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Abstract

RNA constitutes up to 20% of a cell’s dry weight, corresponding to ~20 mg/mL. This high
concentration of RNA facilitates low-affinity protein—RNA quinary interactions, which may play
an important role in facilitating and regulating biological processes. In the yeast Pichia pastoris,
the level of ubiquitin-RNA colocalization increases when cells are grown in the presence of
dextrose and methanol instead of methanol as the sole carbon source. Total RNA isolated from
cells grown in methanol increases B-galactosidase activity relative to that seen with RNA isolated
from cells grown in the presence of dextrose and methanol. Because the total cellular RNA content
changes with growth medium, protein~-RNA quinary interactions can alter in-cell protein
biochemistry and may play an important role in cell adaptation, critical to many physiological and
pathological states.

Graphical Abstract

RNA Concentration

The importance of RNA in biology has extended beyond its key role in the central dogma.l
As a component of ribonucleoprotein (RNP) complexes, RNA has been implicated in diverse
processes such as pre-mRNA splicing, RNA methylation, telomerase extension, RNA
folding, cargo transport, and a host of others.2~* Specific high-affinity (sub-micromolar)
interactions between protein and RNA in RNPs are critical for proper function and have
been studied in great detail. 12> However, the significance of specific low-affinity
(micromolar to millimolar) interactions between protein and RNA is not well understood
despite the fact that these interactions are omnipresent in the crowded environment of
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prokaryotic and eukaryotic cells where protein and RNA concentrations can reach 100 and
20 mg/mL, respectively.5-8

We recently demonstrated® that specific low-affinity protein—-RNA interactions, historically
called quinary,1911 can be characterized in-cell by using cross-relaxation-induced
polarization transfer (CRIPT) nuclear magnetic resonance (NMR) spectroscopy.12 These
interactions have also been detected in highly concentrated cell lysates.13-15 Quinary
structures are large transient complexes that affect protein stability’6-17 and ligand
binding®18 and can potentially modulate protein function.®17:19 Because the cellular content
of RNA depends on growth conditions, 2921 quinary structures have the potential to
globally fine-tune diverse biological processes.

Earlier observations of two unrelated proteins, ubiquitin and S-galactosidase, overexpressed
from the methanol-induced AOXI promoter in the yeast 2 pastoris, revealed that a change in
the carbon source of the growing cells can alter the intracellular distribution of the
overexpressed proteins.22 The in-cell NMR spectrum of ubiquitin and the enzymatic activity
of B-galactosidase were also dramatically affected.22 Nutrients play a critical role in
reorganizing the yeast cytosol. Different carbon sources influence protein expression by
enhancing the production of metabolic enzymes necessary for optimal growth. This
phenomenon is mediated by changes in the RNA content of the cell. Because both ubiquitin
and S-galactosidase have been reported to associate with mRNAZ3 or ribosomes,24-26 we
examined the relation between these changes and the total cellular RNA content of the cells.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents

Restriction enzymes were from NEB. TRIzol RNA extraction reagent was from Ambion,
and zymolyase was from MPBiomedicals. All other chemicals used were reagent grade or
better.

