 13 kDa N-terminal human
DARPP-32 fragment, DARPP-32,_,, was subcloned into pET-28a(+) (Novagen)
using Ndel and Xhol restriction sites (Genscript). The resulting plasmid, pET-

28trDARPP-32 confers kanamycin resistance and expresses N-terminally 6XHis-
tagged DARPP-32, ;,, from the T7 lac promoter.

Protein overexpression. Reduced proton density, REDPRO, uniformly labeled
[U- 2D, 15N] DARPP-32, 5, was prepared as previously described>3. Briefly, E. coli
strain BL21(DE3) Codon+ was transformed with pET-28trDARPP-32 and 50 mL
of Miller Lysogeny Broth (LB) containing 75 pg/mL of kanamycin was inoculated
using a single colony and incubated overnight at 37 °C. The overnight culture was
transferred into 1L of fresh LB medium containing 75 ug/mL of kanamycin and
allowed to grow at 37 °C to an ODgg, of 0.7-0.9. Cells were centrifuged at 200 x g
for 20 min at 37 °C and washed twice with minimal, M9, medium, and resuspended
in 1L of deuterated M9 medium containing 1 g/L of 1’NH,Cl and 0.2% glucose as
the sole nitrogen and carbon sources. The culture was incubated for 15-20 minutes
at 37 °C to facilitate cell acclimation. Protein expression was induced by adding
isopropyl B-d-1-thiogalactopyranoside to a final concentration of 1 mM and
induction was allowed to proceed for 2-4 h. For experiments to assign backbone
nuclei, 13C-glucose was used in place of the 0.2% glucose as the sole carbon source
to prepare [U- 15N, 13C] DARPP-32,_},, and the final culture was overexpressed in
non-deuterated M9 medium.

Protein purification. DARPP-32, ;,, was purified using a Ni-NTA column under
denaturing conditions. Cells were resuspended in lysis buffer, 100 mM NaPO,, pH
8.0, 10 mM Tris, 8 M urea, and sonicated using a Model 250 Digital Sonifier
(Branson) for seven cycles at 40% power using 0.3 s pulses and a 1.0 s rest between
pulses for 60 total seconds of pulse time. The lysate was clarified by centrifugation
at 30,000 x g for 45 min and loaded onto a column pre-equilibrated with lysis
buffer. The column was washed with 50 mL of wash buffer, 100 mM NaPO,, pH
6.3, 10 mM Tris, 8 M urea, and the protein eluted with 20 mL of elution buffer,
100 mM NaPOy, pH 4.5, 10 mM Tris, 8 M urea. The eluent was dialyzed into buffer
A, 50 mM NaPO,, pH 7.0, 50 mM NaCl, loaded onto a GE HiTrap™ Q HP
Column, and eluted with a 300 mL linear gradient from buffer A to buffer B,

50 mM NaPO,, pH 7.0, 1 M NaCl, using a Biorad DualFlow chromatography
system (Biorad). The purified protein was exchanged into storage buffer, 10 mM
sodium phosphate, pH 7.0, 100 mM NaCl, 0.01% sodium azide, and 20% glycerol,
and concentrated to 100 mM by using an Amicon Ultra-15 Centricon (Millipore)
for storage at —80 °C. Emerald GFP, EmGFP, was overexpressed from plasmid
pRSET-EmGFP and purified as previously described® and exchanged into the
storage buffer.

