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Abstract 

Thesis title: Nuclear Translation 

Candidate’s name: Sabyasachi Baboo 

Candidate’s college: Lincoln College 

Thesis submitted for the degree: Doctor of Philosophy 

Term and year of submission: Michaelmas 2012 

In bacteria, protein synthesis can occur tightly coupled to transcription. In 

eukaryotes, it is believed that translation occurs solely in the cytoplasm; I test whether 

some occurs in nuclei and find: (1) L-azidohomoalanine (Aha) – a methionine analogue 

(detected by microscopy after attaching a fluorescent tag using ‘click’ chemistry) – is 

incorporated within 5 s into nuclei in a process sensitive to the translation inhibitor, 

anisomycin. (2) Puromycin – another inhibitor that end-labels nascent peptides (detected 

by immuno-fluorescence) – is similarly incorporated in a manner sensitive to a 

transcriptional inhibitor. (3) CD2 – a non-nuclear protein – is found in nuclei close to the 

nascent RNA that encodes it (detected by combining indirect immuno-labelling with 

RNA fluorescence in situ hybridization using intronic probes); faulty (nascent) RNA is 

destroyed by a quality-control mechanism sensitive to translational inhibitors. I conclude 

that substantial translation occurs in the nucleus, with some being closely coupled to 

transcription and the associated proof-reading. Moreover, most peptides made in both the 

nucleus and cytoplasm are degraded soon after they are made with half-lives of about one 

minute. 

I also collaborated on two additional projects: the purification of mega-complexes 

(transcription ‘factories’) containing RNA polymerases I, II, or III (I used immuno-

fluorescence to confirm that each contained the expected constituents), and the 
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demonstration that some ‘factories’ specialize in transcribing genes responding to tumour 

necrosis factor  – a cytokine that signals through NFκB (I used RNA fluorescence in situ 

hybridization coupled with immuno-labelling to show active NFκB is found in factories 

transcribing responsive genes). 
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Chapter 1 

Introduction 

1.1 In the light of evolution 

“The numerous and fundamental differences between eukaryotic and 

prokaryotic organisms...have been fully recognized only in the past few 

years. In fact, this basic divergence in cellular structure which separates 

the bacteria and the blue green algae from all other cellular organisms, 

probably represents the greatest single evolutionary discontinuity to be 

found in the present day living world.” Stanier, Adelberg and 

Douderoff, 1963 [1]. 

“Eukaryotes can be defined only by the ubiquity of nuclei...The 

argument that the nucleus was acquired as a symbiont makes no sense 

to me because, by itself, the nucleus falls far short of being an 

autopoietic system: it lacks any wherewithal for protein synthesis” 

Margulis, 1993 [2]. 

“The origin of the eukaryotic nucleus marked a seminal evolutionary 

transition. We propose that the nuclear envelope's incipient function was 

to allow mRNA splicing, which is slow, to go to completion so that 

translation, which is fast, would occur only on mRNA with intact 

reading frames. The rapid, fortuitous spread of introns following the 

origin of mitochondria is adduced as the selective pressure that forged 

nucleus–cytosol compartmentalization.” Martin and Koonin, 2006 [3]. 
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The above perspectives reflect the structural, functional and evolutionary 

significance of the nucleus in how we divide up the living world. Our classification of all 

cellular life-forms into ‘prokaryotes’ (from Gk. pro “before” + karuon “kernel, nucleus”) 

or ‘eukaryotes’ (from Gk. eu “well” formed + karuon = “kernel, nucleus”) depends on the 

presence or absence of a well-defined nucleus. There have been debates about whether 

such a classification has any phylogenetic basis, and a recent one even questions the 

concept of a ‘prokaryote’: 

“There is not a single (monophyletic) phylogenetic group upon which to 

hang the tag prokaryote. The major eukaryotic organelles, mitochondria 

and chloroplasts, are definitely bacterial in origin, but the nucleus is 

not. The nuclear line of descent is as ancient as the archaeal line and 

not derived from either archaea or bacteria. Thus, the 

prokaryote/eukaryote model for biological diversity and evolution is 

invalid.” Pace, 2006 [4]. 

“Prokaryotes are cells with co-transcriptional translation on their main 

chromosomes; they translate nascent messenger RNAs into protein. The 

presence of this character distinguishes them from cells that possess a 

nucleus and do not translate nascent transcripts on their main 

chromosomes.” Martin and Koonin, 2006 [5]. 

It is evident from the above statements [2,3,5], that there exists a well-accepted 

perspective claiming transcription and translation are coupled in all eubacteria (including 

cyanobacteria) and archaea, and that this is the single-most important determinant of 

‘prokaryotic’ character. In contrast, a well-defined nuclear membrane segregates the 

‘translationally-active’ cytoplasm from the ‘translationally-inactive’ nucleus. The reason 
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cited for the lack of translating ribosomes in the nucleus is the massive invasion by 

‘introns’ into the eukaryotic genome, which interrupt protein-coding DNA sequences – to 

divide them into ‘coding’ exons and ‘non-coding’ introns. An RNA transcribed from such 

a gene will contain introns with multiple stop codons, and this would be translated into a 

truncated protein that might be hazardous to the cell. Thus, Martin and Koonin [3] 

suggested that during the evolution of eukaryotes from prokaryotes (eukaryosis), the α-

proteobacterial endosymbiont (which is supposed to have evolved into mitochondria [6]) 

contributed to the invading of group II introns from its genome to the host-cell genome, 

thus creating selective pressure on the host to generate the nuclear envelope – to protect 

the ‘intron-ridden’ host genome from translating ribosomes. Here, Martin and Koonin 

reflect the ideas of Cavalier-Smith [7] and Doolittle [8], and cite the work of Audibert et 

al. [9]; they conclude that the sluggish rate of splicing relative to the fast pace of 

translation creates the possibility of intron translation, and hence production of potentially 

unwanted ‘truncated proteins’. 

However, since the overall splicing rate includes the rate of transcription through 

an intron, the rate of intron removal from pre-mRNA by splicing, and the rate of 

degradation of the spliced-out intronic-RNA, Audibert et al. [9] calculated the rate of 

RNA degradation and excluded it from the overall rate of splicing. Thus, their definition 

of ‘rate of splicing’ includes the time needed to transcribe through introns, and so 

depends on intron lengths [10]. But it has been reported that the overall rate of splicing is 

independent of intron length [11], that splicing is co-transcriptional (i.e., splicing is 

completed before the entire gene is transcribed) [12], and splicing (sensu stricto intron 

removal from pre-mRNA) takes only 15-30 s to complete [13]. Considering the above 

arguments, I may assume that splicing in eukaryotes is a quick process, and may be fast 

enough to keep up with transcribing RNA polymerases and translating ribosomes. 
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Further, it is known that self-splicing introns also interrupt protein-coding genes in 

prokaryotes [14], and that ribosomes regulate the splicing of these introns by translating 

into them [15,16]. Again, translating ribosomes regulate transcription in bacteria [17], and 

one of the mechanisms known is dependent on folding of the transcript [18,19] in a way 

similar to the regulatory mechanism for splicing [15,16]. This coupling of splicing with 

transcription and translation in prokaryotes questions Martin and Koonin’s hypothesis of 

‘evolutionary nucleus-cytosol compartmentalization during eukaryosis to segregate 

splicing and translation’. Rather, the invasion of group II introns from the endosymbiont 

α-proteobacteria into the ‘already-formed’ nucleus of an eukaryotic host might be 

responsible for the evolution of the ‘more efficient’ modern ‘spliceosomal’ splicing [20]. 

If the invasion of introns did not stimulate a prokaryote to evolve into a eukaryote, 

then what did? The endosymbiotic theory of eukaryosis proposed by Margulis [21,22], 

which has been refined over the years [23,24], claims that the spirochetes (eubacteria) 

formed a symbiotic relation with Thermoplasma-like (archaebacteria) hosts to increase 

the survivability of both symbionts. After incorporating the work of Cleveland [25] and 

Kirby [26] on extant protists, she proposed that the ‘karyomastigont’ [27] structure would 

have been the ‘primitive nucleus’ resulting from a eubacteria-archaebacteria symbiosis. 

Alternatively, Thomas Cavalier-Smith proposes the ‘phagotrophic origin of [a] nucleus’ 

[28], which posits that phagocytosis in uni-membrane ‘Posibacteria’ led to the formation 

of endomembranes (with attached DNA), and hence a nuclear envelope. There have been 

other theories for the evolution of eukaryotic nuclei [29,30] (or evolution of 80S 

ribosomes which could be associated with evolution of nuclei [31,32]) but there is yet to 

be a consensus on this debate.   
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Also, in spite of a debate on the endosymbiotic origin of the nucleus [33,34], there 

are strong arguments to support the idea that the nucleus did not originate as an 

endosymbiont [35,36,28]. Again, Koonin agrees that the origin of eukaryotes can be 

explained independently of his ‘intron invasion’ theory [37]. Further, it has been reported 

that trans-splicing (splicing of two discrete transcripts, as compared to cis-splicing which 

refers to the splicing of two parts of the same transcript) occurs in both prokaryotes and 

eukaryotes [38], even in the absence of introns (e.g., in eukaryotes such as Trypanosomes 

[39] which have a well-formed nucleus but hardly any introns [40]). This brings in to 

question whether splicing of newly-gained intra-genic introns could be a trigger to evolve 

a nucleus even when Trypanosome nuclei harbor almost no introns (however, lack of 

introns in the genome could be attributed to evolutionary loss of introns due to genome 

compaction, though there is not much evidence for this [41]). Thus it seems most likely 

that eukaryosis was not triggered to protect the ‘intron-ridden’ archaeal host-genome 

from translating ribosomes. The discovery of a nucleus-like structure (a double membrane 

enclosing the bacterial ‘nucleoid’) in bacteria from phyla like Planctomycetes, 

Verrucomicrobia, and Chlamydiae (most distinct in Gemmata obscuriglobus), and the 

presence of ribosome-like structures in this nucleus, strengthen this notion [42,43]. 

Rewinding back to the debate on usage of the term ‘prokaryote’, against the usual 

belief, the original use of the classes ‘prokaryotic’ (Fr. procariotíque) and ‘eukaryotic’ 

(Fr. eucariotíque) by Edouard Chatton in 1925 was based on the evolution of ‘flagella-

centriole-mitotic spindle’ structure, rather than signifying presence or absence of the 

nucleus [44,45,24]. 

All of the above evidence strongly supports the notion that coupling of 

transcription, splicing, and translation in prokaryotes is arguably discrete from the reason 
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for the ‘origin of the eukaryotic nucleus’. This coupling exists in prokaryotes, and there 

seems no apparent molecular, functional, or evolutionary reason for it not to occur in 

eukaryotes. Thus, the absence of ‘active translation’ in a ‘eukaryotic nucleus’ is an 

assumption, and should be experimentally verified. 

However, addressing whether some ‘nuclear translation’ occurs is difficult if only 

because an inability to detect translation in a nucleus is not a proof of its absence. The 

problem is compounded by the structural continuity of the nuclear membrane and 

endoplasmic reticulum (a prominent site of active translation by cytoplasmic ribosomes) 

which makes it difficult to be sure that an isolated nucleus is free of contaminating 

cytoplasmic ribosomes. 

1.2 Historical perspectives 

The first (indirect) report indicating that some protein synthesis might occur in the 

nucleus was made by Alfred Mirsky’s group (1952) [46]; labelled amino acids were 

incorporated into nuclear proteins. This was made at a time when it was yet to be 

confirmed that (i) DNA is the genetic material, (ii) an intermediate molecule – RNA is 

involved in expression of inherited traits, and (iii) there are specific organelles – 

ribosomes – which act as machines incorporating amino acids to produce proteins. In 

short, the ‘central dogma of molecular biology’ was yet to be proposed by Francis Crick 

(1958) [47]. In 1953, Mirsky’s group [48] reported that it is the microsomal fraction (later 

discovered to be the ribosome-rich fraction associated with the endoplasmic reticulum) – 

obtained by ‘differential centrifugation’ [49] of the cytoplasm – that is the ‘protein-

synthesis factory’ of the cell. This was just after the very first experiments (in 1950) 

which demonstrated that amino acids are incorporated by microsomes in vivo [50,51], and 

well before mRNA was discovered as the substrate for protein synthesis (in 1961) [52]. 



7 
 

In 1954, Vincent Allfrey made the first claim of nuclear protein synthesis when he 

reported incorporation of labelled amino acids in isolated nuclei from the thymus [53]. 

The period from 1954-1974 was replete with publications discussing evidence mostly 

‘for’ and some ‘against’ protein synthesis in nuclei – most of them cited in reviews by 

Lester Goldstein (1970) [54] and LeRoy Kuehl (1974) [55] (for additional ones, see [56-

61]). Most of these reports included experiments evaluating: (i) the incorporation of 

radio-labelled amino acids by isolated nuclei and/or into nuclear proteins, (ii) the 

incorporation of radio-labelled amino acids in whole tissues/cells followed by 

autoradiography and the counting of silver grains lying over nuclei, and (iii) the isolation 

of ribosomes from nuclei. This culminated in a debate between Goidl and Allen in 1978 

[62], where both agreed that nuclear protein synthesis was a possibility, and that the 

central issue to be resolved was the possible contamination of nuclear fractions or isolated 

nuclei by cytoplasmic ribosomes – and this continues to be the central issue. 

Subsequently, reports of the synthesis of nuclear proteins in the cytoplasm followed by 

transport into nuclei [63,64] fuelled the idea that all translation might occur in the 

cytoplasm. Then, the discovery of ‘introns’ in 1977 [65] was probably responsible for 

ending the debate for twenty years; it raised the apprehension that – if nuclear ribosomes 

were to translate introns with their many termination codons – too many unwanted 

‘truncated’ peptides would be formed. However, during these twenty years, independent 

studies on the effects of incorrectly-placed termination codons pointed to some translation 

occurring in the nucleus. 
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1.3 Nuclear NMD: strong circumstantial evidence for nuclear 

translation 

 In 1979 and 1984, it was discovered that β
0
-thalassemia was caused by a mutation 

that changed a sense codon to a non-sense (stop/termination) codon in the β-globin gene, 

and this further led to a decrease in the number of β-globin mRNAs (without affecting the 

stability of the mature mRNA) [66-69]. This was the discovery of ‘nonsense-mediated 

mRNA decay (NMD)’ [70] – a phenomenon which causes selective decay of those 

immature transcripts that possess an unusual stop-codon or ‘premature termination codon’ 

(PTC) in their coding sequence (CDS). Later, in 1987 and 1993, it was discovered that 

constitutive exons could be skipped if they possessed a nonsense mutation – a 

phenomenon which came to be known as ‘nonsense-associated alternative splicing’ 

(NAS) [71,72]. 

 The end of any open reading frame (ORF) is defined by a stop codon. As multiple 

stop codons are found in introns, mis-splicing will often introduce a PTC into an ORF 

[73,74], and this would lead to the production of truncated (and faulty) peptides that 

might be toxic to the cell. The process of NMD is a proof-reading mechanism that weeds 

out faulty transcripts bearing such PTCs [75,76]. It is experimentally recognised by 

expressing genes encoding messages with and without PTCs: levels of mRNA with PTCs 

are lower, presumably due to the action of NMD [77,78]. This raises an important 

question: where does NMD occur – in the nucleus or cytoplasm? The relative levels of 

transcripts bearing PTCs prove to be lower in both nuclear and cytoplasmic fractions, 

with the largest reduction being seen in the nucleus; this implies that NMD is a nuclear 

process [79,80]. Then, what mechanism recognises the PTC? As the only machinery 

known to recognise any termination codon is a translating ribosome, how is nuclear NMD 
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possible in the absence of translation in the nucleus? A similar kind of argument concerns 

NAS [81,82,83]. Here a PTC affects another nuclear event – alternate splicing. Once 

again, how does the system recognise a PTC in the nucleus? These questions are easily 

answered if an active nuclear ribosome recognises a PTC at the transcription site to 

trigger NMD and NAS [84]. The dependency of NMD [78,85] (and NAS [86,87]) on 

active translation has been shown by demonstrating that the levels of PTC-bearing 

transcripts stabilize when translation is inhibited (or exon-skipping is avoided in case of 

NAS). 

