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ABSTRACT: Ribosomal RNA (rRNA) sequences are synthesized at exceptionally high rates and, 

together with ribosomal proteins (r-proteins), are utilized as building blocks for assembly of pre-

ribosomal particles. Although it is widely acknowledged that a tight regulation and coordination of rRNA 

and r-proteins production are fundamentally important for maintenance of cellular homeostasis, still little 

is known about the real-time kinetics of these ribosome components synthesis in individual cells. In this 20 

communication we introduce a label-free MicroRaman spectrometric approach for monitoring of rRNA 

synthesis in live cultured cells. Remarkably high and rapid fluctuations of rRNA production rates were 

revealed by this technique. Strikingly, the changes in the rRNA output were synchronous for ribosomal 

genes located in separate nucleoli of the same cell. Our findings call for development of new concepts to 

elucidate coordination of ribosomal components production. In this regard, numerical modeling further 25 

demonstrated that the production of rRNA and r-proteins can be coordinated, regardless of the 

fluctuations in rRNA synthesis. Overall, our quantitative data reveal a spectacular interplay of inherently 

stochastic rates of RNA synthesis and the coordination of gene expression. 

INTRODUCTION 
Ribosomal genes (rDNA) represent remarkably robust and 30 

attractive system for studies of gene expression. Human diploid 

genome contains approximately 400 identical copies of rDNA 

sequences which are clustered together in head-to-tail arrays on 

the well known chromosome positions 1. While many rDNA 

clusters are transcriptionally dormant, several clusters are 35 

intensively transcribed by RNA polymerase I, giving rise to the 

ribosomal RNA (rRNA). The rRNA sequences are then utilized 

as a material for ribosomes formation. In this complex process, 

nascent rRNA transcripts are modified and together with multiple 

ribosomal proteins (r-proteins) and a short RNA sequence 40 

synthesized by the RNA polymerase III, assembled into pre-

ribosomal particles, and then exported to the cytoplasm 2.  

Studies of rDNA expression benefit from the location of rDNA 

sequences within specific compartment of the nucleolus 1a, 3. The 

rDNA sequences are believed to be the only active genes in 45 

nucleoli and their expression continues throughout the interphase 

of the cell cycle, with the only known interruptions during the 

rDNA replication 1a, 4. This greatly facilitates identification of 

transcription signal and data analysis. Moreover, the rRNA 

production is the most intense gene expression process in almost 50 

any type of cells. For instance, in the genome of HeLa cells there 

are about 150 transcriptionally active rDNA sequences, each 

simultaneously transcribed by ~ 100 RNA polymerase I units, 

which collectively produce up to 80% of the RNA in the cell 5.  

Considering the vast expenditure of cellular resources used in 55 

ribosome formation, it is generally assumed that synthesis of r-

RNA and r-proteins should be tightly coordinated to yield 

equimolar amounts of these ribosome components 6. The basis for 

such coordination is provided through several gene regulation and 

signal transduction pathways 5b, 7. At the same time, gene 60 

expression is known to be a fundamentally stochastic process, 

where the rates of RNA and protein synthesis fluctuate in time 8, 

and therefore the level of coordination is not clear 6.  

Quantitative monitoring of RNA synthesis, has established two 

sources of stochasticity in gene expression rates. One source 65 

encompasses variations in the intracellular concentrations of 

biomolecules participating in the synthesis of RNA (e.g. RNA 

polymerases, basal transcription factors, nucleotides), which 

collectively cause synchronous changes in the expression rates of 

many genes within the same cell; such fluctuations are referred to 70 

as an extrinsic noise of gene expression 8a. The second source of 

stochasticity is associated with the randomness of molecular 

interactions (e.g. random collisions of macromolecules can 

activate or deactivate promoter, modulate kinetics of RNA 

synthesis, processing and decay), which leads to uncorrelated 75 

variations in expression levels of identically regulated genes 
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located in the same cell. The latter type of stochastic changes in 

levels of RNA and protein synthesis is known as the intrinsic 

noise of gene expression 8a, 9. Stochastic fluctuations of gene 

expression generate a substantial variability in regulation of 

housekeeping functions, differentiation, aging and response to 5 

external stimuli, even in genetically identical populations of cells 
8c, d, 10. On another hand, these fluctuations provide additional 

levels of control for coordination of gene networks 11. Hence, 

characterization of gene expression rates is of outmost 

importance for understanding of complex cellular regulation.  10 

At the same time, quantitative studies of gene activity in live cells 

require new experimental paradigms. In this research field, 

traditional cell-population averaging approaches have a limited 

value, as they cannot detect stochastic fluctuations in the amounts 

of RNA and proteins production in different cells 12 and thus, the 15 

focus of research is increasingly shifting towards single-cell 

models 8a, 8c, 13.  

At a single cell level, probing of gene activity typically involves 

tethering of fluorescent reporters to either RNA or protein gene 

products 14. Recently, a two-color RNA labeling approach was 20 

proposed for simultaneous monitoring of different genes and 

analysis of intrinsic noise in mRNAs synthesis 15. However, 

fluorescence techniques are limited for studies of rDNA 

expression, as any tethering of rRNA with exogenous markers 

would likely impair formation of ribosomes and may cause cell 25 

death.  