Protein transfection by electroporation. Hela cells (Sigma) were prepared by
seeding 4 x 10° cells into five 15 cm Corning culture plates. Cells were incubated
for 2-3 days in culture medium, Dulbecco’s Modified Eagle Medium, DMEM
(Gibco), containing 4.5 g/L d-glucose, 110 mg/L sodium pyruvate, and supple-
mented with 10% fetal bovine serum, FBS (Gibco), to ~80% confluence (~12 x 106
cells/plate). Cells were harvested as previously described!? by exposure to 0.25%
trypsin EDTA (Gibco) for 3 min at 37 °C, pelleted by centrifugation at 200 x g for
6 min at 25 °C, washed twice with 5mL of phosphate-buffered saline, PBS, and
counted. Cells were resuspended in 100 uL of electroporation buffer, 100 mM
NaPO,, pH 7.0, 5mM KCl, 15 mM MgCl,, 15 mM HEPES, 5mM ATP, 5mM
reduced glutathione and 50% Amaxa Nucleofector Solution R (Lonza, Inc). Pur-
ified [U- 2D, 15N] DARPP-32, 5, or GFP, in storage buffer, was added to a final
concentration of 300 uM. Aliquots of 100 uL containing ~2 x 10 cells were
transferred into 1 mm cuvettes (Lonza) and electroporation was performed using
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an Amaxa Nucleofector 2b apparatus (Lonza) set to the B-28 pulse program as
previously described!>17:30, Each cuvette was pulsed twice, with gentle agitation
between pulses. 1 mL of prewarmed culture medium was added to each cuvette
immediately following the second pulse and the cell suspension was transferred
into a 50 mL centrifuge tube and incubated at room temperature for 20 min to
maximize transfection and facilitate cell recovery. Cells were centrifuged at 200 x g
for 3 min at RT, and washed twice using 2 mL of culture medium to remove
residual protein. Samples were prepared for in-cell NMR by resuspending trans-
fected cells in 450 uL of culture medium and 50 uL of D,0, and transferring the
suspension to a 5mm NMR tube. For plate reading to determine GFP con-
centrations, aliquots of 2 x 10° cells were resuspended in 1 mL of RIPA buffer,
25 mM Tris-HCI, pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS, and frozen at —80°C.

Protein transfection by microfluidics. HeLa cells (Sigma) were prepared by
seeding 4 x 106 cells into three 15 cm culture dishes (Corning). Seeded cells were
incubated for 2-3 days in culture medium to ~80% confluence (~1.2 x 107 cells/
plate). Cells were harvested as described above!2, passed through a 40 um filter to
reduce clumping, and counted. Approximately 3 x 107 cells were resuspended in
3 mL of cell flow buffer, 0.4% BSA, 0.04% EDTA, 20% Percoll, 5 uL of Tween-20,
and purified [U- 2D, 1°N] DARPP-32, ,,, or GFP, in storage buffer, was added to a
final concentration of 300 uM. A three-channel polydimethylsiloxane, PDMS,
Volume Exchange for Convective Transfer, VECT, device with rigid, 9.6-um
microchannels was prepared as previously described?2. The VECT device was
placed on a Vista Vision (VWR) microscope for observation and purged to remove
trapped air and any existing manufacturing debris using passivation buffer, 1%
BSA in phosphate-buffered saline (Gibco). The cell suspension was transferred to a
3 mL syringe, connected to a New Era Pump Systems Model 300 syringe pump set
to a flow rate of 100 uL/min, and the flow commenced while observing for bubbles
and blockages. The cell suspension eluent was collected and allowed to equilibrate
for 20 min at room temperature to maximize protein transfection and facilitate cell
recovery. Cells were centrifuged at 200 x g for 6 min at 25 °C and washed twice
with 5 mL of PBS. Samples were prepared for in-cell NMR by resuspending
transfected cells in 450 uL of culture medium with or without 10 uM Forskolin, and
50 uL of D,0, and transferring the suspension to a 5mm NMR tube. For plate
reading to determine GFP concentrations, aliquots of 2 x 10 cells were resus-
pended in 1 mL of RIPA buffer, and frozen at —80 °C. About 5 x 106 cells were
reserved for plate reading as described above. Following VECT delivery of DARPP-
32).122, ~5 % 10° cells were resuspended in 1 mL of RIPA buffer and frozen at
—80°C in preparation for future Western blotting.

NMR experiments. All NMR spectra were recorded at 298 K on either a 700 MHz
Avance II NMR spectrometer (Briiker) equipped with a TXI cryoprobe or a

600 MHz Avance III NMR spectrometer equipped with a QCI-P cryoprobe. All
in vitro samples were prepared by combining 450 pL of purified labeled DARPP-
321.122 in NMR buffer, 50 mM NaPO,, pH 6.8, with 50 L of D,O, to a final
concentration of 100 uM. In-cell samples were prepared by combining 450 puL of
cells suspended in a culture medium and 50 pL of D,O. Spectra were processed
with Topspin (version 3.2, Britker) and analyzed using CARA software.