Preparation of Total Cellular RNA

A glycerol stock of 2 pastoris strain X-33 harboring pPic-ScUbg,22 which expresses
Saccharomyces cerevisiae ubiquitin under the control of the AOXZ promoter, was plated
onto YPD/agar plates supplemented with 300 pg/mL blasticidin. Starting from a single
colony, cells were grown overnight at 30 °C in buffered minimal dextrose [BMD; 85 mM
potassium phosphate (pH 6.0), 3.4 g/L yeast nitrogen base, 76 mM (NH,4)»SOyq4, 0.5%
dextrose, and 0.4 pg/mL biotin]. The cells were centrifuged at 2000g for 10 min at room
temperature, washed with 85 mM potassium phosphate (pH 6.0), recentrifuged, and
resuspended in 0.5 L of buffered minimal methanol [BMM; 85 mM potassium phosphate
(pH 6.0), 3.4 g/L yeast nitrogen base, 76 mM (NH,4)2SO4, 1% methanol, and 0.4 pg/mL
biotin] or 0.5 L of buffered minimal dextrose methanol [BMDM; 85 mM potassium
phosphate (pH 6.0), 3.4 g/L yeast nitrogen base, 76 mM (NH,4)2SO4, 0.5% dextrose, 1%
methanol, and 0.4 tg/mL biotin] at an ODggq of 0.6 and grown for an additional 24 h at
30 °C. Cell cultures were pelleted and stored as a wet cell pack at —80 °C.
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Identical procedures were followed for cells grown in BMM and in BMDM. Cells were
resuspended in 25 mL of lysis buffer [50 mM potassium phosphate (pH 7.5) and 10 mM g-
ME]; 500 units of zymolyase was added, and the mixture was incubated at 37 °C for 1 h.
The cells were lysed by sonication and pelleted at 25000¢g for 30 min. One molar sodium
acetate (pH 5.2) and 10% SDS were added to the clarified supernatant to final
concentrations of 0.1 M and 0.1%, respectively. Phenol and chloroform were used to extract
the RNA from each sample separately. Briefly, water-saturated phenol was added to an equal
volume of lysate. The mixture was incubated at 65 °C for 10 min followed by 10 min on ice.
The mixture was centrifuged at 25000g for 10 min. The upper aqueous layer was transferred
to a fresh tube. An equal volume of chloroform was added, and the resulting mixture was
centrifuged at 250009. The upper aqueous layer was transferred to a fresh tube, and 3 M
sodium acetate (pH 5.2) and 1 mM EDTA were added to final concentrations of 0.3 M and
0.1 mM, respectively; 2.5 volumes of cold 100% ethanol was added, and the mixture was
incubated at =80 °C overnight. The samples were centrifuged at 25000¢ for 25 min at 4 °C,
and the pellet was washed four times with 80% ethanol and air-dried. A small portion of
each sample was dissolved in DEPC-treated water to check the purity. The OD2g0/OD2gq
values of the RNAs extracted from BMM and BMDM were 1.97 and 2.0, respectively.

Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed on total RNA extracted from £, pastoris grown
on BMM (RNAgmm) and BMDM (RNAgnpm) media. The concentration of both RNA
preparations was measured by absorbance at 260 nm. The amounts of RNAgpm and
RNAgnmpm l0aded onto the gel were 364 and 410 ng, respectively. SYBR Gold (Invitrogen)
was used to stain the nucleic acids.

Western Blotting

Samples were electrophoresed at 100 V for 1 h on a 16% (ubiquitin) or 10% (-
galactosidase) polyacrylamide gel in Tris-Glycine-SDS buffer using a Mini-PROTEAN 3
(Bio-Rad) apparatus. The gel was washed with Tris-Glycine buffer (Thermo Fisher)
containing 20% methanol and transferred to a 0.2 gm nitrocellulose membrane (Bio-Rad) in
Tris-Glycine buffer containing 20% methanol using a Mini-PROTEAN 3 (Bio-Rad)
apparatus. The membrane was blocked for 2 h at room temperature with 1% bovine serum
albumin in Tris-buffered saline containing 0.05% Tween 20 (BSA/TBS-T) and incubated
overnight at 4 °C with the primary antibody, HRP-conjugated mouse monoclonal 1gG1 [Ub
Antibody (P4D1), sc-8017] diluted 1:500 with a BSA/ TBS-T mixture. The membrane was
washed with TBS. Western blots were developed by incubating the membrane in Super-
Signal West Pico Chemiluminescent Substrate (Thermo Scientific) for 5 min at room
temperature, and the resulting chemiluminescence was imaged by using a Chem-iDoc XRS
(Bio-Rad) instrument equipped with Quantity One software.