Nevertheless, limitations of conventional techniques can be 

overcome by non-invasive vibrational spectroscopic approaches, 

such as Raman spectroscopy 16. Label-free Raman spectroscopy 

relies on inelastic scattering of monochromatic light irradiating 30 

the sample, when the energy of photons is being changed, either 

up or down, following interactions with different types of 

molecules. This process generates a Raman spectrum, which 

essentially represents a chemical fingerprint of the studied sample 

and allows measuring concentrations of major classes of 35 

macromolecules such as proteins, RNA, DNA, lipids, or 

saccharides at the site of spectra acquisition 17. In contrast to 

fluorescence based techniques, no staining of nucleic acid 

sequences or proteins in the sample is required, as the Raman 

spectra are generated by interactions of light with native cellular 40 

macromolecules. Moreover, Raman spectroscopy can utilize 

excitation in red to near-IR spectral region, which usually does 

not cause any measurable phototoxicity and permits for long time 

monitoring of the biochemical environment in live cells.  

In our communication we introduce a single cell assay, where 45 

confocal Raman microspectrometry is employed for label-free 

monitoring of ribosomal gene expression. With this experimental 

system, we accomplished real-time measurements of rRNA 

production at the level of single nucleoli. We discovered that 

rates of rRNA synthesis fluctuate in time, and characterized the 50 

magnitude and the frequency of these fluctuations. We 

demonstrate that fluctuations in the rDNA activity largely 

correspond to the extrinsic noise of gene expression 9. Next, by 

numerical modeling, we analyze coordination between rRNA and 

r-proteins synthesis. To the best of our knowledge, this is the first 55 

quantitative analysis of rDNA expression rates at the single cell 

level. 

 

RESULTS  

Raman Microspectrometry Approach for Monitoring of 60 

rRNA Synthesis in Single Nucleoli 

In the present communication, we introduce high resolution 

confocal Raman microspectroscopy to monitor the levels of 

rRNA production from a group of rDNA sequences located in the 

same nucleolus 17a, 18. Raman microspectrometry studies were 65 

performed in cultured cells, which were incubated under 

physiological conditions. Identification of nucleoli does not 

require staining, and is easily accomplished in live cells with 

transmission light imaging. Cells with representative morphology 

and relatively large nucleoli measuring ~5 µm in diameter were 70 

selected for spectroscopic analysis. Next, the excitation laser 

beam was placed over the center of the nucleolus and time–lapse 

series of Raman spectra were acquired (Fig. 1). The obtained 

spectra were then analyzed by using a semi-automated 

Biomolecular Component Analysis (BCA) algorithm to 75 

determine the local concentrations of RNA and proteins at each 

time point 17a, 18. The RNA Raman signal was assigned 

specifically to rRNA, as it constitutes almost the entire RNA pool 

in the nucleolus 1a, 3b, 19. 

In the context of nucleolar function, the concentration of RNA is 80 

chiefly determined by two variables: (1) the rate at which new 

rRNA sequences are synthesized from all active rDNA repeats 

located in the same nucleolus; and (2) the rate at which rRNA 

sequences are removed from the nucleolus. This second variable 

includes both the removal of introns from pre-rRNAs as well as 85 

the export of pre-ribosomal particles, containing rRNA 

sequences, from the nucleolus. It is apparent, that any changes in 

 

Figure 1. Schematic representation of the Raman 

microspectroscopy approach for monitoring of the rRNA 

synthesis in the nucleolus. Multiple copies of ribosomal genes 

(rDNA) are transcribed by RNA Polymerase I in the nucleolus, 

giving rise to 47S rRNA sequence. RNA Polymerase I transcripts 

are assembled together with 5S-RNA and ribosomal proteins (r-

proteins) into pre-ribosomal particles, which are then exported to 

the cytoplasm. In our approach dense nucleoli are located by using 

a transmission light imaging. The laser beam is focused on 

nucleolus to excite Raman spectra, with several minute intervals. 

The algorithm of Biomolecular Component Analysis (BCA) yields 

RNA concentrations at each time point, to monitor changes in the 

expression rates of rDNA sequences. 
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the rate at which rRNA is synthesized or the rate at which it 

abandons the nucleolus, would produce corresponding changes of 

RNA concentration. Below we characterize the role of both 

variables on the concentration of RNA in the nucleolus and show 

that Raman spectroscopy enables a quantitative monitoring of 5 

rRNA synthesis. 

 

Experimental Measurements 

The output of rRNA is known to increase throughout the 

interphase, from G1- to G2- phase of the cell cycle. To account 10 

for cell-cycle dependent changes in the activity of rRNA 

synthesis, all our measurements were carried out on G1-cells 20. 

To obtain cells in the G1-phase, we did not use any chemical 

synchronization, as it can produce artificial measurement 

variations in single-cell assays 21. Instead, cell cultures were 15 

examined in transmission light, mitotic cells were identified and 

tracked until they completed division and entered the G1-phase of 

a cell cycle.  