Heteronuclear single quantum coherence, 'H-1’N HSQC, experiments were
performed with Watergate water suppression®® and the spectra were acquired with 64
transients and 1024 and 128 points in the 'H and 1°N dimensions, respectively. The
spectral widths in the 'H and 1°N dimensions were 14 and 35 ppm, respectively.

Cross-relaxation-enhanced polarization transfer heteronuclear multiple
quantum coherence transverse relaxation-optimized, 'H-1N CRINEPT-HMQC-
TROSY>, experiments were performed with Watergate water suppression using
CRIPT transfer delays of 1.5 ms and a recycle time of 300 ms. 512 transients were
used to acquire 1024 and 128 points with spectral widths of 14 and 35 ppm in the
proton and nitrogen dimensions, respectively.

A standard array of triple resonance experiments, NCACB, CBCACONH,
HNCA, HNCO, HNCOCA, HNCACO, (H)CC(CO)NH, and H(CC)(CO)NH?,
were used to assign backbone nuclei of both unphosphorylated and phosphorylated
[U- 15N, 13C] DARPP-32,_125. Assignments were accomplished using CARA
software.

Biological replicate HSQC experiments were performed after transfecting
DARPP-32; 5, into HeLa cells using VECT. CARA software was used to obtain
the intensity values for each experiment. The intensities were normalized using a
glutamine amide side chain at 7.49 ppm and 112.4 ppm in the proton and nitrogen
dimensions, respectively, that did not undergo changes in chemical shift. The
errors in the ratios were derived by propagating the errors in the individual cross-
peak intensities. All experiments were performed independently at least twice and
the results were combined for analysis by using the ANOVA statistical package in
Prism 6.0 (Graphpad, Inc).

Phosphorylation of DARPP-32,,,,. Phosphorylation of DARPP-32; ;,, was
performed as previously described?. Purified [U- 2D, 1°N] DARPP-32,_,,, was
exchanged into NE Buffer (New England Biolabs) 50 mM Tris-HCI, pH 7.5, 10 mM
MgCl,, 0.1 mM EDTA, 2mM DTT, 0.01% Brij 35, and 200 uM ATP. 8 ug/mL of

protein kinase A, PKA (New England Biolabs), or casein kinase 2, CK2 (New
England Biolabs), was added to initiate the reaction. Each reaction was allowed to
proceed at 30 °C for 90 min. The phosphorylated protein solution was immediately
combined into 450 pL of NMR buffer and 50 L of D,0O for NMR spectroscopy, or
1:1 with Laemmli buffer for SDS-PAGE and Western blotting. SDS-PAGE band
intensities were measured by using Image] software.

Forskolin treatment of Hela cells. Aliquots containing ~5 x 10° HeLa cells that
had undergone VECT delivery of [U- 2D, 1°N] DARPP-32, ,,, were suspended in
1 mL of culture medium. The cells were treated with 10 uM Forskolin (TCI) and
incubated at 37 °C for 30 min. The cells were centrifuged at 200 x g for 6 min at
25 °C, resuspended in 1 mL of RIPA buffer, and stored at —80 °C for SDS-PAGE
and Western blotting.

Cell viability and morphology assays. Cells were collected at the end of the

20 min rest period following protein delivery to measure the initial survival rates
and viability of VECT- and electroporation-transfected cells. Individual samples
were combined into a 50 mL conical tube (Thermo), washed twice with 10 mL of
PBS (Gibco) to remove residual protein, and resuspended in 2 mL of culture
medium in duplicate. To assess initial survival rates in the critical 90 min window
where cells are prepared for in-cell NMR, a 10 uL aliquot of cell suspension was
removed every 10 min, diluted 1:10 (v/v) with 0.4% Trypan blue (Thermo Fisher)
and counted with a hemocytometer (Reichert). To assess long-term viability (48 h),
eight 35 mm tissue culture dishes (Corning) were individually seeded with 0.3 x 106
cells across three conditions (electroporation-, VECT- and non-transfected cells).
Pairs of dishes for each condition were harvested and counted at 12 h intervals. Cell
images were taken using an Evos” FL auto imaging system (Thermo Fisher Sci-
entific) 12 h after protein delivery to assess morphology and fluorescence.