 Current models for NMD can be classified into four types (the first three assume 

that no translation can occur in the nucleus): 

1. A PTC is recognised during cytoplasmic translation, and this generates a signal 

that is transmitted to the nucleus, where it induces degradation of homologous 

transcripts [88]. There is no experimental evidence to support this argument, and 

no one has proposed a plausible mechanism to explain how this signal might 

specifically target homologous transcripts in the nucleus.  

2. The translating (cytoplasmic) ribosome that detects the PTC lies close to the 

nuclear pore, so that the resulting NMD appears to be nuclear because that 

ribosome (and associated message) co-purifies with the nucleus [80,89]. In other 

words, the ‘pioneer round of translation [90]’ occurs in the cytoplasm as the 

message exits the nuclear pore. However, introducing a PTC into a message 

reduces nuclear transcript levels to a third (or less) [91,92], so we would then 

expect to find (at least) two out of three nuclear transcripts close to pores; 

however, fluorescence in situ hybridization (FISH) reveals no such concentration 

of polyadenylated RNA or transcripts at the nuclear periphery [93,94].  
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3. Some unknown mechanism scans nascent transcripts for PTCs [95]. However, 

there is again no suggestion as to what this mechanism might be. 

4. Nuclear ribosomes translate nascent transcripts, and – if they contain a PTC – the 

associated NMD machinery degrades the faulty transcripts. We believe this simple 

model is consistent with most of the data discussed here (i.e., section 1.3). 

Further, if it is assumed that proofreading of nascent transcripts occurs in the 

nucleus, then sites of the ‘pioneer round of translation’ would most probably be a 

transcription factory [96-98], where transcription, splicing, and translation might be 

coupled. The idea that transcription might occur in factories where fixed RNA 

polymerases reel in chromatin has been controversial for the past few decades [99]. One 

major criticism against the existence of such factories has been the inability to isolate 

them biochemically [98]. We have recently succeeded in partially purifying these huge 

complexes (~10 MDa) – separating three kinds based on the three different eukaryotic 

RNA polymerases they contain [100].  

1.4 Recent discussions on nuclear translation (1998-2012) 

In 1998, it was reported that aminoacylation of tRNA occurs in Xenopus oocyte 

nuclei, and such charging of the tRNA increases its export efficiency [101]; this report 

also speculated that such aminoacylation may indicate monitoring of transcripts in nuclei 

by NMD. In 1999, it was suggested that translation must be coupled with transcription in 

Dictyostelium discoideum nuclei [102], where ribosomes isolated from the nuclear 

fraction were shown to be associated with immature transcripts (lacking a 3’ UTR or 

untranslated region) as against cytoplasmic ribosomes which were associated with mature 

transcripts (containing a 3’ UTR); it was further shown that transcripts containing PTCs 
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were retained in the nucleus and were associated only with nuclear ribosomes, thus 

implicating nuclear translation in NMD. 

The coupling of translation to transcription provided the best evidence for nuclear 

translation [94,103]. [The methodology for detecting this coupling has been published in 

detail [104].] HeLa cells were permeabilised in a ‘physiological’ buffer, and allowed to 

extend nascent polypeptides by ≤15 residues in the presence of tagged precursors (e.g., 

biotin-lysine-tRNA or BODIPY-lysine-tRNA). Then, essentially all label is incorporated 

into ‘nascent’ polypeptide. [I will apply the term ‘nascent’ to peptides that are being 

synthesised at the ribosome.] Although most label was found in the cytoplasm, 9-15% 

was also seen in discrete nuclear foci (factories) that were the sites of transcription by 

RNA polymerase II. Functional coupling of transcription with translation was shown by 

activating (or repressing) transcription by adding the necessary NTPs (or inhibitors of 

transcription like α-amanitin and 3′ dATP). Moreover, components involved in translation 

(e.g., initiation/release factors, ribosomal subunits) co-localised (to within a few 

nanometres) and co-purified with nascent RNA and the active form of the polymerase. 

Despite these seemingly convincing demonstrations supporting the idea that some 

translation occurred in nuclei, an influential paper claimed to have repeated these 

experiments but failed to obtain the same results [105]. However a close examination of 

the experimental conditions used revealed that they used a different buffer which 

supported substantially less transcription, and this could obviously reduce the amount of 

nuclear translation if that translation were coupled to transcription [106]. They also did 

not include protease inhibitors in their buffers; again this would be expected to reduce the 

amount of signal due to nuclear translation if faulty peptides were rapidly degraded by the 

proteasome [94,106-109]. This failure to use exactly the same conditions undermines the 

credibility of this evidence [105]. 
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Other criticisms [88,110-112] of the evidence for nuclear translation include the 

following: 

1. Contaminating cytoplasmic ribosomes are responsible for the nuclear translation 

signal seen. If this were so, the amount of nuclear translation should reflect the 

degree of contamination. However, a >20 fold variation in the number of 

contaminating cytoplasmic ribosomes does not vary the nuclear signal [94,106]. It 

is also possible that cytoplasmic ribosomes enter the nucleus during 

permeabilisation. However, after peremeabilising the cell, the nuclei were still 

intact enough to exclude dextrans smaller than ribosomes [94,106], and – even if 

cytoplasmic ribosomes did enter the nucleus – why should they concentrate at the 

transcription factories? 

2. The nuclear membrane evolved to separate transcription and splicing from 

translation, and that no translation can be allowed to happen within nuclei. As we 

have seen (see Section 1.1), the argument here is that if these processes were not 

spatially separated then translation of intron-containing RNAs by nuclear 

ribosomes would generate faulty peptides [113]. However, these processes could 

still be spatially separated if the translating ribosome were positioned downstream 

of the spliceosome at the transcription site in the nucleus. Further, as mentioned in 

section 1.1, ribosomes have been shown to regulate splicing by translating into 

introns in prokaryotes [10-12]. 

3. The presence of nascent peptides in the nuclear fraction does not necessarily mean 

that the translating ribosomes lie within the nucleoplasm; they could be at the 

outer nuclear membrane so that they co-purify with nuclei. However, little label in 

nascent peptides was observed at the nuclear periphery [93,94]. 
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4. The concentration of translation machinery in the nucleus is too low. Immuno-

labelling shows that nuclei do not contain critical components of the translation 

machinery. However, we should not attach too much weight to negative results of 

this kind (as the machinery may be present below the level of detection). There is 

also a practical point: chromatin is present at a high concentration in the nucleus, 

and this could prevent access of immuno-labelling antibodies. Indeed, significant 

concentrations of the critical components can be seen after using milder fixation 

conditions [94,103]. 

There is also scepticism about the possibility of nuclear translation based on the 

failure to find functional 80S ribosomes within nuclei. It is suggested that the 40S 

ribosomal-subunit must possess 18S rRNA, and the 60S ribosomal-subunit must possess 

5.8S rRNA, before the two can come together to form an active ribosome. As the 

maturation of 18S rRNA from 20S rRNA [114], and 5.8S rRNA from 6S rRNA [115], is 

reported to happen in the cytoplasm of Saccharomyces cerevisiae, it is argued that an 80S 

ribosome has to mature in the cytoplasm to be functional. But again, the failure to detect a 

process cannot be taken as proof that the process does not occur (because it may lie below 

the level of detection).  Moreover, ribosomal subunits might mature in the cytoplasm to 

be imported into the nucleus. Further, it has even been reported that translating ribosomes 

may not necessarily require 20S to 18S rRNA maturation in Saccharomyces cerevisiae 

[116], and that immature rRNA may even be essential for the formation of active 

ribosomes [117].  

Another argument against a role for an active nuclear ribosome runs as follows. 

We might presume that if nuclear translation scans for transcripts that contain PTCs 

(arising, perhaps, from faulty splicing), then the rate or order of intron removal might also 

be affected; however, no effects of PTCs on splicing were detected [118]. But we would 
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not expect any effects if the active nuclear ribosome scans the maturing transcript after it 

has been spliced. Even if one considers that translation is faster than splicing, and may 

cause ribosomes to venture into introns, then this would be applicable to all transcripts 

(whether bearing PTCs or not), as every transcript is expected to be scanned by nuclear 

ribosomes. So, presence of a nuclear scanning mechanism should not affect the splicing 

rate, irrespective of transcripts bearing PTCs. 

I suggest that none of this evidence against nuclear translation is decisive. 

Moreover, in the years since the reports of coupled transcription and translation in 

eukaryotic nuclei [94,102] a wealth of data consistent with the idea that some translation 

occurs in nuclei has been reported. These findings have been further reviewed/evaluated 

against the background of NMD [119-122]. For example, ribosomes are assembled in 

nucleoli (which are the site of RNA polymerase I transcription), and so are naturally 

found in nuclei; however, many ribosomal components and translation factors are also 

found at RNA polymerase II transcription sites [94,103,123-125], sometimes associated 

with the NMD machinery [103] and/or proteasomes [107,108]. Significantly, translation 

initiation factors are found in the proteome of isolates containing large fragments of 

polymerase II factories, but not in the equivalent fragments of polymerase I and III 

factories [100]. In addition, precursor RNAs – if inefficiently spliced [126] or harboring 

nonsense codons [127,128] – accumulate near the site of transcription, and the initiation 

factors involved in translation are both nuclear and found at sites of splicing 

[94,103,129,130]. There was also a report of translation in the nucleus induced by an 

RNA editing protein [131]. However, due to the undue suspicions raised [105] on the 

reproducibility of data generated by Iborra et. al. [94], by about 2004 the debate on 

nuclear translation had again subsided without decisive evidence for or against its 

existence. 
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 As a result of the scepticism concerning nuclear translation, there have been many 

instances in the past where results that are most simply interpreted in terms of nuclear 

translation are (i) ignored as artefacts [132-134], (ii) explained by cytoplasm-to-nucleus 

transport of highly-abundant and newly-formed nucleolar or nuclear proteins [135-138], 

or (iii) mentioned in the context of ‘speculation’ [139]. In contrast, Jonathan Yewdell and 

Jack Bennink’s group has worked on ‘rapidly turning-over’ peptides presented by major 

histocompatibility complex class I (MHC-I) molecules for immuno-surveillance [140], 

and they suspect that such peptides are translated in the nucleus [141]. The extension of 

this hypothesis led them recently to use puromycylation of ribosome-bound nascent 

peptides to visualize nuclear translation [142], and this revived the debate on nuclear 

translation [143,144]. In this report, David et. al. [142] arrest translation by pre-

incubating mammalian cells with cycloheximide or emetine, before allowing extension of 

the nascent peptide in puromycin; the incorporated puromycin in these polysome-arrested 

peptides is then indirectly immuno-detected via immuno-fluorescence. 

1.5 Scope of this thesis 

 In this thesis, I have examined whether nuclear translation occurs. I use an 

analogue of methionine – L-azidohomoalanine (Aha) – to label nascent peptides. [This 

precursor is widely used to label proteins for mass spectrometry, and kits to facilitate such 

labelling are available commercially from Invitrogen.] I find that Aha is incorporated into 

the nucleus of living mammalian cells after incubations of only 5 s. I further see that this 

incorporation is inhibited by anisomycin (a translation inhibitor), and that Aha-tagged 

nascent nuclear peptides have short half-lives dependent on proteasomal activity. I also 

use puromycin (a translation inhibitor), which is effectively an amino acid analogue, and 

observe its incorporation into the nucleus of living mammalian cells after incubations of 
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only 5 s. I go on to find that translation of these nascent peptides is closely coupled to 

transcription. Also, using a ‘multi-copy’ and ‘inducible’ expression-system, I express a 

specific non-nuclear protein in large amounts for short periods, and find it in the nucleus, 

close to sites containing the nascent transcripts that encode it: introducing a PTC also 

reduces the amount of nascent RNA. Combining all these results, I believe that some 

translation occurs in the nucleus, coupled to transcription and splicing at transcription 

factories, where a ‘pioneer round of translation’ proofreads nascent transcripts – the first 

step in RNA quality control. 

 Further, we have used biochemical methods to partially purify transcription 

factories [100]. Chapter 5 explains this novel purification method. I contributed to this 

work by validating the purification method using immuno-detection assays. Also, we find 

there is a division of labour among transcription factories, with some factories 

specializing in transcribing selected sets of genes [97,145,146]. Such a set of genes which 

are transcribed in a specialized transcription factory may share (i) a common RNA 

polymerase which transcribes them, (ii) a common transcription factor essential for their 

transcription, or (iii) a common cell-signalling network. We recently provided evidence 

for this hypothesis, by showing that transcription dependent on NFκB-mediated signalling 

occurs in special ‘NFκB-factories’ [147]. Chapter 6 elaborates on this finding. I 

contributed to this work by combining RNA in situ fluorescence hybridization (RNA 

FISH) and immuno-fluorescence to show that active NFκB (in particular, its 

phosphorylated p65 subnit) is present in factories transcribing selected genes. 
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Chapter 2 

Materials and methods 

 The following methods were used in this thesis. 

1. Molecular cloning 

2. Cell culture and transfection 

3. Microscope imaging of fluorescently tagged protein and RNA 

a. Fluorescent detection of amino acid analogues by click chemistry 

b. Immuno-fluorescence and its variants 

c. ‘In cell’ transcription ‘run-on’ assay with BrUTP 

d. RNA fluorescent in situ hybridization (RNA FISH) 

e. Simultaneous immuno-labelling with RNA FISH  

f. ‘Colocalization’ or ‘proximity’ analysis of features detected by fluorescent 

imaging 

2.1 Molecular cloning 

pLdPDH [148] encodes the mitochondrial import sequence of human PDH1α 

inserted between the SacI and PstI sites in pEGFP-N1. The P
tight 

promoter from pTRE-

Tight was inserted between the XhoI and EcoRI sites in pLdPDH. Two fragments of rat 

Cd2 were amplified from total rat DNA using oligo pair 1 (which target chromosome 2, 

between positions 196,332,778-196,333,452 [149]) and oligo pair 3 nested with oligo pair 

2 (which target chromosome 2 between positions 196,336,082-196,338,119 [149]). These 

two Cd2 fragments of 676 and 2,057 bp (with NheI- and XbaI-compatible cohesive ends, 
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respectively) were simultaneously inserted between the PstI and BamHI sites in pLdPDH 

(which encodes P
tight

). 

1. Vector 1 was constructed by removing from pLdPDH the fragments containing 

P
tight

, the mitochondrial import sequence, and Cd2, and inserting the three 

fragments between the XhoI and BamHI sites in plasmid 0,EGFP,pA (which is a 

promoter-less form of pEGFP-N1) [150]. 

2. Vector 2 was constructed by deleting the EGFP chromophore (5ʹ-

CTGACCTACGGCGTGCAG-3ʹ; 18 bp) from vector 1 by site-directed 

mutagenesis using oligo pair 4. 

3. Vector 3 was constructed by inserting a sequence encoding the HA epitope (5ʹ-

TACCCTTACGACGTTCCTGATTACGCT-3ʹ; 27 bp) in Vector 1 by site-

directed mutagenesis using oligo pair 5. Unexpectedly, the insert proved to be 81 

bp – 5ʹ-TACCCTTACGACGTTCCTGATTACGCTTAGCAAGTTGGGGGGAC 

GGGTGCTATGTACCCTTACGACGTTCCTGATTACGCT-3ʹ – in which two 

HA encoding sequences were interrupted by a 27-bp sequence. As an in-frame 

stop codon is found after the first HA-coding sequence, only one HA epitope 

should be expressed. 

4. Vector 4 was constructed (by site-directed mutagenesis using oligo pair 6) by 

introducing a point mutation (5ʹ-TAT-3ʹ → 5ʹ-TAA-3ʹ) that creates an in-frame 

premature termination codon (PTC) in the Cd2 exon in Vector 3. 