At the onset of G1-phase, multiple rDNA sequences are 

simultaneously activated for transcription, and discrete nucleolar 20 

domains begin to form inside the cell nucleus. Earlier, it has been 

estimated that complete restoration of rRNA synthesis is a 

gradual process consuming approximately two first hours of 

interphase, although the dynamics of recovery may vary in 

different cells 20, 22.  25 

Raman spectroscopic monitoring of nucleolus uniquely enables 

quantitative measurements of the post-mitotic recovery of rRNA 

synthesis at the single cell level. 20-40 min after cytokinesis, the 

excitation laser beam was focused on nucleolus and the Raman 

spectra were acquired with intervals ranging from 10 - 60 min. 30 

BCA was used to determine the concentrations of RNA and 

proteins in the nucleoli of individual cells at each time point 18 

(Fig. S1). Our analysis typically detected a sustained increase in 

RNA concentration in the nucleoli, from ~5 to ~30-40 mg/ml 

within two hours after completion of mitosis (Fig. 2A). The 35 

increase was most rapid in the first 40-60 minutes of observation, 

when the RNA concentration doubled every 15-20 minutes. At 

the second hour of the interphase recovery, the RNA 

concentration progressively slowed (Fig. 2A). We also found that 

the  40 

concentration of the nucleolar proteins was changing in 

synchrony with that of RNA (Fig. 2B), from ~110 to ~160 mg/ml 

in the same period of G1-phase. Overall, the recovery duration of 

~2h was consistent with the data obtained by conventional 

fluorescence imaging techniques 22b-d. We thus concluded that the 45 

changes in the RNA and proteins concentrations reflect a post-

mitotic recovery of rDNA expression in individual nucleoli.  

All further studies were performed 2h - 6h from the beginning of 

interphase, when the nucleolar structure and rRNA synthesis are 

believed to be fully recovered 22b, c. In HeLa cells this period of 50 

interphase typically corresponds to the G1-phase of the cell cycle 
23. The interval between the Raman spectroscopy measurements 

ranged between 3 and 20 min. A 3 min interval was chosen, 

because it roughly corresponds to the time required for synthesis 

of rRNA sequence by RNA polymerase I, and thus is more 55 

suitable for real-time quantitative analysis 5a. Longer time 

intervals were selected to reduce the cumulative irradiation dose 

Figure 2. Monitoring of RNA synthesis in single nucleolus by Raman microspectroscopy. (A-B) Time-lapse series of Raman spectra 

were acquired in the nucleoli of postmitotic cells and the local concentrations of RNA and proteins at each time point were determined by 

the BCA spectra analysis; Chart (A) illustrates changes in the concentrations of nucleolar RNA during the early G1-phase progression, on 

example of three representative cells. Chart (B) shows the corresponding changes in the concentration of nucleolar proteins in the same 

cells. (C-D) Data were obtained in the cells ~2-5 hours after completion of mitosis; (C) Charts demonstrate the concentrations of RNA in 

the single nucleoli. The spectra were acquired with variable time intervals to ensure the reproducibility of the measurements. (D) An 

overlay of the nucleolar RNA and the nucleolar proteins concentration charts, obtained for cell #4 shown in (C). Charts on (D) 

demonstrate that changes in the concentration of RNA are accompanied by synchronous changes in the concentration of proteins.  
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and avoid potential cytotoxicity over the course of measurements. 

Measurements were performed on fifty individual cells to 

characterize cell-to-cell variations. Using the BCA approach, we 

found that molecular composition significantly varies in different 

nucleoli. The concentration of RNA was ranging from ~15 to ~40 5 

mg/ml, and the concentration of proteins was in a range between 

~60 and 170 mg/ml.  

Strikingly, we found that the concentrations of RNA and proteins 

in the same nucleolus frequently fluctuate in time. The changes in 

nucleolar RNA and protein concentrations seem to be random, 10 

and resemble an asymmetrical oscillation pattern (Fig. 2B-D). 

The time period when RNA concentration was changing in the 

same direction, either increasing or decreasing, ranged between 5 

to 20 min. Within these relatively short periods, the RNA 

concentration values were changing from 5 to 30% (Fig. 2C). We 15 

also observed that the concentration of proteins fluctuates 

synchronously with RNA, although with a lower amplitude, 

typically not exceeding ~15% (Fig. 2D, Fig. S2, Fig. S3). The 

synchrony between the changes in the RNA and protein 

concentrations was similar to that during the postmitotic recovery 20 

of rRNA synthesis (Fig. 2A-B, Fig. S3). 

Our next goal was to identify cellular mechanisms responsible for 

oscillations of the RNA concentration in the nucleolus. As 

discussed above, the concentration of rRNA in the nucleolus can 

be determined by both: rates at which rRNA is synthesized and 25 

rates at which rRNA exits the nucleolus. To characterize 

significance of these factors, cells were treated with actinomycin 

D, which inhibits RNA synthesis by intercalation into DNA. The 

efficiency of actinomycin D action correlates with its 

concentration 24. Using a low concentration of this transcription 30 

inhibitor (~0.03 µg/ml), which selectively suppresses RNA 

polymerase I activity over a course of several hours 24, we 

measured a steady and substantial reduction of the RNA signal 

during the drug treatment (Fig. 3A). These results confirm a 

correlation between the levels of rRNA synthesis and 35 

concentration of RNA in the nucleolus, and indicate that 

fluctuations of nucleolar RNA concentration could be caused by 

changes in the transcription activity of rDNA sequences. 

Next, a higher concentration of actinomycin D (10 µg/ml) was 

applied. At this concentration, drug acts almost instantaneously, 40 

completely disrupting the synthesis of rRNA within 2 min of 

treatment. However, processing of already synthesized rRNA and 

its export from nucleolus are not inhibited by actinomycin D 25. 