Western blotting. HeLa cell samples from electroporation-, and VECT-transfec-
tions, +Forskolin, were individually thawed and lysed using a Model 250 Digital
Sonifier (Branson). The lysate was centrifuged at 200 x g for 30 min to pelletize
cellular debris and the supernatant was decanted. A 1:1 dilution of the clarified
lysate was prepared for electrophoresis using 2x Laemmli buffer. The same pro-
cedure was followed to create a control sample using ~5 x 10 HeLa cells that had
not undergone transfection. Whole-cell lysates and samples from in vitro phos-
phorylation reactions were subjected to SDS-PAGE (Mini-PROTEAN Tetra Cell,
Bio-Rad). Protein transfer to a 0.2 pm nitrocellulose membrane (Biorad) was
performed at 40 V for 16 h. Four membranes were blotted using recombinant anti-
DARPP-32 rabbit antibody (EP720Y/AB40801, 1:1000 dilution, Abcam), phospho-
DARPP-32 (Ser97 in rat or S102 in human) rabbit monoclonal antibody (D11A5,
1:1000 dilution, Cell Signaling Technology), phospho-DARPP-32 (T34) rabbit
monoclonal antibody (D27A4, 1:1000 dilution, Cell Signaling Technology), and
phospho-DARPP-32 (T75) rabbit polyclonal antibody (AB51114, 1:3000 dilution,
Abcam). Anti-DARPP-32 was used to initially determine the effectiveness of the
blotting protocol. Chemiluminescence was generated using ECL western blotting
substrate (Promega) and detection and imaging was performed by using a Che-
miDoc™ MP imaging system (Bio-Rad).

Fluorometric quantitation of intracellular GFP concentrations. Duplicate sets of
six samples of ~2 x 10° cells each from the electroporation and microfluidics trans-
fections, along with a control sample of ~2 x 10° non-transfected HeLa cells, were
thawed and lysed using a Model 250 Digital Sonifier (Branson). Each of the samples
were centrifuged at 200 x g for 30 min at room temperature to pelletize cellular debris
and the supernatant was collected. About 150 pL of each of the transfected, control,
and background samples were transferred into a 96-well plate (Model 3603, Costar).
Fluorescence was detected using a Synergy HT plate reader (BioTek). A calibration
curve was generated using purified GFP. To calculate the final concentration of GFP
delivered per cell, a HeLa cell volume of 2500 um? was assumed.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data are available upon request. The source data behind the graphs and uncropped
and unedited gel images are included in Supplementary Data 1 and Supplementary Fig. 7,
respectively.

Materials availability

All materials are available upon request.

Received: 4 August 2020; Accepted: 26 April 2022;
Published online: 12 May 2022

6 COMMUNICATIONS BIOLOGY | (2022)5:451 | https://doi.org/10.1038/s42003-022-03412-x | www.nature.com/commsbio


www.nature.com/commsbio
www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03412-x

ARTICLE

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ito, Y. & Selenko, P. Cellular structural biology. Curr. Opin. Struct. Biol. 20,
640-648 (2010).

Goodsell, D. The Machinery of Life (Springer, 2009).

Cohen, R. D. & Pielak, G. J. A cell is more than the sum of its (dilute) parts: a
brief history of quinary structure. Protein Sci. 26, 403-413 (2017).

Rivas, G. & Minton, A. P. Toward an understanding of biochemical equilibria
within living cells. Biophys. Rev. 10, 241-253 (2018).

DeMott, C. M., Majumder, S., Burz, D. S., Reverdatto, S. & Shekhtman, A.
Ribosome mediated quinary interactions modulate in-cell protein activities.
Biochemistry 56, 4117-4126 (2017).

Mentre, P. Water in the orchestration of the cell machinery. Some
misunderstandings: a short review. J. Biol. Phys. 38, 13-26 (2012).