All plasmids used are listed in Table 1.  
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Table 1: Plasmids 

# Plasmids Source Catalogue 

1 pEGFP-N1 (4.7 kbp) Clontech (discontinued) 6085-1 

2 pTRE-Tight (2.6 kbp) Clontech 631059 

3 pTet-On Advanced (7.1 kbp) Clontech 630930 

4 pLdPDH (4.7 kbp) Gift from Dr Garry Brown [148] - 

5 0,EGFP,pA (4.2 kbp) Ref [150] - 

6 Vectors 1-4 (7.4 kbp) This work, diagrams in Fig. 3.10 - 

 

All the above-mentioned plasmid modifications were confirmed by DNA sequencing. 

Presence of P
tight

 and Cd2 fragments in Vector 1 was verified using oligos 7 and 8. 

Absence of EGFP chromophore in Vector 2 was verified using oligo 9. Oligo 7 was also 

used to verify the presence of the HA-coding sequence in Vector 3 and the point mutation 

in Vector 4. Site-directed mutagenesis was performed using the QuikChange Lightning 

kit, and all other necessary bacterial transformations were performed using One Shot 

TOP10 chemically-competent Escherichia coli. All the polymerase chain reactions 

(PCRs) except for site-directed mutagenesis were performed using PfuUltra II Fusion HS 

DNA Polymerase at a re-annealing temperature of 58.6˚C (64˚C in case of oligo pair 3). 

All oligonucleotide DNA primers used (supplied by Sigma) are listed in Table 2.  
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Table 2: Oligonucleotide DNA primers 

# Name Sequence (5ʹ-3ʹ) 

1 Oligo 

pair 1 

Fwd: GCAGA(CTGCAG)
b
AGAGACAGTGG 

Rev: CAGCATCTCCAGCCTTCTTC 

2 Oligo 

pair 2 

Fwd: ATCCACAGAAAGGTGCTCGT 

Rev: TA(GGATCC)
c
AT(TGTTCGTCGTCG)

d
CTTTGAGACCATCTCTAAAAG 

3 Oligo 

pair 3 

Fwd: AC(TCTAGA)
e
AAGACAGGCAGTCTCTG 

Rev: TA(GGATCC)
c
AT(TGTTCGTCGTCG)

d
CTTTGAGACCATCTCTAAAAG 

4 Oligo 

pair 4
a
 

Fwd: CACCCTCGTGACCACCTGCTTCAGCCGCTAC 

Rev: GTAGCGGCTGAAGCAGGTGGTCACGAGGGTG 

5 Oligo 

pair 5
a
 

Fwd: GGACGGGTGCTATG(TACCCTTACGACGTTCCTGATTACGCT)
f
TAGCAAGTTGGG 

Rev: CCCCAACTTGCTA(AGCGTAATCAGGAACGTCGTAAGGGTA)
f
CATAGCACCCGTCC 

6 Oligo 

pair 6
a
 

Fwd: GAGATGACAGTGGCACC(TAA)
g
AATGTAACGGTATACAGCAC 

Rev: GTGCTGTATACCGTTACATT(TTA)
g
GGTGCCACTGTCATCTC 

7 Oligo 7 GCCATCATCCAACAGAGCAG 

8 Oligo 8 CGTCGCCGTCCAGCTCGACCAG 

9 Oligo 9 TGCCCTTCAGCTCGATGCGG 

a: complimentary oligonucleotide primers for site-directed mutagenesis, HPLC purified 

b: PstI recognition sequence 

c: BamHI recognition sequence 

d: ribosome pause sequence (rps); discussed in Section 3.4 

e: XbaI recognition sequence 

f: HA-epitope encoding sequence 

g: premature termination codon (PTC); discussed in Section 3.4 
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2.2 Cell culture and transfection 

Three different cell lines were used for various experiments performed in this 

work, and are listed in Table 3. 

Table 3: Mammalian cell lines 

# Name Origin ATCC
a
 

number 

Culture conditions 

(at 37˚C, 5% CO2) 

1 HeLa
b
 epithelial adenocarcinoma cells from cervix 

of Henrietta Lacks [151] 

CCL-2 DMEM
c
 + 5% FBS

d
 + 1% PS

e
 

2 Cos 7
b
 created by transforming CV-1 cell line [152] 

(fibroblast-like cells from kidney of African 

green monkey – Cercopithecus aethiops; 

ATCC
a
 number: CCL-70) with SV40 

(Simian vacuolating) virus [153-155] to 

endogenously express SV40 large T-antigen 

CRL-1651 DMEM
c
 + 10% FBS

d
 + 1% PS

e
 

3 HUVEC human umbilical vein endothelial cells 

[156], pooled from multiple donors (Lonza) 

- EGM-2 MV
f
 

a: American type culture collection  

b: from ‘cell bank’ of the Sir William Dunn School of Pathology, University of Oxford 

c: Dulbecco’s modified Eagle medium 

d: Fetal bovine serum 

e: ‘Penicillin + Streptomycin’ 

f: Endothelial growth medium-2 MV 
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For culturing cells on glass coverslips (22 x 22 mm; #1.5; 0.17 mm thick) were 

etched by sonication in 1% HF (hydrofluoric acid) for 5 min at room temperature, then 

washed 10 times with distilled water (henceforth annotated as dH2O; 18.2 MΩ/cm at 

25˚C; Milli-Q from Millipore), followed by rinsing in absolute ethanol (such cleansed 

coverslips were often stored in coplin jars, immersed in absolute ethanol, until further 

use) and flaming to eliminate ethanol before seeding cells. 

For transfection, Cos 7 were grown in DMEM + 10% FBS (Tetracycline free). 

Confluent cells (80-90% occupancy) were transfected using 8 μl FuGENE HD with 2 μg 

DNA (0.2 μg of Vector 1-4 + 0.2 μg pTetOn Advanced + 1.6 μg sheared salmon sperm 

DNA) in 6-well plates. After 12 h, cells were trypsinized, washed, and replated on 

coverslips in 6-well plates; replating reduces background caused by input DNA. Cells 

were then grown for 12 h, and fixed. [For Section 3.4.4, cells were transfected with 1 μg 

Vector 3 and 1 μg pTetOn Advanced for 50 h.] For staining mitochondria, 200 nM 

MitoTracker Deep Red was added to live cells 15 min before fixation. 

Inducers of transcription and various inhibitors (Table 4) were added to live cells, 

as indicated in Figure legends. 
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Table 4: Inducers and inhibitors 

# Name Mode of action Concentration Solvent 

1 doxycycline 

(dox) [157] 

antibiotic from tetracycline family; induces firing 

from P
tight

 promoter by converting rtTA-Advanced 

(constitutively expressed from pTet-On Advanced 

under a CMV-promoter
 a
) from a repressor to 

activator [158,159] 

10 µg/ml dH2O 

2 TNF-α [160] tumor necrosis factor-α; phosphorylates IκBα 

(when unphosphorylated, sequesters NF-κB in the 

cytoplasm; when phosphorylated, subjected to 

proteasomal degradation), hence releasing NF-κB 

to translocate into the nucleus, inducing 

transcription from NF-κB dependent promoters 

[161] 

10 ng/ml dH2O 

3 puromycin
b
 

(puro) [162] 

mimics amino acyl tRNA; inhibits translation by 

incorporating into nascent peptides and terminating 

them prematurely; used in this work as a marker of 

nascent peptides [163-165] 

91 µM dH2O 

4 cycloheximide
c
 

(CHX) [166] 

attaches to the E-site of the 80S ribosome, thus 

inhibiting translation by blocking translocation of 

amino acyl tRNA from A-site to P-site [167] 

100 µg/ml dH2O 

5 anisomycin
c
 

(aniso) [168] 

mimics amino acyl tRNA; inhibits translation by 

competitively binding to peptidyl transferase centre 

of 80S ribosome [169,170] 

100 µg/ml 10% 

DMSO
d
 

in dH2O 

6 pactamycin
b
 

(pacta) [171] 

inhibits translation initiation and elongation by 

causing structural distortions in ribosome [172,173] 

100 µg/ml DMSO
d
 

7 MG132 [174] proteasome inhibitor; peptidyl aldehyde:  Z-leu-leu-

leu-CHO 

100 µg/ml DMSO
d
 

8 BAY 11-7082 

(BAY) [175] 

specifically blocks TNF-α dependent 

phosphorylation of IκBα, thus checks release of 

NF-κB into nucleus, and hence inhibits NF-κB 

dependent transcription 

10 µM DMSO
d
 

9 DRB
e 
[176] a nucleoside analogue; inhibits casein kinase II, 

CDK
f
 7, CDK

f
 8, CDK

f
 9, thus inhibiting necessary 

phosphorylations on CTD
g
 of RNA polymerase II, 

and hence inhibits transcription elongation [177] 

100 µM absolute 

ethanol 

10 spliceostatin A 

(SSA) [178] 

binds to SF3b
h
 of U2 snRNP

i
 in spliceosomes to 

inhibit splicing and accumulate pre-mRNA 

100 nM methanol 
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a: cytomegalovirus immediate-early (IE) promoter [179]  

b: disintegrates polysome as a secondary effect [180] 

c: stabilizes polysome as a secondary effect [180] 

d: dimethyl sulfoxide (organic solvent) 

e: 5,6-dichloro-1-β-ᴅ-ribofuranosylbenzimidazole 

f: cyclin-dependent kinase [181] 

g: C-terminal domain in the largest catalytic subunit (RPB1) of RNA polymerase II, which contains heptad 

repeats that can be phosphorylated at their serine residues, and hence regulate various catalytic states of 

RNA polymerse II [182-186] 

h: splicing factor 3b [187] 

i: small nuclear ribonucleoprotein [188-190] 

2.3 Microscope imaging of fluorescently-tagged protein and RNA 

 Cultured and treated cells were fixed, permeabilized, and tagged with fluorescent 

probes to indirectly display the intra-cellular localization of proteins and RNA, and 

imaged by fluorescence microscopy. All buffers used for RNA detection were treated 

with DEPC (RNase inhibitor), and incubations done in presence of RNase inhibitor. 

1. Fixation: Cells on glass coverslip were immersed in 4% paraformaldehyde in 250 

mM HEPES (pH adjusted to 7.6) for 20 min at 4˚C or 20˚C. For fixation after 5-

60 s pulses with puromycin (Section 3.3.1) – which involved dipping a glass 

coverslip populated with adherent HeLa cells in DMEM + 5% FBS + 1% PS ± 

cycloheximide ± puromycin in a 37˚C room – the glass coverslip was plunged into 

ice-cold fixative. 

2. Permeabilization: Cells on glass coverslip were immersed in 0.5% Triton X-100 

and 0.5% saponin in PBS for 20 min at 20°C. For click chemistry, saponin was 

excluded. 

3. Blocking against non-specific binding by antibodies: Cells on glass coverslip were 

inverted onto a 50-µl drop (on Parafilm) of 3% BSA and 0.2% cold water fish 

skin gelatin in PBS for 20 min at 20°C. 
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4. Microscopes used for this work can be broadly divided into two classes: 

a. Wide-field fluorescence microscopes, Carl Zeiss MicroImaging, GmbH; 

either upright – Axioplan 2e microscope, or inverted – Axioplan 2 

microscope, equipped with a 175 W Xenon arc lamp (Perkin Elmer). 

Images were acquired with 63x/100x Zeiss Plan-APOCHROMAT oil-

immersion objectives (numerical aperture 1.4), optical filters (Chroma; 

mentioned in Table 5), and a CoolSNAPHQ camera (Photometrics) running 

under MetaMorph software (Molecular Devices), and analysed using 

ImageJ. 

b. Confocal microscope (FV1000, Olympus): Images were acquired with 

Olympus IX81, equipped with 100x Olympus UPlanSApo oil-immersion 

objective (numerical aperture 1.4), optical filters (Olympus; mentioned in 

Table 5); confocal aperture 175 μm (350 μm: Fig. 5.2; 117 μm: Fig. 5.3), 

scanning at 10 μs/pixel (8 μs/pixel: Fig. 5.3), 405 and 559 nm ‘diode-

pumped solid-state’ plus argon (488 nm) lasers, and FLUOVIEW v2.1b 

software. The images were retrieved through MetaMorph software, and 

analysed using ImageJ. 

Table 5: Optical filters on microscopes 

 Wide-field Confocal 

Fluor Excitation Dichroic Emission Excitation Dichroic Emission 

DAPI S360/40x 84100bs S457/50m BP330-385 BA420 DM400 

Alexa488 S490/20x 84100bs S528/38m BP470-490 BA520IF DM500 

Cy3/Alexa555 S555/28x 84100bs S617/73m BP510-550 BA590 DM570 

MitoTracker 

Deep Red 
S635/20x 84100bs S685/40m    

GFP HQ470/40x 495DCLP HQ525/50m    
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The fluorescence intensity over nucleus and cytoplasm (images obtained using a 

wide-field microscope) was determined as follows. (i) The fluorescent intensity over the 

whole cell and nucleus (area defined by DAPI staining) was measured, and that over the 

cytoplasm calculated by subtraction. (ii) Background in each compartment was 

subtracted; backgrounds determined separately for nucleus and cytoplasm (i.e., whole cell 

minus nucleus) over non-pulsed, 0-s pulsed, or untransfected cells.  [For Figure 3.12H, 

3.13C, 3.14C, 5.4B and 6.4 the mean intensity within a randomly-selected 30 x 30 pixel 

area (1292 pixel area for Fig. 6.4) over the nucleoplasm (or cytoplasm in Fig. 3.14C) was 

measured]. Such values from each experiment were exported to Excel for calculating 

mean and standard deviation (SD). P values (two-tailed) from unpaired Student’s t-test 

were calculated using GraphPad (http://www.graphpad.com/quickcalcs/). The images 

were processed using Photoshop 7.0 and were presented with graphs using CorelDRAW 

X3. 

2.3.1 Fluorescent detection of amino acid analogues by click chemistry 

L-azidohomoalanine (Aha; synthesised by Mr Bhaskar Bhushan), an analogue of 

the essential amino acid – methionine, was dissolved in dH2O at a stock concentration of 

200 mM, and stored at -20˚C. 

HeLa cells were grown in the absence of methionine (DMEM
-
 – DMEM without 

methionine, cystine and L-glutamine) for 15-30 min at 37˚C (to deplete endogenous pools 

of methionine), pulsed with 2 mM Aha (from 5 s to 2 min) at 37˚C, and plunged into ice-

cold fixative to stop translation quickly. [The 5-15 s pulses were done by dipping a glass 

coverslip populated with adherent HeLa cells in DMEM
- 
+ 2 mM Aha, in a 37˚C room. 

When a pulse was followed by chase, DMEM
- 
+ 2 mM Aha was replaced by DMEM + 

5% FBS + 1% PS (which contains ~200 µM methionine).] Cells were washed in PBS (5 

http://www.graphpad.com/quickcalcs/
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min; 20°C), permeabilized, washed in 3% BSA in PBS (5 min; 20°C), an alkyne-

conjugated fluor (i.e., Alexa555; 100 nM) ‘clicked’ on to incorporated Aha using the 

Click-iT Cell Reaction Buffer kit as per the supplier’s instructions (30 min; 20°C; 

vigorous shaking), washed in 3% BSA in PBS (5 min; 20°C), and rinsed in PBS. After 

DAPI/Vectashield counterstaining/mounting, images were acquired images using an 

Axioplan 2e microscope. 

For Fig. 3.3E, R
2
 values were computed by fitting an exponential decay curve 

(         
   ) in Excel, and half-life (  ) of Aha-bearing peptides was calculated.             

    
     

 
 

here,  

λ = rate constant of exponential decay, 

    = maximum intensity i.e., mean intensity after Aha pulse (without chase), and 

  = intensity at time ‘ ’ i.e., mean intensity at time ‘ ’ since initiating chase, post Aha 

pulse. 

2.3.2 Immuno-fluorescence and its variants 

Conventional immuno-fluorescence [191] 

It is used to localize one or more candidate proteins, and is also the most 

commonly-used technique (immuno-fluorescence colocalization) to determine the 

proximity of two candidate proteins; the two targets are indirectly immuno-labelled with 

spectrally-distinct fluors, and – if the fluorescent signals colocalize – it is concluded that 

the two targets lie together [192,193]. However, this approach is limited by the poor 

resolution of the light microscope; when different targets lying several hundreds of 
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nanometers apart in the x and y axes are labelled with red and green fluors, the two may 

still yield a yellow focus and so appear to colocalize. Higher-resolution approaches 

include the proximity-ligation assay, and antibody blocking, though each is associated 

with its own set of difficulties (Discussed in Chapter 5). 