We considered that when the synthesis of rRNA is stalled, while 

processing of already synthesized rRNA as well as export of 45 

ribosomes continues, monitoring of RNA concentration can 

reveal the dynamics at which rRNA sequences exit the nucleolus. 

In response to this treatment, there was an abrupt decrease in the 

nucleolar RNA concentration. Within 7-12 min after the drug 

addition, the concentration of RNA was reduced several fold to 50 

~5 µg/ml or lower, close to the detection threshold (Fig. 3B). This 

reduction was relatively uniform, although in some cells we 

observed minor fluctuations in the kinetics of rRNA reduction. 

However, the frequency and the amplitude of these fluctuations 

were significantly lower than in the nucleoli of untreated cells.  55 

In another series of experiments, cells were treated with 5,6-

dichloro-1-beta -D-ribofuranosylbenzimidazole (DRB), which is 

known to disrupt ribosome formation, through two supplementary 

mechanisms. First, DRB inhibits early steps in the rRNA 

processing and interrupts maturation of the rRNA components of 60 

ribosome 24, 26. Second, DRB selectively inhibits the activity of 

RNA polymerase II, thus suppressing the synthesis of r-proteins 

as well as other proteins involved in ribosome formation 24. At 

the same time, the RNA polymerase I activity is not sensitive to 

DRB, and the synthesis of rRNA precursors continues in nucleoli 65 

of the treated cells 24. However, the kinetics RNA export from the 

nucleolus can become more uniform due to elimination of 

complex and multistage processes of ribosome formation. 

Nevertheless, we found that in DRB treated cells, fluctuations of 

the rRNA concentration continue at a similar scale as in nucleoli 70 

Figure 3. Inhibition of rRNA synthesis, but not rRNA processing, leads to a reduction in the nucleolar RNA concentration 

fluctuations. Concentrations of RNA and proteins were measured in nucleoli of the cells treated either with low concentration of 

actinomycin D (0.03 µg/ml) for gradual inhibition of RNA polymerase I (A); high concentration of actinomycin D (10 µg/ml) for rapid 

inhibition of rRNA synthesis (B); or with DRB (50 µg/ml) for inhibition of rRNA processing and ribosome biogenesis (C). On the charts 

concentrations of RNA and proteins (mg/ml) in the nucleolus are plotted against the observation time (min). Start of the drugs treatment 

is marked by grey lines and arrows.  
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of untreated cells (Fig. 3C). These data suggest that potential 

variations in the kinetics of rRNA export do not significantly 

contribute to the generation of fluctuations of the RNA 

concentration in the nucleolus. Altogether, our measurements on 

the treated cells (Fig. 3 A-C) indicate that the fluctuations of 5 

RNA concentrations in nucleolus are largely produced by the 

changing activity of rRNA genes.  

Next, we studied whether the fluctuations of rRNA synthesis 

from different copies of rDNA genes correlate in time. Typically 

each HeLa cell contains several nucleoli, each accommodating 10 

multiple rDNA copies 27. As all rDNA repeats share the same 

regulation mechanisms, a synchronous fluctuations of the RNA 

synthesis rates in different nucleoli, would be an example of an 

extrinsic noise, caused by stochastic variations in abundance of 

gene-regulatory macromolecules. In contrast, an intrinsic noise 15 

would be characterized by asynchronous fluctuations of RNA 

output in each studied nucleolus 9. 

 In these experiments, we simultaneously monitored two similarly 

sized nucleoli located in the same cell nucleus of four 

representative cells. The Raman spectra were sequentially 20 

collected in each nucleolus, and the RNA concentrations in both 

nucleoli were calculated for each measurement time (Fig. 4). To 

evaluate correlation between fluctuations of RNA synthesis in 

different nucleoli of the same cell, we utilized Pearson 

coefficients (r). The Pearson coefficients characterize the strength 25 

and direction of a linear relationship between two variables on a 

scale from -1 to 1, where 0 corresponds to the absence of any 

correlation. 

The Pearson coefficients were found in a positive range, varying 

from ~0.62 to 0.87, with an average of ~0.75, thus indicating an 30 

evident synchrony in rRNA production in different nucleoli of the 

same cell (Fig. 4). We further conclude that the synchronous 

fluctuations into different nucleoli are indicative of the extrinsic 

noise of gene expression 9. At the same time, we observed 

periodic mismatches of rRNA concentration profiles, potentially 35 

due to intrinsic noise in expression of individual rDNA copies. 

 

Numerical Modeling 

To understand whether coordination of rRNA and r-proteins 

synthesis can exist despite the stochastic fluctuations in their 40 

output, we generated a numerical model based on experimentally 

measured rRNA concentration fluctuations. In this model, the rate 

of rRNA synthesis is regulated to match the supply of r-proteins 

in order to minimize energy expenditure for ribosome production. 