Marcotte, E. M. et al. Detecting protein function and protein-protein
interactions from genome sequences. Science 285, 751-753 (1999).

Selenko, P., Serber, Z., Gadea, B., Ruderman, J. & Wagner, G. Quantitative NMR
analysis of the protein G Bl domain in Xenopus laevis egg extracts and intact
oocytes. Proc. Natl Acad. Sci. USA 103, 11904-11909 (2006).

Inomata, K. et al. High-resolution multi-dimensional NMR spectroscopy of
proteins in human cells. Nature 458, 106-109 (2009).

Ogino, S. et al. Observation of NMR signals from proteins introduced into living
mammalian cells by reversible membrane permeabilization using a pore-forming
toxin, streptolysin O. J. Am. Chem. Soc. 131, 10834-10835 (2009).

Bangi, L. et al. Atomic-resolution monitoring of protein maturation in live
human cells by NMR. Nat. Chem. Biol. 9, 297-299 (2013).

Majumder, S. et al. Probing protein quinary interactions by in-cell nuclear
magnetic resonance spectroscopy. Biochemistry 54, 2727-2738 (2015).
Serber, Z., Corsini, L., Durst, F. & Dotsch, V. In-cell NMR spectroscopy.
Methods Enzymol. 394, 17-41 (2005).

Li, C. et al. Protein (19)F NMR in Escherichia coli. J. Am. Chem. Soc. 132,
321-327 (2010).

Sakai, T. et al. In-cell NMR spectroscopy of proteins inside Xenopus laevis
oocytes. J. Biomol. NMR 36, 179-188 (2006).

Sakakibara, D. et al. Protein structure determination in living cells by in-cell
NMR spectroscopy. Nature 458, 102-105 (2009).

Theillet, F. X. et al. Structural disorder of monomeric alpha-synuclein persists
in mammalian cells. Nature 530, 45-50 (2016).

Alex, A. et al. Electroporated recombinant proteins as tools for in vivo
functional complementation, imaging and chemical biology. Elife https://doi.
org/10.7554/eLife.48287 (2019).

Canatella, P. J., Karr, J. F., Petros, J. A. & Prausnitz, M. R. Quantitative study
of electroporation-mediated molecular uptake and cell viability. Biophys. J. 80,
755-764 (2001).

Yano, K. & Morotomi-Yano, K. in Handbook of Electroporation (ed.
Miklavcic, D.) (Springer, 2016).

Inomata, K., Kamoshida, H., Ikari, M., Ito, Y. & Kigawa, T. Impact of cellular
health conditions on the protein folding state in mammalian cells. Chem.
Commun. 53, 11245-11248 (2017).

Liu, A. et al. Cell mechanical and physiological behavior in the regime of rapid
mechanical compressions that lead to cell volume change. Small 16, 1903857
(2020).

Liu, A. et al. Microfluidic generation of transient cell volume exchange for
convectively driven intracellular delivery of large macromolecules. Mater.
Today 21, 703-712 (2018).

Sharei, A. et al. Cell squeezing as a robust, microfluidic intracellular delivery
platform. J. Vis. Exp. https://doi.org/10.3791/50980 (2013).

Sharei, A. et al. Plasma membrane recovery kinetics of a microfluidic
intracellular delivery platform. Integr. Biol. 6, 470-475 (2014).

DiTommaso, T. et al. Cell engineering with microfluidic squeezing preserves
functionality of primary immune cells in vivo. Proc. Natl Acad. Sci. USA 115,
E10907-E10914 (2018).

Napotnik, T. B., Polajzer, T. & Miklavcic, D. Cell death due to electroporation
- A review. Bioelectrochemistry https://doi.org/10.1016/j.bioelechem.2021.
107871 (2021).

Sun, M. & Duan, X. Recent advances in micro/nanoscale intracellular delivery.
Nanotechnol. Precis. Eng. 3, 18-31 (2020).

Hur, J. & Chung, A. J. Microfluidic and nanofluidic intracellular delivery. Adv.
Sci. https://doi.org/10.1002/advs.202004595 (2021).