Fixed cells were washed with PBS (5 min; 20°C), permeabilized, washed with 

0.05% Tween 20 in PBS (10 min; 20°C), and blocked. Antigens were indirectly immuno-

labelled by incubating cells (1 h; 20°C) with a primary antibody (or two antibodies) 

targeting the epitope(s) of interest, washed 4x with 0.05% Tween 20 in PBS (1 min each; 

20°C), then labelled further (30 min; 20°C) with secondary antibodies targeting the 

primary antibody (or respective primary antibodies), washed 3x with 0.05% Tween 20 in 

PBS (10 min each; 20°C) followed by a wash with PBS (10 min; 20°C). After 

DAPI/Vectashield counter-staining/mounting, images were acquired with the confocal 

microscope and/or widefield microscopes. 

In situ proximity ligation assay (PLA) [194] 

For conventional indirect immuno-labelling, the secondary antibodies targeting 

the two specific primary antibodies carry spectrally-distinct fluors. For in situ PLA (Fig. 

2.1), the secondaries carry distinct (covalently-attached) single-stranded DNA 

oligonucleotides. Each oligonucleotide is complementary to a sequence at one end of 

each of two single-stranded ‘padlock probes’. Then, if the two target antigens lie less than 

~40 nm apart, binding of the primary and secondary antibodies brings the two 

oligonucleotides close together, so that they can hybridize with the ends of the padlock 

probes. Then, addition of a ligase circularizes the padlock probes. Now, in situ rolling-

circle amplification (RCA) by the φ29 DNA polymerase of the (now-circular) padlock 

probes creates tandem repeats of the padlock sequence. Finally, hybridization of 
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fluorescent oligonucleotides complementary to the sequence in the centre of the padlock 

probe allows detection indicative of proximity between the two antigens. 

Fixed cells were washed with PBS (PAA; 5 min; 20°C), permeablized, washed 

with 0.05% Tween 20 in PBS (10 min; 20°C), and blocked. Antigens were indirectly 

immuno-labelled by incubating cells (1 h; 20°C) with various primary antibodies. Next, 

following the manufacturer’s instructions (Duolink II kits), the secondary antibodies 

covalently attached to oligonucleotides were bound to their targets, and then the tethered 

oligonucleotides were detected using ‘Duolink II Detection Reagents Orange’. After 

DAPI/Vectashield counterstaining/mounting, images were acquired with the confocal 

microscope. Multiple images were acquired through z-axis (known as a Z-stack) for each 

field of view, Z-projections for each Z-stack were made, and the number of fluorescent 

foci/nucleus counted. 
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Fig. 2.1. Principle of in situ proximity ligation assay (PLA). In situ PLA is used to evaluate proximity 

between two proteins in cells, if both proteins have antibody-binding epitopes. Adapted by permission from 

Macmillan Publishers Ltd: [Nature Methods] (Gullberg et al. [195]), © (2011). 

A. primary antibodies specifically detect proteins A and B; 

B. secondary antibodies, with covalently attached oligonucleotides, subsequently detect the primary 

antibodies; 

C. if proteins A and B lie close enough (within 40 nm), padlock probes – complimentary to the 

oligonucleotides attached to the secondary antibodies – hybridize to these oligonucleotides and are ligated 

to form a circular DNA; 

D. φ29 DNA polymerase initiates a rolling circle amplification (RCA) on this circular DNA using one 

oligonucleotide (attached to the secondary antibody) as a primer, to give a rolling circle product (RCP) 

http://www.nature.com/nmeth/index.html
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which can be detected using fluorescently-tagged oligonucleotide probes. The signal from such an in situ 

PLA experiment are easily detected under a fluorescence microscope. 

Antibody blocking assay [196,197] 

This provides an even higher-resolution approach; it relies on the large size of an 

antibody (Fig. 2.2). If two target proteins, A and B, lie within ~10 nm of each other 

(roughly the dimensions of one antibody), binding of one primary antibody to A will 

block access of a second primary antibody to B. In other words, anti-A blocks access of 

anti-B only if A and B lie close together. If bound anti-B is detected using a fluorescent 

secondary, the presence of (non-fluorescent) anti-A reduces the signal. Here, anti-A is 

called the ‘blocking antibody’, and anti-B the ‘detection antibody’. 

Fixed cells were washed with PBS (5 min; 20°C), permeabilized, washed with 

0.05% Tween 20 in PBS (10 min; 20°C), and blocked. Antigens were first immuno-

blocked by incubating cells (16 h; 4°C) with various blocking antibodies, then washed 2x 

in 0.05% Tween 20 in PBS (1 min each; 20°C), fixed again with 4% paraformaldehyde in 

PBS (5 min; 20°C), and washed with PBS (10 min; 20°C). Next, cells were incubated (1 

h; 20°C) with a detection antibody, and washed 4x with 0.05% Tween 20 in PBS (1 min 

each; 20°C). Now, cells were incubated (30 min; 20°C) with the appropriate antibody 

conjugated with a fluor, washed 3x with 0.05% Tween 20 in PBS (10 min each; 20°C), 

followed by a wash with PBS (10 min; 20°C). After DAPI/Vectashield 

counterstaining/mounting, images were acquired using an Axioplan 2e microscope. The 

mean fluorescent intensities of 5 nuclei from each experiment were expressed (as 

percentages) relative to those given by an ‘irrelevant’ blocking antibody (i.e., goat IgG). 
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Fig. 2.2. Principle of ‘antibody blocking’ assay. This exploits the ability of one non-fluorescent antibody 

(‘blocking Ab’) to prevent access of another fluorescent antibody (‘detection Ab’) to its target (the two 

targets must lie within ~10 nm, the dimensions of an antibody). In this assay, only the detection antibody is 

tagged with a fluor. It should be noted that such antibody blocking inevitably reduces the degree of 

colocalization obtained when using the approaches such as the traditional ‘immuno-fluorescence 

colocalization assay’ and the in situ PLA. 

2.3.3 ‘In cell’ transcription ‘run-on’ assay with BrUTP 

Nascent RNA (i.e., RNA that is not yet released from the elongating polymerase) 

is an excellent marker for the active transcription complex. Nascent RNA can be 

immuno-localized after gently permeabilizing cells in a ‘physiological’ buffer (PB
+
), and 

allowing the still-engaged polymerases to extend their transcripts [197] by ~500 

nucleotides [198]; the resulting BrRNA cannot be spliced and does not leave transcription 

sites [199,200]. PB (stored at 4°C) contains: 100 mM CH3COOK, 30 mM KCl, 10 mM 

Na2HPO4, 1 mM MgCl2. PB
+
 (made up immediately before the experiment, and stored at 

4°C) is PB supplemented with 10 mM NaF (phosphatase inhibitor), 10 mM β-

glycerophosphate (energy source, phosphatase inhibitor), 200 μM Na3VO4 (phosphatase 

inhibitor) 1 mM Na2ATP (energy source), 1 mM DTT (reducing agent), 1/1000 protease 

inhibitor cocktail, 1/2000 RNase inhibitor; pH 7.6.  

For ‘run-ons’ in BrUTP, cells on coverslips were washed with ice-cold PB
+
 for 1 

min, mildly permeabilized with 170 µg/ml saponin in ice-cold PB
+
 (5 min; 4°C), washed 

3x with ice-cold PB
+
 (5 min each; 4°C), transferred to transcription buffer, pre-incubated 

for 5 min at 33˚C, and transcription started by the addition of BrUTP (to a final 
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concentration of 100 µM); transcription continued for 15 min at 33°C. Transcription 

buffer is PB
+
 supplemented with 100 µM each of ATP, GTP and CTP (but no UTP), + 

400 µM MgCl2 + 1/100 RNase inhibitor. Transcription was stopped by adding EDTA (pH 

8.0) to a final concentration of 2.5 mM, and cells washed 2x with ice-cold PB
+
 and fixed. 

In experiments requiring cycloheximide pretreatment, cycloheximide was maintained 

throughout the PB
+
 washes, permeabilization and run-on (until fixation). Nascent BrRNA 

in fixed cells was detected by indirect immuno-fluorescence as described in Section 

2.3.2. 

2.3.4 RNA fluorescent in situ hybridization (RNA FISH) 

Definite stretches of nucleic acids (DNA and RNA) can be spatially localized in 

the cells by hybridizing fluorescently-labelled complementary single-stranded (ss) nucleic 

acids – a technique known as fluorescent in situ hybridization (FISH). FISH techniques 

are well established [201], and now sensitive enough to detect a single molecule of RNA 

[202] – albeit with some difficulty. I use either (i) four/five fluorescently-tagged ssDNA 

~50-mer probes (each 50-mer containing an average of 3.5 to 4.5 fluorophores) [203] to 

target a single nascent RNA molecule, or (ii) forty-eight fluorescently-tagged ssDNA 20-

mer probes [204], and a protocol modified from van de Corput et al. [205,206,150]. 

Designing and labelling RNA FISH probes 

1. Sets of four/five ~50-mer probes were synthesized (Gene Design, Japan) [206]; 

one set targeted SAMD4A region 1s (~1.5 kbp into intron 1), another EXT1 (~2 

kbp into intron 1) – both close to the transcription start site (‘tss’), and a third 

EDN1 (intron 2). In each 50-mer, roughly every tenth thymine residue was 

substituted by an amino-modified C6-dT. The amino group was subsequently 

tagged with Alexa488 fluor (for EDN1) or Alexa555 fluor (for SAMD4A and 
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EXT1) reactive dye according to the manufacturers’ instructions. Probes were then 

purified using G-50 columns, ethanol precipitated twice, and concentrated using a 

Microcon YM-30 column. Labelling efficiency was found to be between 7-9 

fluors per 100 nucleotides. Table 6 lists probe sequences. 

2. A set of forty-eight 20-mer probes (designed using Probe Designer; Table 11; #9) 

were synthesized (Biosearch Technologies, USA) targeting the intronic region 

(~1.6 kbp) of rat Cd2 DNA present in Vectors 1-4 (Section 2.1 and Fig. 3.10). At 

the 3ʹ-end of each 20-mer, an mdC(TEG-Amino) modification was added. The 

amino group was subsequently tagged with Alexa488 fluor reactive dye according 

to the manufacturers’ instructions. Probes were then purified using G-25 columns, 

ethanol precipitated twice, and concentrated using a Microcon YM-3 column. 

Labelling efficiency was found to be ~5 fluors per 100 nucleotides (i.e., ~100% 

efficient). Table 7 lists probe sequences. 

Labelling efficiencies for all probes were estimated using an online ‘Base:Dye ratio 

calculator’ (Table 11; #10) which calculates nucleotide-base:fluorescent-dye ratios (after 

measuring absorbance of fluors using a spectrophotometer). 

RNA FISH 

Fixed cells were washed with PBS (5 min; 20°C). When using 50-mer probes, 

they were stored in 70% ethanol (48 h; 4°C), and transferred to PBS (5 min; 20°C) prior 

to use.  Cells were permeabilized as above, rinsed in water, post-fixed with 4% 

paraformaldehyde in PBS (5 min; 20°C ), washed in PBS (10 min; 20°C), gradually 

dehydrated in ethanol (70%, 90% and 100%; 3 min each; 20°C), and allowed to hybridize 

(16 h; 37°C) with the relevant probes in hybridization mix. The hybridization mix 

consists of 25% (10% when using 20-mers) deionized formamide, 2X SSC, 200 ng/μl 
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sheared salmon sperm DNA, 5X Denhardt’s, 50 mM phosphate buffer, 1 mM EDTA (pH 

8.0), and 0.5 μl (per coverslip) RNase inhibitor. Next day, coverslips were washed 3x in 

2xSSC (10 min each; 37°C), followed by a wash with PBS (10 min; 20°C) [When 

Vectors 3 and 4 (which express EGFP in green channel) were used, FISH probes labelled 

with Alexa488 fluor (which also fluoresces in the green channel) were immuno-labelled 

using primary antibody against Alexa488 fluor and Cy3-conjugated secondary antibody 

(as described in Section 2.3.5) to avoid mixing of EGFP and Alexa488 fluorescence in 

the RNA FISH experiment for Figure 3.13.]. After DAPI/Vectashield 

counterstaining/mounting, images were acquired using an Axioplan 2e microscope. 
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Table 6: Sequences of ~50-mer RNA FISH probes 

Gene 

H. sapiens 

# length 

(nucleotides) 

Sequence (5ʹ-3ʹ) 

T → AminoC6 dT 

SAMD4A 

region 1s 

intron 1 

(Chr. 14) 

+ve strand 

1 54 GCGGTCACTTCCACCCTATGATTCTATATATGGAAGCATCC

CATTCTAGTGTTT 

2 50 TCCATACTTGGCCATGCAGGATCTTTCGGGTGCAGTCCTGT

CTGGTCAGG 

3 53 GTGCTGCTCCAACATTTGAATAACCTAAAGATGAGTTTGAA

CAGTCCCTACCA 

4 57 TGATTCAATCATTTCTTGGAATCTCCAATGACCATGAGCCT

GAGGCAAAGGATGAAC 

EXT1 

intron 1 

(Chr. 8) 

-ve strand 

1 50 AGGCTCACTTTAGGGTCCTTCACAATGCGGATAACTTGGGG

TTCCTAGAA 

2 52 TCTGTCTCTCCAACTATGGCCAAACGATTTAGCAGTTTGTTC

AGAGCTCAAA 

3 52 GGACTGCAAAGCACTTAGTGCACAGTAAAGTCCTACATAA

GCATTTGTGGCG 

4 51 TACATCACCCTTCCTCAATCAAATCATCAGGACCCCTCTCT

GAGGTTCCAT 

EDN1 

intron 3 

(Chr. 6) 

+ve strand 

1 52 CTCATAGCCAGAGGGCTCTCCAATAATTTCCAATGTGTCCA

TTTTCATTCTC 

2 49 CTCCTTGTGGTTTTTGGTGTGGTTTGATATTGTTTGGATTTT

GGTCCTC 

3 51 AATGTGTGCTTGTTTATGACTGCTTCCGACAGATGATGAAC

TAGTGTCCAG 

4 55 CTGCTACAAACTCACTCCTGCACAAATGGCTTCAACACTTT

GAGCCTAGGTTTTT 

5 55 ATTCTAACCCTCTATATCATCACTTCTGCCTCTCAGTCTCCA

CCCTCCCATGAGA 
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Table 7: Sequences of 20-mer RNA FISH probes against rat Cd2 intron-2
a
 

# Sequence (5ʹ-3ʹ) # Sequence (5ʹ-3ʹ) 

1 GCACCCGTCCTAAAATGAAA 25 CTCCAAGGTTCTGAGTTCAT 

2 TGTTACAGAAACGCTACTCC 26 TTACCAGAGTAAAGGCACCA 

3 AACAAGAAACGACAGACAGG 27 AATGACTACATGAGAGGCCT 

4 ACTGGAGTCTTCATTGTGAG 28 AGTGTAGGTGAAGTCAGTCA 

5 AAGGAAAGGCAGACAGACTT 29 CACAAAGGATTCCCAAGTAC 

6 AACCTGGGAGTCTTTACACA 30 ATGTCAGGCCAGAAGAAGAA 

7 GCCGACCTGTTTTCTATCTT 31 CACCCGGGAATACAATTGTT 

8 CAAGGATGTCCACCTTTATC 32 TACACACACACACACACACA 

9 TGTCTACAACTTCATCAGCC 33 ATGTTGTAGATGCATGCGTG 

10 TTAGCTCTCCAGACAAGAGA 34 TTTGCTGTTCTTCCAGAGGA 

11 ATCTTGCCCTCTAACTCCTT 35 GTTGGCTGAACAGTTAAGAG 

12 AGAGACTGCCTGTCTTTCTA 36 TAAGTACGACAAGTCAGAGC 

13 ACTTGCCATCATCCAACAGA 37 AATGCCTAGCTTTGGGGTAA 

14 GTCCTGAGTTTCTGTGTATC 38 CGTCCAAAGCTAATTGACCT 

15 GCATGCAGAAATGCATTTCC 39 GTCTTCCCTTTTGCAGATGA 

16 CATTTCTGCCTCCAACATAC 40 TCTAACAGCAAGCCTTCTGT 

17 ATAGGCCTCCTTGGTGTAAT 41 TAAGCTGTGTCTCTACTGTG 

18 TCAGATCACAGTGTCTTTCC 42 CAGGATGCGAGTAATATAGG 

19 TTTTCCGATTTCCCCTCTCT 43 GACCTAAAGCATCTTGAGCT 

20 TCAGTGGTCTCCATTCATCA 44 CCATCGAAGCTCTTTTGAAG 

21 TTATTGAGATCAGGTCCAGG 45 GGACAAGAATCCTACCAACT 

22 TCACACTGCAAATTCCACAC 46 AAACCCAGGTTTTCCTGCAT 

23 ATTCCCTACCTGTCTCAAAC 47 TTTGCCAAGCTTCATGTGGT 

24 GACTTGAAGGACCTCAACTT 48 TATTCTGACTCTCCCTCTAC 

a: probes against the +ve strand 
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2.3.5 Simultaneous immuno-labelling and RNA FISH 