In our numerical modeling approach, we simulated the time 45 

evolution of rRNA concentration in the nucleolus via the 

continuous-time Markov birth-death process. The sign of time 

derivative in the master equation, determining the direction of the 

process (either birth or death), is a function of randomly varying 

protein concentrations. The birth rate equals the death rate in this 50 

approximation, so that any intrinsic noise in the production of 

rRNA is neglected. The extrinsic noise, i.e., fluctuations of the 

 

Figure 4: Fluctuations of RNA synthesis 

are synchronous in different nucleoli of 

the same cell.  (A) Charts show fluctuations 

of the RNA concentrations in two different 

nucleoli of the same cell. On the right panel 

(B), a transmission light image of the studied 

cell is presented; arrows show two nucleoli 

where the RNA content was monitored. (C) 

Fluctuations of the RNA concentrations, in 

two separate nucleoli of the same cell; these 

data supplement charts shown in (A). 

Pearson correlation coefficients (r) between 

fluctuations of the RNA synthesis in 

different nucleoli of the same cell are 0.62, 

0.87, 0.76 and 0.75, as indicated. The 

synchrony in changes of RNA production 

portrays extrinsic noise of gene expression 

caused by stochastic fluctuations of 

intracellular environment. 
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 6   

proteins concentrations, determines the sign. These fluctuations 

are due to both intrinsic and extrinsic noise in the production of r-

proteins. The rRNA sequence transcribed by RNA Polymerase III 

was not included in our model to simplify the analysis.  

The master equation reads: 5 

 

 

                          (1) 

 

where nRNA and np are the concentrations of RNA and all r-10 

proteins, respectively, k is the RNA growth rate, kribo is the rate at 

which rRNA is exported from the nucleolus, ∆ is the maximum 

deviation of r-protein concentration, np
0 is the initial 

concentration of r-proteins which is set to 1 in our modeling. 

To model the optimal rates of rDNA expression, this equation is 15 

written with the assumption that it is energetically beneficial for a 

cell to suppress production of rRNA, compensating for any real-

time variations in the concentration of any of the r-proteins, and 

thus preventing synthesis of excessive rRNA. Likewise, we 

assumed that rRNA production is boosted when its concentration 20 

is lower than the lowest concentration of r-proteins. 

In our single-cell modeling ∆ corresponds to measured 

concentration variations of nucleolar proteins. Fluctuations of 

rRNA output are adjusted in accordance with ∆, in order to 

minimize the expenditure of energy through the synthesis of 25 

rRNA and/or r-proteins. To generate the model, we assigned to 

nRNA and np, relative concentrations of 1.0 arbitrary units (a.u.) at 

0 min of observation and tuned k, k ribo and ∆t to achieve a 

maximal fit of the RNA fluctuations measured in different cell to 

the model.  30 

By adjusting the values of all fitting parameters, we obtained 

model charts which were relatively close to the measured values 

of rRNA synthesis. The difference between the experimental 

measurements of RNA and the model chart did not exceed 15% 

(Fig. 5). Despite the non-concurrency of some extrema in the 35 

modeled and the experimental curves, which could be explained 

by a more detailed and sophisticated model of fluctuations, this 

simplified modeling of the “optimal” rDNA expression rates 

produced the oscillatory behavior of rRNA concentration with the 

frequency and the amplitude close to the experimental 40 

measurements (Fig. 5). The numerical modeling results show that 

the synthesis of rRNA and r-proteins can be well coordinated, 

irrespective of independent fluctuations in gene expression rates.  

 

DISCUSSION  45 

Synthesis of ribosomes is a vital biosynthetic activity, supplying 

the cells with protein-building macromolecular complexes. The 

cellular needs dictate synthesis of ~7,500 to 14,000 ribosomes per 

minute which consumes a vast amount of cellular energy 6a, 28. 

The incredibly intense, complex and well-orchestrated process of 50 

ribosome biogenesis has been in the research spotlight for several 

decades, unraveling many cellular regulation mechanisms. In 

2009, accomplishments in this field were highlighted by a Nobel 

Prize in chemistry awarded for the Xray-crystallography of 

ribosome 29. 55 

The ribosome synthesis involves a large number of synthetic 

pathways. The molecular composition of each ribosome includes 

79 r-proteins, three rRNA species derived from RNA polymerase 

I transcript and one rRNA sequence synthesized by RNA 

polymerase III. In addition, the cell has to synthesize 60 

approximately 200 proteins and several hundred small nucleolar 

RNA species, which transiently associate with rRNAs and r-

proteins, and guide the formation of pre-ribosomal particles 7d, 22b. 

Considering, the exceptionally high intensity of ribosome 

production, it is generally believed that in order to conserve 65 

resources, the cell should produce rRNA and r-protein ribosome 

constituents in equimolar concentrations, and thus coordinate 

their synthesis 6a. Consistently, several gene regulation and signal 

transduction pathways that can either up-regulate or down-

regulate all three classes of RNA polymerases in synchronous 70 

manner, have been identified 5b, 7, 30. However, all known 

regulation mechanisms coordinating rRNA and r-protein 

synthesis involve a separation of the stimulus and the response in 

time and, therefore, cannot address rapid variations in the 

synthetic rates of biomolecules caused by stochastic factors. At 75 

the same time, the synthesis of ribosomal constituents in 

unbalanced amounts would impair the efficiency of cellular 

metabolism and thus would be a target of evolutionary selection.  