Bekei, B. In-cell NMR Spectroscopy in Mammalian Cells. PhD thesis, Freie
Univ. (2013).

Greengard, P. The neurobiology of slow synaptic transmission. Science 294,
1024-1030 (2001).

Walaas, S. I, Aswad, D. W. & Greengard, P. A dopamine- and cyclic AMP-
regulated phosphoprotein enriched in dopamine-innervated brain regions.
Nature 301, 69-71 (1983).

Hemmings, H. C. Jr & Greengard, P. DARPP-32, a dopamine- and adenosine
3’:5'-monophosphate-regulated phosphoprotein: regional, tissue, and
phylogenetic distribution. J. Neurosci. 6, 1469-1481 (1986).

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Stipanovich, A. et al. A phosphatase cascade by which rewarding stimuli
control nucleosomal response. Nature 453, 879-884 (2008).

Dancheck, B, Nairn, A. C. & Peti, W. Detailed structural characterization of
unbound protein phosphatase 1 inhibitors. Biochemistry 47, 12346-12356 (2008).
Liang, C. T. et al. Characterization of the interactions between inhibitor-1 and
recombinant PP1 by NMR spectroscopy. Sci. Rep. 8, 50 (2018).

Lin, T. H. et al. Letter to the Editor: H-1, N-15, and C-13 resonance
assignments of DARPP-32 (dopamine and cAMP-regulated phosphoprotein,
Mr. 32,000) - a protein inhibitor of protein phosphatase-1. J. Biomol. NMR 28,
413-414 (2004).

Fernandez, E., Schiappa, R., Girault, J. A. & Le Novere, N. DARPP-32 is a
robust integrator of dopamine and glutamate signals. PLoS Comput. Biol. 2,
€176 (2006).

Cavanagh, J. F., W. J. Palmer, A. G. Rance, M. Skelton, N.J.. Protein NMR
Spectroscopy (Academic Press, 2007).

Bibb, J. A. et al. Severe deficiencies in dopamine signaling in presymptomatic
Huntington’s disease mice. Proc. Natl Acad. Sci. USA 97, 6809-6814 (2000).
Meyer-Lindenberg, A. et al. Genetic evidence implicating DARPP-32 in
human frontostriatal structure, function, and cognition. J. Clin. Invest.117,
672-682 (2007).

Kunii, Y. et al. Revisiting DARPP-32 in postmortem human brain: changes in
schizophrenia and bipolar disorder and genetic associations with t-DARPP-32
expression. Mol. Psychiatry 19, 192-199 (2014).

El-Rifai, W. et al. Gastric cancers overexpress DARPP-32 and a novel isoform,
t-DARPP. Cancer Res. 62, 4061-4064 (2002).

Yger, M. & Girault, J. A. DARPP-32, jack of all trades... master of which?
Front. Behav. Neurosci. https://doi.org/10.3389/fnbeh.2011.00056 (2011).
Bibb, J. A. et al. Phosphorylation of DARPP-32 by Cdk5 modulates dopamine
signalling in neurons. Nature 402, 669-671 (1999).

Bateup, H. S. et al. Cell type-specific regulation of DARPP-32 phosphorylation by
psychostimulant and antipsychotic drugs. Nat. Neurosci. 11, 932-939 (2008).
Girault, J. A., Hemmings, H. C., Williams, K. R,, Nairn, A. C. & Greengard, P.
Phosphorylation of Darpp-32, a dopamine-regulated and Camp-regulated
phosphoprotein, by casein kinase-Ii. J. Biol. Chem. 264, 21748-21759 (1989).
Rusin, S. F., Adamo, M. E. & Kettenbach, A. N. Identification of candidate
casein kinase 2 substrates in mitosis by quantitative phosphoproteomics.
Front. Cell Dey. Biol. https://doi.org/10.3389/fcell.2017.00097 (2017).
Vandame, P. et al. The spatio-temporal dynamics of PKA activity profile
during mitosis and its correlation to chromosome segregation. Cell Cycle 13,
3232-3240 (2014).