There are several protocols available that combine immuno-fluorescence with 

RNA FISH [203,205,207], and almost all of them target either steady-state mRNA 

molecules or multiple copies of RNA. They yield relatively robust RNA FISH signals, in 

spite of the strong detergent washes necessary to obtain low backgrounds. When 

detecting a single nascent RNA molecule at the transcription site, the RNA FISH probes 

are targeted against intronic RNA which is known to exist only transiently, as it is 

degraded quickly [208]. This results in low signal-to-noise ratio, because the RNA FISH 

signal is very low as compared to the background noise due to non-specific binding. To 

improve the signal-to-noise ratio, cells/tissues are often treated with low amounts of 

pepsin in acidic pH to improve probe penetration [205], and this also reduces background 

binding. However, in the case where RNA FISH is combined with immuno-fluorescence, 

the pepsin will destroy the protein targeted. Therefore, to strike a compromise between 

the RNA FISH and immuno-fluorescence protocols, cells are sometimes exposed to a 

mild but prolonged deproteinization in 70% (cold) ethanol (instead of a short pepsin 

treatment), and washed with BSA (instead of Tween 20). Thus, conditions have to be 

optimized in such a way that there had to be little detergent washing (to retain the RNA 

FISH signal), but enough to remove as much background signal as possible. 

After performing RNA FISH as described in Section 2.3.4, coverslips were 

washed 3x in 2xSSC (10 min each; 37°C), washed with 0.05% Tween 20 in PBS (3 min; 

20˚C), and blocked. The protein of interest was detected by incubating the cells with 

primary antibody (1 h; 20°C), washed 4x with 0.05% Tween 20 in PBS (1 min each; 

20°C), then labelled further by incubating these cells with secondary antibody (30 min; 

20°C), washed 4x with 0.05% Tween 20 in PBS (5 min each; 20°C) followed by a rinse 

with PBS at (5 min; 20°C). [For experiments with HUVECs (Section 6.2.3), all washings 
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after 2xSSC wash were done with 0.2% BSA in PBS (20°C), for a maximum of 3 min.] 

After DAPI/Vectashield counter-staining and mounting, images were collected using an 

Axioplan 2 inverted microscope. 

2.3.6 ‘Colocalization’ or ‘proximity’ analysis of features detected by fluorescent 

imaging 

Spectrally distinct fluors may be used to indirectly localize two different species 

of sub-cellular molecules – for example, specific proteins and definite stretches of DNA 

or RNA (using immuno-fluorescence and FISH, respectively) – so that any co-

localization/proximity between the two can be analyzed. [Colocalization usually implies 

the complete or partial overlap of fluorescent signal from two spectrally-distinct fluors 

targeting two distinct moieties. Proximity between two such distinct moieties is 

represented by a definite separating distance (which can be measured with a defined 

precision) between the two fluors.] 

Sub-cellular localization patterns of many biological molecules are complex – as 

is the case in certain experiments in this work (Figs 3.8, 3.9, and 3.12). To test proximity 

(rather than colocalization) detected in such patterns, I (with the help of Dr Joshua 

Larkin) applied a general and automatic ‘super-resolution’ method to determine whether 

the red and green foci were closer to each other than expected by chance [209]. The 

method involves the following steps (Fig. 2.3): 
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Fig. 2.3. Super-resolution proximity analysis. The method. Adapted with permission of [Journal of Cell 

Science], from (Larkin et al. [209], © 2013); permission conveyed through Copyright Clearance Center, 

Inc. 

A. The red channel was aligned relative to the green channel using multi-spectral beads. [The translational 

and rotational misalignment between channels was measured using 0.1 μm TetraSpeck beads. Misalignment 

was corrected using a 2D spatial transformation (i.e., bi-linear interpolation following a local weighted 

mean of a minimum of 12 fiduciary points throughout the image).] 

http://jcs.biologists.org/
http://jcs.biologists.org/
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B. Only those features in the red and green channels were selected which lay within a nuclear mask – 

created using DAPI-staining of nuclear DNA (DAPI is 4ʹ,6-diamidino-2-phenylindole [210]). 

C. Foci/spots were separately and automatically selected in red and green channels by fitting a Gaussian 

shape to the features (independent of intensity), then removing any feature of <4 pixels (which was 

considered an artefact as it was too small to be a diffraction-limited spot), followed by choosing only such 

features which were above a minimum intensity (for each channel this was the mean fluorescence under the 

nuclear mask + ½SD), and finally (from these chosen features) – screening for features which have a 

minimum local contrast (ratio of intensity of the brightest pixel in a feature, to the mean local intensity 

surrounding the foci; where a focus is defined as a 5x5 pixel area with the brightest pixel at the centre, and 

the local surrounding area is a 2 pixel-wide area around this foci). 

D. The ‘Joint distribution’ algorithm [211] was now applied to such selected spots (in each channel, 

independently) to estimate the location of fluors (that produce these spots) with sub-pixel precision (~15 

nm). 

E. For each red spot, the distance to its nearest neighbouring (NN) green spot was estimated, and vice-

versa, with a precision of 10-50 nm. The distribution of such NN distances from the experiments was 

plotted as a ‘probability density function’ (PDF) or ‘cumulative distribution function’ (CDF). The PDF and 

CDF were now compared to the PDF and CDF generated from red and green spots randomly distributed in 

a 250x250 pixel area with the same density as in the experiment. All custom software routines were 

implemented in MATLAB, and are available upon request. 

2.4 Antibodies, general chemicals and reagents 

 Lists of the suppliers of general chemicals/reagents, enzymes, and software are 

included in Tables 8-11. 
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Table 8: Antibodies 

# Epitope 

(clone) 

Type 

(Fluor) 

Concentration Source Catalogue 

1 puromycin 

(12D10) 

Mouse IgG2a 

monoclonal  

1/100 Gift from Dr Philippe Pierre 

[212] 

- 

2 RNAPII CTD 

Ser5
P
 

Rabbit IgG 

polyclonal  

250 ng/ml Abcam ab5131 

3 BrdU/BrU Rabbit IgG 

polyclonal  

730 ng/ml Rockland 600-401-C29 

4 Rat CD2 

(OX34) 

Mouse IgG2a 

monoclonal  

1/2 hybridoma 

supernatant 

Gift from Prof Neil Barclay 

[213] 

- 

5 HA 

(C29F4) 

Rabbit IgG 

monoclonal  

1/100 Cell Signaling Technology 3724S 

6 RNAPII CTD 

Ser2
P
 

Rabbit IgG 

polyclonal  

10 ng/ml Abcam ab5095 

7 RNAPIII 

(C32) 

Mouse IgG1 

monoclonal  

20 μg/ml Santa Cruz biotechnology sc-21754 

8 CTCF 

(E-14) 

Goat IgG 

polyclonal  

2
a
 μg/ml 

 

Santa Cruz biotechnology sc-15913 

9 EXOSC6 

(G-13) 

Goat IgG 

polyclonal  

200 μg/ml Santa Cruz biotechnology sc-107534 

10 DDX1 

(N-13) 

Goat IgG 

polyclonal  

2 μg/ml Santa Cruz biotechnology sc-49817 

11 hnRNP A2/B1 

(F-16) 

Goat IgG 

polyclonal  

2 μg/ml Santa Cruz biotechnology sc-10035 

12 Lupus La/ 

SSB 

(N-20) 

Goat IgG 

polyclonal  

2 μg/ml Santa Cruz biotechnology sc-21391 

13 U2AF65 

(N-14) 

Goat IgG 

polyclonal  

2 μg/ml Santa Cruz biotechnology sc-19958 

14 Sp3 

(F-7) 

Mouse IgG2a 

monoclonal  

2 μg/ml Santa Cruz biotechnology sc-28305 

15 ATRX 

(D-5) 

Mouse IgG2a 

monoclonal  

2 μg/ml Santa Cruz biotechnology sc-55584 

16 - normal 

Mouse IgG 

2.5 μg/ml Upstate Cell Signalling 

Solutions 

12-371 

17 - normal 

Goat IgG 

2 μg/ml Santa Cruz biotechnology sc-2028 
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Table 8 (contd.): Antibodies 

# Epitope 

(Clone) 

Type 

(Fluor) 

Concentration Source Catalogue 

18 p65 Ser536
P 

(93H1) 

Rabbit IgG 

monoclonal  

1/1000 Cell Signaling Technology 3033S 

19 Alexa488 Rabbit IgG 

polyclonal  

1 μg/ml Invitrogen A11094 

20 Mouse Donkey IgG 

(Cy3) 

1/200 Jackson ImmunoResearch 715-165-150 

21 Rabbit Donkey IgG 

(Alexa488) 

500 ng/ml Invitrogen A21206 

22 Rabbit Donkey IgG 

(Cy3) 

1/2000 Jackson ImmunoResearch 711-165-152 

23 Goat Chicken IgG 

(Alexa488) 

1/200 laboratory stock
b
 - 

24 Mouse Donkey IgG 

(PLUS
c
) 

1/5 Olink Bioscience 92001-0030 

25 Rabbit Donkey IgG 

(PLUS
c
) 

1/5 Olink Bioscience 92002-0030 

26 Goat Donkey IgG 

(MINUS
c
) 

1/5 Olink Bioscience 92006-0030 

a: 20 μg/ml for conventional immuno-fluorescence; Figure 5.2 

b: from unknown commercial vendor 

c: an oligonucleotide attached to the antibody instead of a fluor 
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Table 9: Chemicals, biochemicals, kits and other accessories 

# Name Source Catalogue 

1 Acrodisc 32 mm syringe filter (0.2 µm)  Pall corporation 4652 

2 UltraPure Agarose Invitrogen 16500-500 

3 ampicillin sodium salt Sigma A9518 

4 anisomycin from Stroptomyces gresiolus Sigma A9789 

5 Alexa Fluor 555 alkyne, triethylammonium salt Invitrogen A20013 

6 ARES Alexa Fluor 488 DNA labeling kit Invitrogen A-21665 

7 ARES Alexa Fluor 555 DNA labeling kit Invitrogen A-21677 

8 ATP disodium salt (Na2ATP) hydrate Sigma A3377 

9 L-azidohomoalanine (Aha) gift
a
/Invitrogen C10102 

10 BAY 11-7082 Santa Cruz biotechnology sc-200615 

11 bovine serum albumin (BSA) Sigma A7030 

12 5-bromouridine 5ʹ-triphosphate (BrUTP) sodium salt Sigma B7166 

13 25 cm
2
 cell culture flask Corning 3056 

14 75 cm
2
 cell culture flask Corning 430641 

15 Click-iT Cell reaction buffer kit Invitrogen C10269 

16 cold water fish skin gelatin Sigma G7041 

17 22x22 mm, No. 1.5, cover glass (coverslips) VWR international 631-0125 

18 cycloheximide Sigma C1988 

19 50x Denhardt’s solution Invitrogen 750018 

20 deoxy-nucleotide triphosphate (dNTP) 100 mM set Invitrogen 10297-018 

21 4ʹ,6-Diamidino-2-phenylindole (DAPI) Sigma D9542 

22 5,6-dichlorobenzimidazole 1-β-ᴅ-ribofuranoside (DRB) Sigma D1916 

23 diethyl pyrocarbonate (DEPC) Sigma D5758 

24 dimethyl sulfoxide (DMSO) hybrimax Sigma D2650 

25 disodium hydrogen orthophosphate (Na2HPO4) dihydrate BDH AnalaR 103834G 

26 DL-dithiothreitol (DTT) Sigma D5545 

27 DMEM high glucose PAA E15-843 

28 DMEM (without methionine, cystine, L-glutamine) Sigma D0422 

29 DNA Engine, Peltier thermal cycler MJ Research PTC-200 

30 1 kb DNA ladder Promega G5711 
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Table 9 (contd.): Chemicals, biochemicals, kits and other accessories 

# Name Source Catalogue 

31 doxycycline hydrochloride Calbiochem 324385 

32 Duolink II detection reagents orange Olink Bioscience 92007-0030 

33 Duolink II wash buffers for fluorescence Olink Bioscience 82049-0004 

34 EDTA disodium salt BDH AnalaR 20302.260 

35 E-gel 96 High Range DNA marker Invitrogen 12352-019 

36 EGM-2 MV Lonza CC-3202 

37 ethanol (C2H5OH) absolute  BDH AnalaR 20821.330 

38 Fetal bovine serum (FBS)  Biosera S1650-500 

39 Fetal bovine serum (FBS) PAA A15-304 

40 formamide (deionized) Fluka BP228-100 

41 FuGENE HD transfection reagent Promega E2311 

42 FuGENE HD transfection reagent Roche 04709705001 

43 Gel loading dye blue (6X) for DNA New England BioLabs B7021S 

44 β-glycerophosphate Calbiochem 35675 

45 1M HEPES buffer solution PAA S11-001 

46 40% Hydrofluoric acid (HF) Merck 100335 

47 Illustra Microspin G-25 columns GE Healthcare 27-5325-01 

48 Illustra Microspin G-50 columns GE Healthcare 27-5330-01 

49 isopropanol (propan-2-ol) Fisher Scientific P/7500/17 

50 kanamycin sulphate from Streptomyces kanamyceticus Sigma K1377 

51 magnesium chloride (MgCl2) hexahydrate Fluka 63068 

52 Microcon Ultracel YM-3 Millipore 42403 

53 Microcon Ultracel YM-30 Millipore 42409 

54 MitoTracker Deep Red Invitrogen M22426 

55 MG-132 Enzo PI-102 

56 Murine RNase inhibitor New England BioLabs M0314L 

57 NanoDrop 1000 spectrophotometer Thermo Scientific ND-1000 

58 One Shot TOP10 Chemically competent E. Coli Invitrogen C4040-06 

59 pactamycin from Streptomyces pactum gift
b
 - 

60 16% paraformaldehyde (methanol free) Electron Microscopy Sc. 15710-S 
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Table 9 (contd.): Chemicals, biochemicals, kits and other accessories 