BGalactosidase Activity Assay

Stock solutions of RNAgpm and RNAgMmpm Were prepared at a concentration of 120
mg/mL in reaction buffer [50 mM potassium phosphate (pH 7.5)]. Stock 5-bromo-4-
chloro-3-indolyl-5-D-galactopyra-noside (X-Gal) was prepared in DMSO at a concentration
of 20 mg/mL. Each 50 zi_ reaction volume contained 10 /1 of the RNA stock solution and 2
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L of X-gal, which was added last. A Synergy H1 plate reader (BioTek) was used to monitor
the product of X-gal hydrolysis at 405 nm in parallel for the two reactions.

NMR Spectroscopy

All NMR experiments were performed at room temperature on a 500 MHz Bruker Avance
11 NMR spectrometer equipped with a TCI cryoprobe. To prepare NMR samples, 30
mg/mL RNAgmm or 30 mg/mL RNAgMpm Was added to 10 M [U-1°N]ubiquitin dissolved
in NMR buffer [80 mM potassium phosphate (pH 6.5) in a 10% D,0/90% H,0

mixture]. 1H-15N HSQC with Watergate water suppression2’ was used to monitor protein
chemical shift changes due to RNA binding; 1024 and 128 points in the proton and nitrogen
dimensions, respectively, were acquired with 512 transients. The spectra were processed by
using Topspin 2.1 (Bruker Inc.).

Immunofluorescence Microscopy

Ubiquitin was over-expressed in the yeast 2 pastoris as previously described.?? Slide
preparation protocols were adjusted to accommodate the use of SYTO RNASelect Green
fluorescent cell stain (Invitrogen). Each well of a 6 mm, 10-well glass slide (HTC
supercured green slides, Cell-Line/Erie Scientific, Co.) was treated with 15 L of 1 mg/mL
poly-D-lysine in 0.15 M sodium borate (pH 8.3) and incubated overnight at room
temperature in a moist incubation chamber to prevent drying. The slides were rinsed with
water and dried thoroughly before use.

Samples (30 mL) of yeast cells were resuspended in 100% methanol at —20 °C and
incubated at this temperature for an additional 10 min. The cells were washed with 1 mL of
TE buffer [10 mM Tris-HCI (pH 8.0) and 1 mM EDTA], centrifuged, and resuspended in
200 yL of TE containing 0.3% B-ME. After being incubated for 45 min at 28 °C, the cells
were centrifuged, resuspended in 1 mL of S buffer [L0 mM PIPES (pH 6.5), 1 M sorbitol,
and 0.3% S-ME] containing 5 units of zymolyase, and incubated for 60 min at 28 °C. The
spheroplasted cells were washed three times with 0.5 mL of S buffer and suspended in 150
L of the same buffer.

Twenty microliters of spheroplasted cells was spotted into each well and allowed to settle for
10 min. The slides were rinsed with phosphate-buffered saline (PBS) and dried thoroughly.
Each well was incubated with 20 gL of 0.01% Triton X for 6 min, rinsed with PBS, and
incubated with 20 s of blocking solution (0.1% BSA in PBS; BSA/PBS) at room
temperature for 2 h followed by another PBS rinse. Immobilized spheroplasts were
incubated overnight at 4 °C with rabbit polyclonal anti-ubiquitin antibody (Millipore)
diluted 1:500 with 0.1% BSA/PBS. Slides were washed with PBS and incubated at room
temperature for 2 h with goat anti-rabbit antibody conjugated to Alexa Fluor 633 (Molecular
Probes), in 0.1% BSA/PBS. The slides were rinsed with PBS, and spheroplasts were
incubated with 20 L of 500 nM SYTO RNASelect Green Fluorescent Cell Stain (Molecular
Probes), freshly prepared in PBS, per well for 20 min at room temperature. The wells were
washed three times with PBS and filled with 5 gL of Fluoromount-G (Southern
Biotechnology Associates) mounting medium. The slides were covered with coverslips and
sealed.
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The finished slides were imaged using a Zeiss LSM 710 laser scanning confocal microscope
equipped with a 63x oil-immersion objective. Fluorescence images were obtained with laser
excitation at 488 and 633 nm. Colocalization of ubiquitin and RNA in the acquired images
was analyzed employing the “Squassh” method (segmentation and quantification of
subcellular shapes) described by Rizk et al.28 Colocalization values correspond to the
fraction of the total signal (volume x intensity) of objects in one channel (RNA or UB) that
overlap with objects from the other channel (UB or RNA). The software determines the
dimension of the object for a specified channel and calculates the fractional overlap with the
other channels. Because each specified channel may have different dimensions, the
percentages are not necessarily identical.