 

Figure 5: Fitting of numerically simulated and experimentally 

measured rates of rRNA synthesis. Time evolution of the RNA 

concentration governed by Eq.1 (red line), overlapped with 

experimentally measured RNA fluctuations patterns in the nucleoli 

of representative cells. Each chart indicates final coefficients for 

fitting of the numerical modeling charts (k - rate of rRNA 

synthesis, kribo – rate of rRNA export from nucleolus, ∆t period of 

fluctuations and ∆ deviation in concentrations of nucleolar 

proteins). We observed that numerically modeled optimal rates of 

rDNA expression are close to those experimentally measured. 
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Understanding how the rRNA synthesis is regulated requires 

quantitative monitoring at the level of individual cells. However, 

such studies are considerably challenging. Up-to-date two major 

approaches have been developed for monitoring RNA synthesis. 

One technique utilized fluorescent proteins for tagging of specific 5 

RNA sequences 15, 31, and another –molecular beacons, which are 

the single stranded nucleic acid probes that become fluorescent 

upon hybridization to the target molecule 32. However, although 

the fluorescence techniques can be highly sensitive, selective and 

versatile, an inherent shortcoming is that either the expression or 10 

the delivery of exogenous fluorescence reporters into the cell can 

perturb cellular regulation 14. Moreover, during imaging sessions, 

gradual bleaching of fluorescence signals and accumulation of the 

phototoxic damage in the studied cells may undermine the 

validity of obtained data. To our knowledge, fluorescence 15 

reporters have never been successfully applied for quantitative 

monitoring of rRNA synthesis, apparently due to high complexity 

of the rDNA system. 

As a viable alternative to traditional techniques, presented here 

Raman spectroscopy approach permits to study the kinetics of 20 

rRNA synthesis in genetically unaltered and undamaged cells. 

For quantitative studies of the cellular processes, Raman 

spectroscopy provides several valuable benefits: (i) No labeling 

of cellular macromolecules is required, which reduces the 

experimental artifacts, (ii) Non-resonant excitation of Raman 25 

signal causes no measurable phototoxicity, allowing for a 

nondestructive monitoring of individual cells, (iii) High spatial 

resolution sufficient for a selective probing of distinct cellular 

organelles, (iv) High detection sensitivity and (v) Data 

acquisition rate is relatively fast, enabling the monitoring of 30 

macromolecular concentrations nearly in real-time 17a, 18, 33. 

Notably, Raman spectroscopy can selectively analyze signals 

from major classes of macromolecules (i.e. proteins, RNA, DNA 

and lipids) which uniquely provides for quantitative monitoring 

of local molecular processes in specific organelles, in various 35 

physiological states of the cells 17a, 18, 33b, c. 

In this study, an application of the Raman spectroscopy-BCA 

approach for monitoring of the nucleolus revealed surprisingly 

high and rapid fluctuations of the rRNA output. In systems 

biology, fluctuations of the RNA production have been 40 

traditionally viewed through the concept of extrinsic and intrinsic 

noises of gene expression, where the extrinsic noise is 

characterized by simultaneous changes in the activity of all 

identically regulated genes and the intrinsic noise is represented 

by random changes in the expression of any gene sequence 8a. In 45 

this regards, separate rDNA clusters located in different nucleoli 

of the same cell offer a unique experimental system for 

identification of extrinsic component of the gene expression 

noise. Reported here synchronous changes in the output of rRNA 

in different nucleoli of the same cell nucleus are consistent with 50 

the definition of extrinsic noise caused by fluctuations in the 

amounts of soluble molecules, which regulate the rDNA 

expression. To understand significance of continuous fluctuations 

of RNA synthesis on biogenesis of ribosomes, it is important to 

consider that all three classes of RNA polymerase (i.e., RNA 55 

polymerase -I, -II and -III) are involved in the synthesis of rRNA 

and r-proteins. The extrinsic noise is inherently different for each 

type of RNA polymerase, which may compromise a coordinative 

production of ribosome constituents.  

Frequent errors in translation or post-translation modifications of 60 

r-proteins can also hinder production of r-proteins and rRNA in 

balanced amounts. It has been reported that ~ 30% of r-proteins 

in HeLa cells are synthesized with structural defects and 

degraded 34. In the study of Lam et. al., which utilized mass-

spectrometry and fluorescence imaging to monitor assembly of 65 

pre-ribosomal particles, it was surprisingly found that r-proteins 

are synthesized in excessive amounts, with only a subset of them 

being utilized for ribosomal assembly 35. Meanwhile, it has been 

reasoned that any disparity in the synthetic rates of various r-

proteins and rRNA sequences would further increase the already 70 

high metabolic cost of ribosome production, first by excessive 

synthesis and then by ATP-dependent degradation of unused 

ribosome components 5b, 6a. Intriguingly, while evolution theories 

postulate adjustment of gene expression levels to cellular needs 
6b, 36, the efficiency of coordination of rRNAs and r-proteins 75 

productions is not clear yet.  

Our study demonstrates advantages of a single-cell approach for 

quantitative monitoring of ribosome components. We believe that 

single-cell experimental models can provide valuable insight into 

fundamentals of cellular regulation.  80 

Conclusions 

Raman spectroscopy approach uniquely permits for label-free 

monitoring of rRNA synthesis in single cells. Using this 

technique we characterized the amplitude and frequency of 

fluctuations in the rates of rRNA synthesis, and demonstrated that 85 

they largely correspond to the extrinsic noise of gene expression. 