# Name Source Catalogue 

61 Parafilm “M” Pechiney PM-999 

62 1x PBS (phosphate buffered saline) PAA H15-002 

63 Penicillin/Streptomycin 100x (PS) PAA P11-010 

64 round base 2.5 ml polystyrene tubes (for transfection) Gosselin TL55-04 

65 potassium acetate (CH3COOK) trihydrate BDH AnalaR 27652.260 

66 potassium chloride (KCl) BDH AnalaR 101984L 

67 Protease inhibitor cocktail (PIC), EDTA-free Sigma S8830 

68 puromycin dihydrochloride Stroptomyces alboniger Sigma P7255 

69 QIAfilter plasmid maxi kit Qiagen 12262 

70 QIAprep spin miniprep kit Qiagen 27104 

71 QIAquick gel extraction kit Qiagen 28704 

72 Quick-Load 100 bp DNA ladder New England BioLabs N0467S 

73 QuikChange Lightning site-directed mutagenesis kit Stratagene 210518 

74 Rat (Rattus norvegicus) genomic DNA Bioline BIO-35026 

75 rCTP, rATP, rUTP, rGTP 100 mM Promega E6000 

76 RiboLock RNase inhibitor Thermo Scientific EO0381 

77 RNaseOUT recombinant ribonuclease inhibitor Invitrogen 10777-019 

78 RNaseZAP Sigma R2020 

79 SafeView nucleic acid stain NBS Biologicals NBS-SV1 

80 Salmon sperm DNA (sheared) Invitrogen AM9680 

81 saponin from Quillaja bark Sigma S4521 

82 sodium chloride (NaCl) BDH AnalaR 27810.295 

83 sodium fluoride (NaF) Riedel-deHaën 01148 

84 sodium hydroxide (NaOH) Sigma S8045 

85 sodium orthovandate (Na3VO4) Sigma S6508 

86 spliceostatin A (SSA) gift
c
 - 

87 20x SSC (saline sodium citrate) buffer Sigma S6639 

88 SuperFrost microscope slides VWR international 631-0909 

89 syringe, without needle Terumo BS-50ES 

90 Tet system approved FBS (tetracycline free) Clontech 631106 
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Table 9 (contd.): Chemicals, biochemicals, kits and other accessories 

# Name Source Catalogue 

91 TetraSpeck fluorescent microspheres sampler kit Invitrogen T7284 

92 6 well ‘tissue culture’-treated plates Corning 3516 

93 recombinant human TNF-α PeproTech 300-01A 

94 Triton X-100 Sigma T8787 

95 1x TrypLE Express Gibco 12604-013 

96 tryptone Sigma T9410 

97 Tween 20, for molecular biology Sigma P9416 

98 Vectashield mounting medium for fluorescence Vector Laboratories H1000 

99 yeast extract Sigma Y1625 

a: from Prof Benjamin Davis, Department of Chemistry, University of Oxford, UK 

b: from Prof Eric Cundliffe, Department of Biochemistry, University of Leicester, UK 

c: from Prof Minoru Yoshida, RIKEN Institute, Japan 

 

Table 10: Enzymes 

# Name Source Catalogue 

1 PfuUltra II Fusion HS DNA polymerase Stratagene 600670 

2 T4 DNA Ligase Roche 10716359001 

3 T4 DNA Ligase (high concentration) New England BioLabs M0202T 

4 XhoI Roche 10703770001 

5 EcoRI Roche 11175084001 

6 NheI New England BioLabs R0131S 

7 XbaI Roche 10674265001 

8 PstI New England BioLabs R0140S 

9 BamHI New England BioLabs R0136S 

10 BamHI Roche 10567604001 
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Table 11: Softwares and online calculators 

# Name Source 

1 ImageJ Rasband WS. ImageJ, U.S. National Institutes of Health, Bethesda, 

Maryland, USA (1997-2007); http://rsb.info.nih.gov/ij/ 

2 Metamorph 7.7.2.0 Molecular devices 

3 FLUOVIEW v2.1b Olympus 

4 Office 2010 Microsoft 

5 CorelDrawX3 Corel 

6 Photoshop 7.0 Adobe 

7 MATLAB MathWorks 

8 GraphPad http://www.graphpad.com/quickcalcs/ 

9 Probe Designer http://singlemoleculefish.com/ 

10 Base:Dye ratio calculator Invitrogen; 

http://probes.invitrogen.com/resources/calc/basedyeratio.html 
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Chapter 3 

Results 

3.1 Introduction 

As discussed in Chapter 1, the best evidence supporting the idea that some 

translation occurs in nuclei came from the use of isolated nuclei and/or permeablized 

cells, but this can be criticized on the grounds that the nuclear interior became 

contaminated with cytoplasmic ribosomes during isolation and/or permeabilization. To 

overcome this criticism, I used three different approaches to localize sites of protein 

synthesis in living cells: 

1. Cells were pulse-labelled by growth in L-azidohomoalanine (Aha), an analogue of 

the essential amino acid, methionine; this analogue is incorporated by the 

ribosome into the growing peptide chain. After fixing cells, ‘click’ chemistry is 

used to conjugate fluors on to the (nascent) Aha-tagged peptides so that they can 

be localized by fluorescence microscopy. 

2. Cells were pulse-labelled by growth in puromycin, a translational inhibitor; this 

inhibitor is a structural mimic of aminoacyl-tRNA and it is incorporated by the 

ribosome into nascent peptides to terminate synthesis. After fixation, the now 

puromycylated peptides are immuno-localized using an anti-puromycin antibody. 

3. Cells were transfected with a multi-copy plasmid encoding the non-nuclear 

protein – CD2 – under the control of an inducible promoter. On induction, newly-

made CD2 was immuno-localized using anti-CD2 antibody. 
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Use of the three different approaches indicated that significant amounts of nascent and/or 

newly-made peptides are found in nuclei, consistent with the idea that some translation 

occurs in nuclei.  

3.2 Approach 1: Aha incorporation 

Aha is an analogue of methionine, the essential amino acid (Fig. 3.1). When cells 

are starved of methionine and Aha added, the analogue is rapidly incorporated into 

nascent peptides instead of methionine. As this analogue possesses a reactive azide group, 

‘click’ chemistry can then be used to conjugate alkyne-containing molecules on to the 

Aha-containing peptides rapidly and efficiently. The product is a 1,4-disubstituted 1,2,3-

triazole, and the reaction is usually carried out in the presence of Cuprous/Cu(I) ions at 

ambient temperatures (i.e., 20-40˚C). [‘Click’ chemistry includes various Cu(I)-catalyzed 

azide-alkyne cyclo-addition (CuAAC) reactions that have been optimized for high yields 

in the presence of multi-dentate ligands for Cu(I) ions [214].] 

 

Fig. 3.1. Click chemistry. L-azidohomoalanine (Aha) is an analogue of the essential amino acid, 

methionine. Aha has an azide group (red) instead of the usual sulpho-methyl group of methionine. After 

growth in the absence of methionine to reduce internal pools, Aha is rapidly incorporated into nascent 

peptides. After fixation, the azido group in Aha-containing peptides can then react (in the presence of Cu(I) 

ions at room temperature) with an added alkyne group to form a 1,4-disubstituted 1,2,3-triazole. This Cu(I)-

catalyzed azide-alkyne cyclo-addition (CuAAC) reaction provides one example of ‘click chemistry’. If the 

alkyne is tagged with a fluorophore (in this case, Alexa555), then Aha-containing peptides can be localized 

by fluorescence microscopy. 
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This general approach is currently being used to label newly-made proteins (and – 

using other precursors carrying an azide – nucleic acids, lipids, and sugars) [215]. The 

synthesis of newly-made proteins is being explored in two common ways [216]. The first 

involves the downstream analysis of proteomes using a biotin-tagged alkyne that can be 

‘clicked’ on to the newly-made azide-bearing peptides; then the biotin-tagged peptides 

can be purified rapidly and efficiently by affinity purification, and analysed by mass 

spectrometry (a technique known as BONCAT – biorthogonal non-canonical amino-acid 

tagging) [217]. The second involves ‘clicking’ on alkyne-carrying fluor, so that Aha-

bearing peptides can be localized by fluorescence (a technique known as FUNCAT – 

fluorescent non-canonical amino-acid tagging) [218-220]. Both approaches are in routine 

use. Thus, Aha is incorporated without bias into all kinds of protein – whether 

endogenous [217] or over-expressed [221] – by bacteria [222,223], viruses [224,225], 

various cultured and primary cells [218,220,226], and whole organisms [227]. Aha-

substitution does not affect cell viability [217], virus replication [225], and transcription 

in Drosophila S2 cells [226]. The tagged proteins are not specifically targeted to 

ubiquitination-mediated decay [217], they are not prone to changes in secondary structure 

or overall folding patterns [228], they localize to their usual cellular locations (in the case 

of a bacterial surface protein) [222], their expression responds normally to biological 

stimuli [227,229], and they are functionally active (e.g., viral particles containing tagged 

proteins retain their infectivity) [224]. In brief, all reports indicate that Aha-bearing 

proteins behave like their methionine-containing counterparts. 

Here, I use FUNCAT to localize nascent peptides in the nucleus and cytoplasm. I 

give methionine-starved cells a short-pulse of Aha, fix, ‘click’ an alkyne covalently 

linked to a fluor like Alexa555 on to any Aha-containing (nascent) peptides, image cells 
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in a wide-field or ‘confocal’ microscope, and determine the amount of fluorescence in the 

nucleus and cytoplasm. 

3.2.1 Aha is incorporated into nuclei 

 If cells are grown in the absence of methionine for 15 min at 37˚C (to deplete 

endogenous pools of methionine), pulsed with Aha for 2 min at 37˚C, plunged into ice-

cold fixative to stop translation quickly, and a fluor (i.e., Alexa555) ‘clicked’ on to 

incorporated Aha, fluorescence can be seen in both cytoplasm and nucleus (Fig. 3.2A,B). 

Pre-incubation for 2 h in anisomycin – an inhibitor of translation that acts on the 80S 

ribosome at the peptidyl-transferase center [230,231] – reduces Aha incorporation (Fig. 

3.2B-D); this is consistent with Aha being incorporated by the ribosome into newly-made 

peptides in both cytoplasm and nucleus. [The anisomycin concentration and pre-

incubation time applied here are routinely used to test whether the RNA-quality control 

mechanism is tightly coupled to translation (e.g., see Ref [232]); as we will see, shorter 

pre-incubation times (i.e., 15-30 min) will be used in critical experiments.] 

The approach described above involved methionine starvation for 15 min. As 

imposing such a stress on cells might have unforeseen results, the experiment was 

repeated without prior starvation, and 0.2 mM methionine (the concentration normally 

found in the culture medium) was present both before and during the Aha pulse; 

incorporated Aha was again found in nuclei (Fig. 3.2E). This indicates the nuclear signal 

does not result from any stress induced by methionine starvation. 

 

 



76 

 

 

Fig. 3.2. The methionine analogue, Aha, is incorporated into nuclei. HeLa cells were generally starved 

of methionine for 15 min, and then pulsed ± 2 mM Aha for 2 min; after fixation, incorporated Aha was 

labelled with Alexa555 using ‘click’ chemistry, DNA counterstained with DAPI, images collected using a 

wide-field microscope (typical ones are shown in A-C), and the intensities of Alexa 555 fluorescence in the 

cytoplasm (cyto) and nucleus (nuc) measured.  

A. Omission of Aha yields background fluorescence. 

B. Inclusion of Aha yields both cytoplasmic and nuclear signal. 

C. Adding 100 µg/ml anisomycin for 2 h before adding Aha reduces both cytoplasmic and nuclear signal 

(bar: 10 µm).   

D. After subtracting nuclear or cytoplasmic background seen in the absence of Aha, intensities (± SD) seen 

with Aha are expressed relative to the value found in cytoplasm untreated with anisomycin (*: P < 0.0001, 

Student’s two-tailed t test, n = 20 cells). Anisomycin reduces both cytoplasmic and nuclear signal. 

E. Aha incorporation does not depend on methionine starvation. Intensities (± SD) seen with Aha are 

expressed relative to the value found in the Aha-pulsed cytoplasm; this is the only case shown in all Figures 
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where nuclear and cytoplasmic background seen in the absence of Aha were not subtracted. (*: P < 0.0001, 

Student’s two-tailed t test, n = 20 cells). Nuclear signal is 3 times higher than the (nuclear) background (- 

Aha). 

 

3.2.2 Aha-tagged peptides turn over rapidly 

 Although no unforeseen effects have been reported with the commercially-

available Aha-tagging kit used here, it remained formally possible there might be some 

(e.g., Aha might bind preferentially to some unknown nuclear site, or the ‘click’ 

chemistry might conjugate the alkyne-tagged flour on to some unknown nuclear ligand 

instead of the expected azide group in Aha-containing peptides, or the rapidly-degraded 

polypeptide [233]  products from newly-synthesized proteins may have higher affinity 

towards chromatin [234]). Therefore, a pulse-chase experiment was performed to test 

whether the nuclear signal resulted from a genuine metabolic incorporation of Aha into 

nascent peptides, and if these peptides preferably attached to any unknown nuclear 

ligands. Cells were starved of methionine, pulsed for 2 min with Aha, the medium 

replaced with normal growth medium containing methionine, and cells regrown for up to 

5 min at 37˚C or 4˚C. After ‘clicking’ on the fluor, nuclei exposed to just the Aha pulse 

gave the now-expected nuclear and cytoplasmic signals (Fig. 3.3A,D). Both signals 

disappeared after a chase at 37˚C (Fig. 3.3B,D), but not at 4˚C (Fig. 3.3C,D); both fell 

during the chase with similar half-lives (Fig. 3.3E). These results are consistent with Aha 

being incorporated into nascent peptides that are turned over during a chase at 37˚C by 

normal cellular processes (which are slowed at 4˚C). They confirm earlier work showing 

that a considerable fraction of newly-made peptides in both the cytoplasm and nucleus are 

rapidly degraded [233,235,236]. Moreover, if the ‘click’ chemistry attaches the fluor to 

some unexpected nuclear target, that target must be degraded to a degree that depends on 
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the temperature previously used during the chase, and thus should behave differently 

from any cytoplasmic target. However, the disappearance of Aha-containing peptides in 

the nucleus during the chase at 37˚C and 4˚C occurs with the same kinetics as seen with 

those in the cytoplasm; therefore, it seems unlikely that the ‘click’ chemistry attaches the 

fluor to unforeseen targets found uniquely in nuclei. If Aha-containing rapidly-degraded 

peptides bind to such nuclear targets (chromatin can protect against degradation by 

amino-peptidases [234]), then nuclei should lose less signal than the cytoplasm during the 

chase at 37˚C; however, there is no significant difference in the rate of loss of signal in 

the nucleus and cytoplasm. 

 The proteasome is responsible for degrading many proteins in both nucleus and 

cytoplasm [237,238], and proteasomal subunits are closely associated with sites of 

transcription and have been implicated in most steps of transcription [239,240], through 

both their non-proteolytic [241] and proteolytic [242] functions. Therefore, I next 

examined what effect inhibiting the proteasome might have on nuclear and cytoplasmic 

signals; cells were treated with or without the proteasomal inhibitor – MG132 [243], cells 

starved of methionine, pulsed with Aha, and nuclear and cytoplasmic signal compared 

after ‘clicking’ on the fluor. Pre-treatment with MG132 increases both nuclear and 

cytoplasmic signal (Fig. 3.3F). This increase is consistent with the following scenario. A 

significant fraction of nuclear signal results from nuclear ribosomes proof-reading the 

nascent transcript; if mis-splicing generates a premature stop codon (PTC), then the 

proof-reading ribosome will detect the PTC and trigger the RNA-quality surveillance 

mechanism – NMD (nonsense-mediated mRNA decay) [244,245], with the consequence 

that the truncated peptides are degraded by nearby proteasomes [246,247]. Then, 

inhibiting the proteasome should prevent this degradation and increase nuclear signal. 

Inhibition of proteasomal degradation would also explain the increase in the cytoplasmic 
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signal (Fig. 3.3F).  These results do not exclude the possibility that non-proteasomal 

pathways may also be involved.   

 

Fig. 3.3. Aha-tagged nuclear peptides are degraded quickly (half-life 37 s) by the proteasome. HeLa 

cells were starved of methionine for 15 min, pulsed for 2 min with 2 mM Aha, and chased for 0-5 min with 

0.2 mM methionine (without Aha) at 37˚C or 4˚C. After fixation, incorporated Aha was labelled with 

Alexa555 using ‘click’ chemistry, DNA counterstained with DAPI, images collected using a wide-field 

microscope (typical ones are shown in A-C), and the intensities of Alexa555 in the cytoplasm (cyto) and 

nucleus (nuc) measured. 