RESULTS

To evaluate the changes in cellular RNA in £ pastoris grown using different carbon sources,
total yeast RNA was isolated by using a standard protocol.2® Agarose RNA gels stained with
an RNA-specific dye were used to visualize various RNA components (Figure 1d). Samples
were digested with DNase | to eliminate possible contamination from genomic DNA. RNA
isolated from cells grown in buffered methanol medium, RNAgmn, contains a large amount
of preprocessed mMRNA and preprocessed large ribosomal subunit, whereas these species are
largely absent in RNA from cells grown using buffered methanol/dextrose medium,
RNABMDM:-

In P, pastoris, the intracellular distribution of ubiquitin depends on the carbon source.?2 To
examine whether this process is a result of ubiquitin-RNA quinary interactions,
immunofluorescence microscopy was used to assess the extent of colocalization between
overexpressed ubiquitin and RNA in cells grown using BMM or BMDM. Cells were imaged
using an RNA-specific dye and fluorescently tagged anti-ubiquitin antibodies (Figure 1a,b).
To minimize the effects of statistical noise and background fluorescence, the segmentation
and quantification of subcellular shapes method,28 Squassh, was used instead of pixel-based
colocalization analysis. Analysis shows a statistically significant increase in the level of
ubiquitin—RNA colocalization in cells grown in the presence of dextrose (Figure 1c).

In-cell NMR studies showed that the TH-1N HSQC spectrum of ubiquitin is clearly visible
in cells grown on methanol but completely broadened in cells grown on methanol and
dextrose.?2 /n vitro NMR spectroscopy was used to determine if interactions between
RNAgmm and RNAgMmpwm isolated from P pastoris and ubiquitin are responsible for these
observations. RNA constitutes 10-20% of the dry weight of a cell, corresponding to 20-40
mg/mL.39 Adding 30 mg/mL RNAgwmm to [U-1°N]ubiquitin broadened a subset of peaks in
the TH-15N HSQC spectrum (Figure 2a), indicating a specific interaction between ubiquitin
and RNA. Adding 30 mg/mL RNAgmpm to [U-1°N]ubiquitin resulted in the complete
disappearance of peaks in the 1H-15N HSQC spectrum (Figure 2b), indicating an increased
affinity in ubiquitin~-RNA quinary interactions.

To show that broadening of the ubiquitin peaks is due to the unique chemical structure of
RNA 13 a linear polyanion, chondroitin sulfate, which mimics the charge distribution of
RNA, was used. A chondroitin chain may contain more than 100 individual sugar moieties,
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comparable to that of a small RNA molecule. Adding 50 mg/mL chondroitin sulfate did not
alter the NMR spectrum of ubiquitin (Figure 2c), suggesting that ubiquitin~-RNA
interactions are mediated by nucleobases. Collectively, the results imply that the
redistribution of ubiquitin arising from different growth conditions is due to ubiquitin—-RNA
interactions, which, in turn, are regulated by the total cellular RNA content.

B-Galactosidase expressed in BMDM is localized into vesicles and exhibits little in-cell
activity; when expressed in BMM, the enzyme remains primarily cytosolic and active.22 We
speculated?? that the inhibition of S-galactosidase activity when localized to vesicles is due
to the inability of the substrate to penetrate into these compartments because the enzyme is
active when released from the vesicles. Alternatively, protein—-RNA quinary interactions may
be responsible for this observation. We employed an /n vitro functional assay to investigate
the effect of total RNA on the enzymatic activity of S -galactosidase.