To our knowledge, it is a first quantitative characterization of real 

time-rates of specific genes expression in genetically unaltered 

cells. Intriguingly, numerical modeling indicates that the 

oscillatory pattern of rRNA synthesis may reflect an adaptation 90 

mechanism aimed at reduction of quantitative mismatches in the 

output of rRNA and r-proteins. We believe that modeling of 

rRNA and r-proteins synthesis may become a valuable tool for 

studies of gene networks coordination. Furthermore, a 

quantitative monitoring of rRNA synthesis by Raman 95 

microspectroscopy opens new research directions in 

computational biology and cell systems biology.  

METHODS 

Cell Culture and Drug Treatment 

HeLa cells were obtained from ATTC (line CCL2) and were 100 

cultured in Advanced DMEM (Life Technologies) supplemented 

with 5% fetal bovine serum (Gibco), 1% penicillin/streptomycin 

and 3.7 g/liter NaHCO3 at 37o C in a humidified atmosphere 

containing 5% CO2. During Raman microspectrometry data 

collection cells were maintained at 37o C and 5% CO2 in a Live-105 

CellTM incubator (Pathology Devices) mounted at the 

microscope stage. For inhibition of RNA polymerase I cells were 

treated with actinomycin D (Sigma-Aldrich) (0.03 µg/ml for up to 

4 h and 10µg/ml for up to 1 h as designated) and for `inhibition 

of RNA polymerase II cells were treated with 5,6-dichloro-1-110 

beta-D-ribofuranosylbenzimidazole (Sigma-Aldrich) (DRB) (50 
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µg/ml for up to 4 h) 37. These transcription inhibitors were present 

in the cell culture medium during the Raman spectra acquisition. 

The data were collected in over fifty G1-phase cells.  

Raman Microspectrometry: Instrumentation, Calibration 

and Data Analysis 5 

This study employed Raman spectroscopy and Biomolecular 

Component Analysis (BCA) to identify concentrations of RNA 

and proteins in nucleolus, as described in our recent 

publications17a. The confocal Raman microspectrometer is based 

on an inverted Nikon TE200 microscope equipped with a He-Ne 10 

(Coherent, 632.8 nm) excitation laser, fiber-input MS3501i 

imaging monochromator/spectrograph (Solar TII), and 

Hamamatsu S9974 series CCD cooled down to -60°C. This 

configuration provides the Raman spectral measurement within 

the spectral range of 600-3000 cm-1. The spectral resolution for 15 

the fixed diffraction grating position (wave number interval of 

1210 cm-1) was ~1.5 cm-1. An excitation laser beam of ~30 mW 

power is focused onto the sample in a spot of ~ 0.8 µm using a 

100× NA=1.3 Nikon oil-immersion objective lens. To enable 

signal acquisition in a confocal mode, a 100 µm pinhole was 20 

applied between the microscope output port and the optical fiber 

connected to the input of the spectrograph. The confocal 

parameter was estimated to be ~1.8 µm, as shown at the Fig. S4. 

Nucleoli were identified using transmission light. To ensure 

selective spectroscopic probing of nucleolus, relatively large 25 

nucleoli measuring no less than ~5 µm in diameter were selected 

and excitation laser beam was focused in the center of nucleolus. 

In control experiments, identification of the nucleoli by 

transmission light microscopy was validated with fluorescence 

imaging of nucleolar marker proteins, nucleolin and fibrillarin.  30 

The accumulation time for Raman spectral measurements was 

120 sec for all experiments. Raman spectroscopy studies did not 

produce any visible changes in cellular morphology, did not alter 

the cell cycle duration and showed no cytotoxicity by standard 

cell viability tests. 35 

To ensure the absence of vibration, thermal drift or other motion 

in our system during experiments, we visually verified the XYZ 

position of the cell and studied nucleolus, before and after each 

measurement. To verify that detection sensitivity of Raman 

spectroscopy setup is stable we performed control time-lapse 40 

measurements of RNA and protein concentrations in nucleoli of 

formaldehyde fixed cells (Fig. S5). Measurements on the fixed 

cells also demonstrated homogeneity in the RNA and proteins 

concentrations in the central part of nucleolus 17a. This result 

ensured that confident repetitive Raman measurements can be 45 

performed because variability from live cell/nucleolus motion is 

not substantial. 

Experiments on Raman spectroscopy monitoring of two nucleoli 

in the same cell were performed as follows: Raman spectra were 

sequentially collected with 3-10 minute intervals between the 50 

acquisitions in each nucleolus. At each time point, spectrum was 

acquired for 2 minutes, after which excitation laser of Raman 

spectroscopy setup was rapidly refocused on another nucleolus in 

the cell. We estimate that intervals between acquisition of spectra 

in different nucleoli at corresponding time points were about 2 ¼ 55 

minutes.  

All Raman spectra were preprocessed using background 

subtraction, Savitzky-Golay smoothing (2nd order of polynom 

and 13 points of smoothing) and baseline correction. Background 

elimination was performed by subtraction of the Raman spectra 60 

of incubation medium and background equalization of measured 

spectrum and corresponding BCA model spectrum. The 

measurements, performed on fixed cells, where biomolecular 

concentrations were “frozen”, demonstrated, that experimental 

error of Raman spectra does not exceed 2-5% within the Raman 65 

shift range of 700-1700 cm-1 (Figure S5). Additional contribution 

to error is introduced by mismatch of model spectra (full set of 

weighted model components) and measured spectrum. Overall 

error is shown as error bars on experimental curves.   