A. A 2-min Aha pulse yields both nuclear and cytoplasmic signal. 

B. A 5-min chase with methionine at 37˚C then removes essentially all signal. 

C. In contrast, significant signal remains after a 5-min chase with methionine at 4˚C (bar: 10 µm). 

D. After subtracting background, intensities (± SD) seen are expressed relative to the value found without a 

chase in cytoplasm (*: P < 0.0001, Student’s two-tailed t test, n = 20 cells). 
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E. After chasing with methionine at 37˚C, relative intensities were determined (as in D); the half-lives of 

cytoplasmic and nuclear signal are indicated (exponential curves were fitted to the data; R
2
 is the square of 

the Pearson product-moment correlation coefficient, and the high values indicate a good fit). 

F. In some cases 100 µg/ml MG132 (a proteasome inhibitor) was added for 2 h before the pulse, and the 

chase was omitted; the inhibitor increases both nuclear and cytoplasmic signal (*: P < 0.0001, Student’s 

two-tailed t test, n = 20 cells). 

 

3.2.3 Nuclear Aha-bearing peptides are unlikely to be imported from the cytoplasm 

 In the living human cell, a ribosome polymerizes ~5 amino acids per second 

[248], and so completes a typical human protein with ~340-415 amino acid residues (in 

Homo sapiens, median protein length is ~340-415  amino acid residues [249,250], with a 

mean of ~475-550 [249,251]) in ~65-83 seconds. Therefore, it is possible – although 

unlikely – that the nuclear signal seen in Figure 3.2 resulted from cytoplasmic synthesis 

followed by rapid import of newly-made peptides into nuclei during the 120-s pulse. 

Therefore, methionine-starved cells were pulsed for only 5 s with Aha – by dipping the 

coverslip on which they were growing into Aha-containing medium for 5 s, and then 

immediately plunging the coverslip into ice-cold fixative. After ‘clicking’ on the fluor, 

faint signal is seen in the nucleus and fainter signal in the cytoplasm (Fig. 3.4B,C,D). 

Both signals are again sensitive to anisomycin (Fig. 3.4C). Assuming that a typical 

protein contains ~2% methionine [249,252], only 25 amino acids will be incorporated 

into a typical protein during the 5-s pulse, of which only 0.5 amino acids will be a 

methionine or Aha. As a result, only ~50% of all growing peptides will contain one Aha 

moiety. Given that the speed of translation in human cells is ~5 amino acids per second 

[248], and the size of a typical human protein is ~400 amino acids [249,250], only 1/16 of 

all the peptides formed during 5 s can leave their synthesis sites (because only such 

peptides whose last 25 amino acids are being added during this 5 s can leave their 
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synthesis sites, and 5x5/400 = 1/16); then, 95% of peptides made during this 5-s pulse 

remain at their synthesis sites. Therefore, it is unlikely that nuclear signal could arise from 

peptides made in the cytoplasm. 

 

 

Fig. 3.4. During pulses of only 5-15 s, Aha is incorporated into nuclei. HeLa cells were starved of 

methionine for 30 min, and then pulsed with 2 mM Aha for 0-15 s; after fixation, incorporated Aha was 

labelled with Alexa555 using ‘click’ chemistry, DNA counterstained with DAPI, images collected using a 

wide-field microscope (typical ones are shown in A-C), and the intensities of Alexa555 in the cytoplasm 

and nucleus measured.  

A. Omission of Aha yields background fluorescence. 

B. A 5-sec pulse of Aha yields some cytoplasmic and nuclear signal. 

C. Adding 100 µg/ml anisomycin for 15 min before a 5-s Aha pulse reduces the weak signals in both 

cytoplasm and nucleus (bar: 10 µm). 

D. After subtracting background (here a 0-s pulse), intensities (± SD) seen with Aha are expressed relative 

to the value found in the cytoplasm after a 15-s pulse (*: P < 0.0001, Student’s two-tailed t test, n = 20 

cells); signal increases in both nucleus and cytoplasm. Adding anisomycin for 15 min before a 5-s pulse (as 

in C) reduces significantly the relative intensity in the nucleus by 54% , and in the cytoplasm by 85% (P < 

0.0001, Student’s two-tailed t test, n = 20 cells). 
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3.3 Approach 2: Puromycin incorporation 

 Protein synthesis is known to be most efficient when more than one ribosome (i.e., 

a polyribosome or polysome) tandemly translate a transcript [253,254]. Polysomes have 

only been observed in the cytoplasm. Puromycin is a translation inhibitor that mimics 

aminoacyl-tRNA [255]; it is incorporated at the ribosomal A-site into the C-terminus of 

the nascent peptide chain via a peptide bond (amide bond) [256,257]. As it lacks a 

carboxyl group, synthesis of the peptide chain terminates prematurely. Also, since 

puromycin has only a weak affinity for the A-site of the 80S ribosome (Kd = 2.5 x 10
-5 

M) 

[258] compared to the amino acyl-tRNA (Kd = 7.9 x 10
-8

 [259]), the resulting 

puromycylated (nascent) peptide soon dissociates from the ribosome [260] (presumably 

in much less than 1 min, by which time exchange of ribosomal subunits is already 

effected [261]). However, except in the presence of high concentrations of puromycin 

(>25 µM) and a sufficient energy supply, engaged ribosomes continue synthesizing new 

puromycylated peptides without reinitiating [260]. Eventually, however, polysomes 

dissociate into monosomes, which then dissociate from the mRNA into their constituent 

sub-units. 

 This dissociation of puromycylated (nascent) peptide chains from the ribosome, 

and the subsequent dissociation of the engaged ribosome from the transcript, can be 

decreased by slowing down and retaining the translating poly-ribosomes using another 

inhibitor of translation – cycloheximide. Cycloheximide acts by associating with the E-

site of the 80S ribosome and blocks eEF2-GTP-dependent translocation of the amino-

acylated-tRNA from A-site to P-site, and in the process stabilizes polysomes and 

apparently stimulates their formation [262,263]. The combined use of the two inhibitors 

provides a small window of opportunity when puromycylated peptides remain associated 
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with actively-translating ribosomes; then, the puromycylated peptides can be immuno-

localized using an antibody targeting puromycin [264]. 

3.3.1 Puromycylated (nascent) peptides are found in nuclear foci 

 Cells are treated without or with cycloheximide (15 min, 37˚C), grown in 

puromycin for 5 s at 37˚C, fixed, and puromycylated peptides indirectly immuno-labelled. 

In the absence of cycloheximide, puromycylated peptides can be seen in discrete foci in 

both the cytoplasm and nuclei (Fig. 3.5A). In the presence of cycloheximide, signal is 

reduced in both nucleus and cytoplasm (Fig. 3.5B), but more prominently in the latter 

(Fig. 3.5C).  

 

Fig. 3.5. Puromycylated (nascent) peptides are found in nuclear foci. HeLa cells were treated without or 

with 100 µg/ml cycloheximide for 15 min (to slow ribosomes without stopping them completely), pulsed 

with 91 µM puromycin for 5 s, fixed, puromycylated peptides indirectly immuno-labelled, DNA 

counterstained with DAPI, and images collected using a confocal microscope (typical optical sections 

through the centre of nuclei are shown in A and B). 

A. Without cycloheximide pre-incubation, puromycylated peptides are seen in foci in both cytoplasm and 

nucleus. 
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B. With cycloheximide pre-incubation, puromycylated peptides are seen in foci in both cytoplasm and 

nucleus, but the signal has been reduced in both compartments (bar: 10 µm). 

C. After subtracting background, intensities in individual sections are expressed relative to the value found 

in the cytoplasm after a 5-s puromycin pulse without cycloheximide pre-incubation. Cycloheximide reduces 

both nuclear and cytoplasmic signal significantly (*: P < 0.0001, Student’s two-tailed t test, n = 20 cells), 

but the drug has a stronger effect on the cytoplasmic signal. 

 As puromycylated peptides are unstably associated with ribosomes, I next used 

longer puromycin pulses; cells were pre-treated with cycloheximide to slow ribosomes, 

and cells grown in puromycin for 5–60 s (Fig. 3.6). After 5 s, foci were seen in both 

nucleus and cytoplasm (Fig. 3.6A,B). After 30 s, the nuclear signal decreases and 

becomes more diffuse (Fig. 3.6C). After 60 s, both nuclear and cytoplasmic signals rise, 

with most being concentrated in the peri-nuclear region of the cytoplasm (Fig. 3.6D,E). 

This is consistent with previous observations showing that puromycylated peptides 

accumulate at protein exit-sites on the smooth endoplasmic reticulum (SER) prior to 

secretion through the Golgi apparatus [265,266]. 

 These fluctuations in signal after pretreatment with cycloheximide (Fig. 3.6E) can 

be interpreted as follows (Fig. 3.6F), assuming that monosomes in the nucleus proof-read 

the nascent transcript, whilst polysomes in the cytoplasm engage in bulk protein 

production. Thus, after 5 s, puromycylated peptides are found mainly at sites active in 

protein synthesis, in both nucleus and cytoplasm. But after 30 s, many puromycylated 

peptides dissociate from nucleoplasmic monosomes and cytoplasmic polysomes [260]; 

this creates a more uniform distribution in both compartments. [Puromycin induces 

polysomes attached to the RER [267] to detach (since translating polysomes are anchored 

via extending peptides [268-270]) and dissociate into monosomes [271], ribosomes to 

exchange their subunits [261,272], and the small ribosomal subunit to disengage from its 

transcript [273].] After 60 s, some puromycylation continues (mainly due to polysomes in 
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the cytoplasm), and – as more and more puromycylated peptides detach – they 

accumulate at exit sites in the SER [274,275]. As a result, signal builds up around the 

nucleus. In the case involving no pre-treatment with cycloheximide and a 5-s pulse (as in 

Fig. 3.5A,B), the cytoplasmic signal arises simply because uninhibited polysomes are 

active on the RER [267]. Note that cycloheximide reduces the nuclear puromycylated 

peptides significantly (although the effect is small), which might be produced by 

monosomes [276-279] in transcription factories [280]; however, the large reduction in the 

cytoplasmic signal with cycloheximide inevitably makes the nuclear signal appear more 

prominent (compare Fig. 3.5A with B). 
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Fig. 3.6. Spatial dynamics of puromycylated (nascent) peptides. HeLa cells were treated with 100 µg/ml 

cycloheximide for 15 min (to slow ribosomes without stopping them completely), pulsed with 91 µM 

puromycin for 0-60 s, fixed, puromycylated peptides indirectly immuno-labelled, DNA counterstained with 

DAPI, and images collected using a confocal microscope (typical optical sections through the centre of 

nuclei are shown in A-D). 

A. With no puromycin pulse, background levels of signal are seen. 

B. With a 5-s pulse, puromycylated peptides are seen in foci in both cytoplasm and nucleus. 
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C. With a 30-s pulse, cytoplasmic and nuclear signals have become more similar, and both are more 

diffuse. 

D. With a 60-s pulse, the cytoplasmic signal increases, especially in the peri-nuclear region (bar: 10 µm). 

E. After subtracting background, intensities (± SD; n = 20 cells) in individual sections are expressed 

relative to the value found in the cytoplasm after a 60-s pulse; nuclear signal declines sharply after 5 s, 

while cytoplasmic signal increases progressively. 

F. Interpretation. During a 5-s puromycin pulse, the nascent peptide made by a translating ribosome 

(slowed by cycloheximide) becomes puromycylated (red spot), and signal is seen in discrete foci (where 

many active ribosomes are found). After a 30-s pulse, some puromycylated peptides disengage from 

ribosomes, so the focal signal becomes more diffuse. After 60 s, released and tagged peptides become 

concentrated in the cytoplasm around the nucleus – probably at exit sites in the smooth endoplasmic 

reticulum (SER) – prior to export to the Golgi. 

 David et al. [266] observed significant perinuclear and nucleolar labelling after 

performing an analogous experiment (in the presence of cycloheximide) with two 

significant differences: cells were permeabilized before adding puromycin, and the 

puromycin pulse was for 5 min. Therefore I examined the effects of a longer puromycin 

pulse in the absence of permeabilization before fixation; growth in puromycin for 5 min 

led to strong labelling within and around the nucleus (Fig. 3.7) – and this labelling was 

sensitive to anisomycin (Fig. 3.7C,D). These results are consistent with synthesis in both 

nucleus and cytoplasm, and accumulation of released puromycylated peptides at exit sites 

on the SER. They are like those of David et al. [266] except that I saw no nucleolar 

labelling (Fig. 3.7B); this difference is discussed in Section 4.6. 
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Fig. 3.7. Puromycin is incorporated into nascent peptides. HeLa cells were treated with 100 µg/ml 

cycloheximide for 15 min (to slow ribosomes without stopping them completely), pulsed with 91 µM 

puromycin for 5 min, and fixed; in some cases, 100 µg/ml anisomycin was added 2 h before fixation. Next, 

puromycylated peptides were indirectly immuno-labelled with Alexa555, DNA counterstained with DAPI, 

and images collected using a confocal (A-C; typical optical sections through the centre of nuclei are shown) 

or wide-field microscope (D). 

A. With no puromycin pulse, background levels of signal are seen. 

B. A 5-min pulse of puromycin yields significant peri-nuclear (but little nucleolar) labelling. 

C. Pretreatment with anisomycin reduces both cytoplasmic and nuclear signal (bar: 10 µm). 

D. After subtracting background, Alexa555 intensities (± SD) are expressed relative to the value found in 

the untreated (- anisomycin) cytoplasm (*: P < 0.0001, Student’s two-tailed t test, n = 20 cells). Anisomycin 

reduces significantly (P < 0.0001) the relative intensity in both nucleus and cytoplasm. 

 

3.3.2 Puromycylated (nascent) peptides are found close to transcription sites 

 The local high concentration of puromycylated peptides in nuclear foci suggested 

that those peptides might be made co-transcriptionally in active transcription sites or 

factories [280]. Therefore, I examined whether the puromycylation of the nascent nuclear 

peptides was sensitive to an inhibitor of RNA polymerase II, DRB (5,6-dichloro-1-β-ᴅ-
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ribofuranosylbenzimidazole) [281,282]. Cells were treated without and with DRB (or 

anisomycin used as a control), pulsed for 5 s with puromycin, and puromycylated 

peptides immuno-localized; DRB decreased the intensity of signal seen in the nucleus, 

without much effect on the cytoplasmic signal (Fig. 3.8Ai-iv). This result is consistent 

with some translation occurring in nuclei closely coupled to transcription. If translation of 

RNA occurred only in the cytoplasm and DRB worked in the expected way (i.e., inhibited 

transcription in the nucleus), then the reduction in nuclear puromycylated peptide signal 

due to DRB can only be explained if splicing, mRNA export, cytoplasmic translation, and 

subsequent protein import into nucleus all happen in 5 s; this is highly unlikely. 

 The effect of DRB on the nuclear signal suggests that nuclear translation might be 

closely coupled to transcription. Therefore, I tried to see if I could localize the 

puromycylated peptides relative to the initiating form of RNA polymerase II (RNAPII) 

[283]. The largest catalytic subunit of this enzyme contains heptad repeats in its C-

terminal domain (CTD) [284,285], and serine-5 in many of these heptads becomes 

phosphorylated on transcriptional initiation [286-288]; therefore, antibodies targeting this 

phospho-serine-5 (RNAPII-S5
P
) are often used to mark the active polymerase 

[287,289,290]. Cells were incubated for 5 s in puromycin, fixed, and both puromycylated 

peptides and RNAPII-S5
P
 immuno-labelled with red and green fluors, respectively. Each 

target was found in discrete foci (Fig. 3.8Bii-iii), some of which overlapped (Fig. 3.8Biv; 

the inset shows one overlapping focus). However, the patterns are complicated, and it is 

difficult to conclude whether the yellow foci seen result from a true colocalization of red 

and green foci or just a chance overlap. 

 As patterns were so complex, I applied a general ‘super-resolution’ method 

(Section 2.3.6) to determine whether the red and green foci were closer to each other than 

expected by chance. The method [291] is based upon the idea of determining the distance 
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between the peaks in intensities given by the diffraction-limited spots in red and green 

channels [292-295]. The method begins by automatically identifying diffraction-limited 

spots within an image, goes on to localize the peak intensity within each with ~15-nm 

precision, and ends with a measurement of the distance from one peak in the green 

channel to its nearest neighbor (NN) [296] in the red channel – and vice versa. As each 

distance measurement is repeated for every focus in the image, the resulting distribution 

of distances can be compared with a random set (which is created for each nucleus using 

the same density of spots as observed in the nucleoplasmic area), and any difference 

analyzed statistically using the Kolmogorov-Smirnov (K-S) test [297,298]. The output of 

the analysis tells us that foci in the green and red channels are either distributed in a 

random pattern, or that they lie significantly closer to each other than expected by chance. 