In vitro, the level of B-galactosidase activity was 4—6-fold greater in the presence of
RNAgnmm than in the presence of RNAgMmpm OF in control experiments containing no RNA
(Figure 2d). The result that RNAgmnm enhances S-galactosidase activity is in qualitative
agreement with in-cell observations. A possible explanation for the enhancement is the
presence of preprocessed rRNA and mRNA in RNAgpm, Which is largely absent in
RNAgMmDpMm- The inhibition of S-galactosidase activity observed in-cell is likely a
combination of the inability of the substrate to penetrate the vesicles and the specific cellular
RNA content.

DISCUSSION

Transient, specific low-affinity protein—-RNA quinary interactions provide a means of
globally regulating cellular processes in living cells. Consistent with in-cell NMR
observations,13:31:32 the high concentration of RNA in the cytosol suggests that most
proteins participate in these interactions. Ubiquitin and S-galactosidase are examples of such
proteins. We showed that in 2 pastoris the total cellular RNA content is dramatically altered
by growth conditions and that these changes strongly influence the biochemistry of ubiquitin
and B-galactosidase. The combination of cellular imaging, in-cell NMR,22 and /n vitro
biochemical techniques allowed us to characterize this increasingly important mechanism of
regulation in detail.
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Figure 1.
Ubiquitin preferentially colocalizes with RNA in cells grown in the presence of dextrose.

Colocalization of ubiquitin (red) and RNA (green) in yeast cells grown using (a) methanol or
(b) methanol and dextrose as a carbon source. Segmentation distributions of protein and
RNA (insets) were generated by using Squassh.28 (c) Colocalization values correspond to
the fraction of the total signal (volume x intensity) of objects in one channel (RNA or UB)
that overlap with objects from the other channel (UB or RNA). Values of ubiquitin in RNA
segments (UB/RNA) are 0.82 = 0.01 and 0.60 £ 0.03 (p < 0.01) for yeast grown in BMDM
and BMM, respectively. Values of RNA in ubiquitin segments (RNA/UB) are 0.64 + 0.01
and 0.52 + 0.02 (p < 0.01) for yeast grown in BMDM and BMM, respectively. Statistical
analyses?8 were performed on 59 cells under each growth condition. (d) RNA from yeast
cells grown with methanol, RNAgMmm, contains an amount of pre-mRNA and pre-rRNA
larger than that of RNA from cells grown with a methanol/dextrose carbon source,
RNAgMDM: DNA MW indicates molecular weight markers.
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RNA-—protein quinary interactions affect protein activity. Overlay of the TH-1°N HSQC

spectra of 10 M [U-°N]ubiquitin in the absence (black) and presence (red) of (a) 30

mg/mL RNAgpm and (b) 30 mg/mL RNAgwmpwm- Insets in panel a show broadening of
selected residues of free ubiquitin (black) due to interaction with RNAgmm (red). Ubiquitin—
RNAgnmm interactions cause extensive peak broadening (a), whereas ubiquitin~-RNAgMDMm
interactions lead to complete loss of signal as previously observed in-cell?2 (b). (c) Overlay
of the TH-15N HSQC spectra of 50 £M [U-1°N]ubiquitin in 10 mM potassium phosphate

(pH 6.6) and a 90% H,0/10% D,0 mixture without (black) and with (red) 50 mg/mL

chondroitin sulfate. As shown in the inset, a chondroitin chain may contain more than 100
individual sugar moieties, denoted by 7. There are only minor changes in the chemical shifts
of ubiquitin after the addition of chondroitin sulfate; these changes are likely due to a change

in the ionic strength of the solution. (d) In the presence of RNAgmm, S-galactosidase

cleavage of X-Gal is 4-6-fold faster than in the presence of RNAgmpm-
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