Measurements of molecular concentrations were performed at the 70 

characteristic vibrations: 1004 cm-1 - for proteins, 783- 813 cm-1 - 

for RNA/DNA and 1440 cm-1 - for lipids as described earlier17a, 

33b. The concentration calibration and the specificity of detection 

were further verified on the Raman spectra of RNA –protein 

mixtures of known concentrations (Fig. S6). In additional control 75 

experiments, specificity of RNA and protein detection was 

verified in cells where either RNA or protein pools were 

selectively diminished. In these control experiments, the cells 

were permeabilized with 0.05 % of Triton X 100 for 5 min, and 

treated with either RNase (Roche Diagnostics) or proteinase K 80 

(Sigma Aldrich) for 10 min. We observed that RNase treatment 

results in strong reduction all RNA bands, while extraction of 

proteins leads to a significant decrease in all bands assigned to 

proteins (Figure S6), which further confirms molecular specificity 

of Raman measurements. Additional details on BCA accuracy 85 

and setup calibration are shown in Figures S7-S10. 

For assessment of intranucleolar macromolecular information the 

BCA 17a was applied to pre-processed Raman spectra. This 

method is based on an accurate spectral fit of a model spectrum - 

the linear summation of the weighted spectra of the basic 90 

components (Linear Combination Modeling (LCM) 17b, 38), into a 

pre-processed Raman spectrum of nucleoli. The spectral weights 

(coefficients), which are varied during the fitting procedure, are 

considered as the specific contributions of the basic spectra into 

the resulting spectrum and relate directly to the concentrations of 95 

basic macromolecules. In our case LCM of the acquired Raman 

spectra was utilized for experimental evaluation of the local 

biomolecular composition in HeLa cells nucleoli by generating a 

model spectrum through a linear summation of weighted Raman 

spectra of the basic classes of organic bio-molecules, DNA, 100 

RNA, proteins, lipids, which make the largest contribution to 

nucleolar Raman spectrum 17a, 18. In math terms it means to obtain 

a numerical value of the fractional fit contribution (weight, Ci) of 

each component, i, to Raman spectrum of measured nucleolar 
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domain (Rtotal): Rtotal = C1R1+C2R2+C3R3+C4R4, where Ri is 

Raman spectrum of i-component. The LCM algorithm was 

developed using a Matlab environment; it contains several cycles 

of the fitting the weighted model with the measured spectrum, 

including the separation of DNA and RNA contributions. More 5 

detailed description of BCA used in this study can be found in 

our previous publication 17a. For initial step of BCA we used 

protein component (R1), obtained from our previous studies of 

HeLa cell culture 17a corresponding to 100 ml/mg of bovine 

serum albumin (C1=1) equivalent of concentration. Then proteins 10 

spectra were defined more accurately during further steps of 

BCA. Preprocessed Raman spectra of extracted DNA, RNA, and 

lipid droplets from HeLa cells, calibrated to 20 mg/ml of calf 

thymus DNA, S. cerevisiae RNA and bovine heart lipid extract 

equivalents of concentration accordingly, were used as the 15 

reference spectra of the DNA, RNA and lipids components (Ri, 

i=2,3,4 with Ci=1, i=2,3,4). The correlation coefficients for data 

obtained in two nucleoli of the same cells were calculated using 

standard Microsoft Excel function.  

Numerical Modeling  20 

 A fundamental theoretical and analytical apparatus for the 

analysis of the role of stochastic fluctuations of gene expression 

in gene regulation networks has been developed by Swain et al 9a. 

Nevertheless, we implemented a simplified approach in order to 

isolate the principal mechanism of the observed oscillatory 25 

behavior. For numerical modeling of ribosomal genes system we 

assumed a negligible intrinsic noise for the synthesis of rRNA 

sequences by RNA polymerases I- and III, and r-proteins by 

RNA polymerase II based on both experimental findings as well 

as a known inverse correlation between rate of expression 30 

(exceptionally intense for ribosomal genes) and magnitude of 

intrinsic noise 8b. Numerical modeling was performed in 

MATLAB environment (Release 2010a, MathWorks, Natick, 

MA, USA). 

To generate charts on the Figure 5 were selected the following 35 

fitting parameters of the model: the initial concentration of rRNA 

(1.0 arbitrary units, a.u.), initial concentrations of proteins (1.0 

a.u.), the time interval between triggering the variations of 

proteins concentrations (10 min), and the growth rate of rRNA 

(0.015 a.u./min). 40 
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Biological Insight: Quantitative characterization of real-time rates of gene expression is 
essential for comprehensive understanding of cellular organization and functions. In our 
communication, we characterize kinetics of ribosomal RNA (rRNA) synthesis in nucleoli of 
single cells. Our studies revealed surprisingly high and rapid fluctuations of rRNA output. Based 
on experimental data, we performed a numerical modeling to elucidate coordination of different 
gene networks in process of ribosome biogenesis. 
Technological Innovation: We introduced label-free vibrational Raman microspectrometry 
technique for quantitative monitoring of specific RNA synthesis. This approach enabled 
monitoring of rRNA production under physiological cell conditions and in the absence of 
exogenous markers.   
Integration: Advanced biophotonics approach, described in our study, enables new research 
directions in cellular physiology and system cell biology.  
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