McConnachie, G., Langeberg, L. K. & Scott, J. D. AKAP signaling complexes:
getting to the heart of the matter. Trends Mol. Med. 12, 317-323 (2006).
Liu, C. C., Zhai, X. Y., Zhao, B., Wang, Y. F. & Xu, Z. G. Cyclin I-like (CCNI2)
is a cyclin-dependent kinase 5 (CDK5) activator and is involved in cell cycle
regulation. Sci. Rep. https://doi.org/10.1038/srep40979 (2017).

Beckler, A. et al. Overexpression of the 32-kilodalton dopamine and cyclic
adenosine 3/, 5'-monophosphate-regulated phosphoprotein in common
adenocarcinomas. Cancer 98, 1547-1551 (2003).

Shekhtman, A., Ghose, R., Goger, M. & Cowburn, D. NMR structure
determination and investigation using a reduced proton (REDPRO) labeling
strategy for proteins. FEBS Lett. 524, 177-182 (2002).

Masse, J. E., Keller, R. & Pervushin, K. SideLink: automated side-chain
assignment of biopolymers from NMR data by relative-hypothesis-
prioritization-based simulated logic. J. Magn. Reson 181, 45-67 (2006).
Piotto, M., Saudek, V. & Sklenar, V. Gradient-tailored excitation for single-
quantum NMR spectroscopy of aqueous solutions. J. Biomol. NMR 2, 661-665
(1992).

Riek, R., Wider, G., Pervushin, K. & Wuthrich, K. Polarization transfer by
cross-correlated relaxation in solution NMR with very large molecules. Proc.
Natl Acad. Sci. USA 96, 4918-4923 (1999).

Acknowledgements

The project described was supported by Award Numbers 1POIHL146367-01 and
RO1GMO085006 from the U.S. National Institute of Health. The content is solely the
responsibility of the authors and does not necessarily represent the official view of the NIH.

Author contributions

N.S. conducted the experiments, analyzed the data, and wrote the manuscript; A.L.
provided the microfluidics devices, L.B. analyzed the data, D.S.B. analyzed the data and
wrote the manuscript, T.S. designed microfluidics experiments, A.S. conceptualized and
designed the project, analyzed the data, and wrote the manuscript.

Competing interests

The authors declare no competing interests.

COMMUNICATIONS BIOLOGY | (2022)5:451| https://doi.org/10.1038/s42003-022-03412-x | www.nature.com/commsbio 7


https://doi.org/10.7554/eLife.48287
https://doi.org/10.7554/eLife.48287
https://doi.org/10.3791/50980
https://doi.org/10.1016/j.bioelechem.2021.107871
https://doi.org/10.1016/j.bioelechem.2021.107871
https://doi.org/10.1002/advs.202004595
https://doi.org/10.3389/fnbeh.2011.00056
https://doi.org/10.3389/fcell.2017.00097
https://doi.org/10.1038/srep40979
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-03412-x

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s42003-022-03412-x.

Correspondence and requests for materials should be addressed to Alexander
Shekhtman.

Peer review information Communications Biology thanks the anonymous reviewers for
their contribution to the peer review of this work. Primary Handling Editors: Anam
Akhtar and Christina Karlsson Rosenthal.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
32

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

8 COMMUNICATIONS BIOLOGY | (2022)5:451 | https://doi.org/10.1038/s42003-022-03412-x | www.nature.com/commsbio


https://doi.org/10.1038/s42003-022-03412-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	Microfluidics delivery of DARPP-32 into HeLa cells maintains viability for in-cell NMR spectroscopy
	Results
	VECT delivery of target protein promotes high cell viability
	VECT-delivery of DARPP32 to HeLa cells
	DARPP-32 phosphorylation is not regulated in HeLa cells

	Discussion
	Methods
	Chemicals and reagents
	Plasmid construction
	Protein overexpression
	Protein purification
	Protein transfection by electroporation
	Protein transfection by microfluidics
	NMR experiments
	Phosphorylation of DARPP-321-nobreak122
	Forskolin treatment of HeLa cells
	Cell viability and morphology assays
	Western blotting
	Fluorometric quantitation of intracellular GFP concentrations

	Reporting summary
	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