In our case, we can then decide whether the puromycylated peptides lie closer to the 

initiating polymerase than expected by chance. 

The distribution of such NN distances obtained from the red and green foci as 

seen in Figure 3.8Biv was plotted as a ‘probability density function’ (PDF) and 

‘cumulative distribution function’ (CDF), and results compared to the PDF and CDF 

generated from red and green spots randomly distributed in a 250x250 pixel area with the 

same density as in the experiment (Fig. 3.8Bv,vi). The PDF for the experimental foci 

shows that ~85% of the red and green foci are within 0.75 µm of each other (this limit is 

selected because the PDF for the observed NN distances is higher than the PDF for the 

NN distances of the random set up to 0.75 µm). The CDF for the experimental foci was 

significantly shifted (two-sample K-S test) towards shorter NN distances, compared to the 

CDF for the randomly-generated foci. This suggests that nuclear puromycylated peptides 

lie significantly closer to sites of transcription (i.e., those containing the phosphorylated 

polymerase) than expected by random chance. However, the presence of many red and 
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green foci (and few yellow foci) in the merge in Figure 3.8Biv indicates that there is only 

incomplete overlap between puromycylated peptides and the polymerase; this apparent 

discrepancy could be because the ‘random set’ simulated for the NN-analysis might not 

be an ideal representation of a random distribution of molecules in the nucleus – as the 

nucleus has such a variable topology which may restrict the distribution of molecules. 

Such topological restrictions cannot be accounted for, while simulating the ‘random set’, 

and hence this may explain the significant shift of the CDF for experimental foci towards 

shorter NN distances. This will be discussed in Section 4.3. 
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Fig. 3.8. Puromycylated (nascent) peptides are found close to transcription sites. HeLa cells were 

treated with 100 µg/ml cycloheximide for 15 min, pulsed with 91 µM puromycin for 5 s, fixed, 

puromycylated peptides indirectly immuno-labelled, DNA counterstained with DAPI, and images collected 

using a confocal microscope (typical optical sections through the centre of nuclei are shown).  

A. Pulse-labelling for 5 s with puromycin.  
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i. Puromycylated peptides are seen in foci in both cytoplasm and nucleus, with the latter yielding the 

brightest foci. 

ii. 100 µg/ml anisomycin added 30 min before puromycin reduces nuclear signal. 

iii. 100 µM DRB added 30 min before puromycin reduces only the nuclear signal (bar: 10 µm). 

iv. After subtracting background, intensities (± SD) seen with puromycin are expressed relative to the value 

found in the untreated (- anisomycin/-DRB) cytoplasm (*: P < 0.0002, Student’s two-tailed t test, n = 20 

cells). While adding anisomycin reduces both cytoplasmic and nuclear signal, but adding DRB reduces only 

nuclear signal. 

B. Immuno-labelling both puromycylated peptides and (initiating) RNA polymerase II (tagged with an 

antibody targeting phospho-S5 in the CTD). Bar: 5 µm. 

i-iv. Four views of one typical section; some puromycylated peptides (red) colocalize with polymerase 

(green) in discrete nuclear foci (inset shows one focus). 

v,vi. Super-resolution localization shows red and green foci lie close together. Foci with a Gaussian 

intensity profile were selected, peaks localized with 15-nm precision, and nearest-neighbour (NN) distances 

calculated (from each red peak to the nearest green peak, and vice-versa) with 10-50 nm precision. The 

probability density function (PDF) and cumulative distribution function (CDF) of NN distances is 

compared to the simulated PDF and CDF (line includes 99%-confidence limit) of the same nuclear density 

of green and red foci distributed randomly (random); ~85% of green and red foci lie closer than 0.75 µm; 

the experimental CDF curve (expt) lies to the left of the random one, indicative of significant proximity (P 

< 0.0001, 1-sample Kolmogorov-Smirnov test, nexpt = 4558, nrandom = 23866, cells = 16). 

 

I went on to localize puromycylated peptides relative to a second marker for the 

active transcription complex – nascent RNA. Nascent RNA can be immuno-localized 

after gently permeabilizing cells in a ‘physiological’ buffer (PB
+
; Section 2.3.3), and 

allowing still-engaged polymerases to extend their transcripts in the UTP analogue, 

BrUTP [299]. Cycloheximide-treated cells were grown in puromycin for 5 s, cells 

permeabilized gently, BrUTP added, and engaged polymerases allowed to extend their 

nascent transcripts by ~500 nucleotides [300]; the resulting BrRNA cannot be spliced and 
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does not leave transcription sites [301,302]. Cells were then fixed, and puromycylated 

peptides and (nascent) BrRNA indirectly immuno-labelled with red and green fluors, 

respectively. The puromycylated peptides and BrRNA are found in discrete nuclear foci, 

some of which colocalize (Fig. 3.9B-D). Again, given the two complicated patterns, it is 

difficult to infer whether the colocalization seen merely results from chance overlap of 

many randomly-distributed foci. Therefore, I used the same method of analysis as before 

in Figure 3.8B. The PDF for the experimental foci again shows that ~85% of the red and 

green foci are within 0.75 µm of each other (as before, this limit is selected because the 

PDF for the observed NN distances is higher than the PDF for the NN distances of the 

random set up to 0.75 µm). The CDF for the experimental foci was significantly shifted 

(two-sample K-S test) towards shorter NN distances, compared to the CDF for the 

randomly-generated foci (Fig. 3.9E,F). This suggests that the nuclear puromycylated 

peptides lie significantly closer to the sites of transcription (marked by nascent BrRNA) 

than expected by random chance. Once again, the presence of many red and green foci 

(and few yellow foci) in the merge in Figure 3.9B indicates that there is only incomplete 

overlap between puromycylated peptides and the BrRNA; this apparent discrepancy has 

been discussed previously in this section, and will be discussed further in Section 4.3. 
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Fig. 3.9. Puromycylated peptides are found close to nascent BrRNA. HeLa cells were treated with 100 

µg/ml cycloheximide for 15 min, and pulsed with 91 µM puromycin for 5 s; cells were now washed at 4°C, 

permeabilized gently, BrUTP added, and engaged polymerases allowed to extend their nascent transcripts 

by ~500 nucleotides at 33 °C for 15 min. After fixation, puromycylated peptides and (nascent) BrRNA were 

indirectly immuno-labelled, DNA counterstained with DAPI, and images collected using a confocal 

microscope (typical optical sections through the centre of nuclei are shown). 

A-D. Four views of one typical section; puromycylated peptides (red; cytoplasmic signal is reduced by 

permeabilization) and BrRNA (green) are found in discrete nuclear foci, some of which overlap to give 

yellow in the merge (inset). Bar: 5 µm. 

E,F. Super-resolution localization shows red and green foci lie close together. Foci with a Gaussian 

intensity profile were selected, peaks localized with 15-nm precision, and nearest-neighbour (NN) distances 

(from each red peak to the nearest green peak, and vice-versa) with 10-50 nm precision. The probability 
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density function (PDF) and cumulative distribution function (CDF) of NN distances is compared to the 

simulated PDF and CDF (line includes 99%-confidence limit) of the same nuclear density of green and red 

foci distributed randomly (random); ~85% of green and red foci lie closer than 0.75 µm; the experimental 

CDF curve (expt) lies to the left of the random one, indicative of significant proximity (P < 0.0001, 1-

sample Kolmogorov-Smirnov test, nexpt = 4121, nrandom = 25478, cells = 16). 

 

3.4 Approach 3: Immuno-localizing newly-made CD2 

 If some translation occurs within nuclei closely coupled to transcription, some 

newly-made protein should be found close to the nascent transcript that encoded it. 

Performing such an experiment is challenging, as the optimal approach requires efficient 

detection of both a single nascent transcript and a single nascent peptide. Whilst RNA 

FISH applied with intronic probes permits the former, there remains no method that 

allows detection of a single nascent protein with high efficiency. Therefore, I used a 

multi-copy system, and I now outline the details of this system.  

 I began by choosing a well-characterized non-nuclear protein – one that would 

never be expected to be found in the nucleus if translation occurred only in the cytoplasm; 

I chose a cell-surface antigen. As efficient detection is critical, this antigen would be 

immuno-detected using a well-characterized monoclonal antibody that bound with high 

affinity. Therefore, I selected the rat (Rattus norvegicus) CD2 protein. CD2 (cluster of 

differentiation 2 antigen) – also known as LFA-2 (lymphocyte function-associated 

antigen-2) – is a cell surface antigen found in lymphocytes [303-305]; it contains a signal 

sequence plus a trans-membrane domain, and so is normally inserted into the 

endoplasmic reticulum during synthesis by a cytoplasmic ribosome. As previous work 

had shown that some CD2 is nevertheless found in a diffuse cytoplasmic pool [235], I 

wanted to further restrict the protein to a defined non-nuclear organelle. Therefore, I 
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replaced the N-terminal leader peptide sequence of rat CD2 with a mitochondrial import 

signal sequence (from human pyruvate dehydrogenase 1α) [306], which should then lead 

to the concentration of CD2 in mitochondria. Rat CD2 can be detected using a high-

affinity and well-characterized antibody, OX34, that recognizes an epitope near the N-

terminus (encoded by exons 2 and 3) [307,308]; as this epitope of CD2 protein is known 

to fold rapidly [309], this increases the chances that I might detect the N-terminal antigen 

whilst the protein is still being made. [In Ref [309], the N-terminal domain of CD2 

containing this epitope – CD2.D1 [304] – is incorrectly named as the C-terminal domain 

of CD2 protein.] 

As there remains no robust way of detecting a single protein, let alone a nascent 

single protein (especially when the target is embedded in dense chromatin that would be 

expected to reduce probe access), I used a multi-copy system [310] based on the SV40 ori 

(origin of replication) [311] and Cos7 cells (kidney fibroblast cells from the African green 

monkey, Cercopithecus aethiops) which express the SV40 large T antigen [312]. When a 

vector encoding the ori is transfected into Cos7 cells, the T antigen drives replication 

from the ori to generate thousands of copies of the vector; these copies are incorporated 

into ‘minichromosomes’ [313,314] which are covered with nucleosomes and transcribed 

by the cellular machinery. As they all encode the same promoters, they tend to be co-

transcribed in the same transcription factories [315]. If the minichromosomes encode 

CD2 protein, and if some translation occurs co-transcriptionally, one might expect a 

number of copies of nascent CD2 RNA to lie next to a number of copies of nascent CD2 

protein. 

I also incorporated a gene switch into the expression vector, so that I could turn on 

CD2 transcription rapidly. To this end, I used the commercially-available ‘TetOn 
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Advanced’ system; the CD2 gene was driven by a doxycycline-inducible promoter – a 

modified ‘Tet’ promoter (P
tight

) – that is normally repressed in cells expressing a modified 

Tet-repressor – rtTA-Advanced (under the control of a constitutive cytomegalo-virus, 

CMV, promoter). When doxycycline is added, the ‘TetOn Advanced’ repressor switches 

to become an activator and fires expression from the ‘Tet’ promoter [316,317]. 

In order to facilitate detection of cells expressing CD2 protein, I fused a sequence 

encoding EGFP [318-321] with the C-terminus of the CD2 sequence. At its 3ʹ-end, the 

EGFP coding sequence was followed by an SV40 polyA (polyadenylation signal) 

[322,323], which reduces transcriptional read-through into other coding sequences in the 

vector, and helps post-transcriptional processing of the synthesized RNA. I also inserted a 

ribosome pause sequence (rps) [324,325] just after the CD2 sequence and before EGFP, 

which is expected to slow down a translating ribosome after it has translated CD2. Then, 

as the ribosome translates the EGFP-containing portion of the nascent peptide, the CD2-

containing portion should get more time to fold and display the OX34-recognized 

epitope. I also included parts of intron 2 of the Cd2 gene in my vector, and the use I make 

of this is discussed below. All the above-mentioned components constitute my basic 

expression vector – Vector 1 (Fig. 3.10). 

 

Fig 3.10. CD2-EGFP expression constructs. Each construct encodes an SV40 ori (to permit replication) 

and a modified ‘Tet’ promoter inducible with doxycycline. In vector 1, the ‘Tet’ promoter drives expression 

of a protein containing an N-terminal mitochondrial signal sequence (mt), the rat CD2 epitope recognized 

by the OX34 antibody, a shortened intron 2 of CD2 (with intact splice donor and acceptor sites), a ribosome 
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pause sequence (rps) which should slow a translating ribosome (and increase the time available for CD2 to 

fold as the protein is being made), and a C-terminal EGFP. Vector 2 encodes an EGFP sequence with the 

segment encoding the fluorochrome deleted (nfEGFP, to free the green channel for other use). Vector 3 

encodes a haemagglutinin (HA) tag inserted within the intron upstream of the first stop codon. Vector 4 also 

bears a PTC, 67 nucleotides upstream of the intron-exon junction (a position that should induce NMD).  

 

I wished to determine whether some CD2 protein might be found close to the 

nascent transcript that encoded it; as nascent RNA is found only in the nucleus, finding 

CD2 protein at the same site would provide strong circumstantial evidence that the 

protein was made at the transcription site. To label nascent CD2 transcripts, I intended to 

perform RNA FISH (fluorescent in situ hybridization) [326,327] with probes targeting a 

part of intron 2 of the Cd2 gene included in my vector. I reduced the length of CD2 

intron-2 to ~2.5 kb (to facilitate cloning) by removing a central region whilst retaining the 

splice donor and acceptor sites [328]. Intronic RNA is degraded rapidly after synthesis 

and not found in the cytoplasm [329-335]; therefore, it is often used as a marker for 

nascent RNA and so the site of transcription [330,331,335,336]. 

Vector 1 encodes EGFP, which facilitates detection of transfected cells (which 

auto-fluoresce green). As I intended to use the blue channel to detect nuclei (after 

counterstaining with DAPI), the red channel to immuno-detect CD2 protein, and the far-

red channel to detect mitochondria (after staining with MitoTracker Deep Red), I deleted 

the EGFP-chromophore coding sequence [337-339] to free the green channel for 

detection of intronic CD2 RNA. The resulting Vector 2 encodes a non-fluorescent EGFP 

(nfEGFP; Fig. 3.10).  

In Vectors 3 and 4 (Fig. 3.10), I inserted a short coding sequence for the 

haemagglutinin tag (HA tag) [340] in the CD2 intron (before the first termination codon 
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within this intron); this enables testing whether ribosomes could translate into this intron 

to express an HA-tagged protein, which can then be detected by indirect immuno-

labelling. Vector 4 additionally has a premature termination codon (PTC) 67 nucleotides 

upstream of the exon-intron junction, which is expected to trigger degradation of CD2-

EGFP RNA transcribed from this vector by the NMD (nonsense-mediated mRNA decay) 

machinery [244,245]. Since NMD depends on active translation by ribosomes to detect 

PTC-bearing RNA [232,341], any effect of the PTC on the stability of the intronic RNA 

would point to nuclear translation playing a role in NMD. 

3.4.1 The mitochondria-targeted non-nuclear CD2 protein is also found in nuclei 

I co-transfected Cos7 cells with Vector 1 and the plasmid encoding the rtTA-

Advanced repressor, grew the cells for 24 h, and induced CD2-EGFP expression from 

Vector 1 with doxycycline for 45 min; after staining cells with MitoTracker, cells were 

fixed, and CD2 indirectly immuno-labelled. In transfected cells (Fig. 3.11, cell on right), 

most CD2 protein (red) is found in mitochondria (‘MitoTracker Deep Red’ fluoresces in 

the far red and is pseudo-coloured green) to give yellow in the ‘merge’ (Fig. 3.11B-D); 

however, some punctate CD2 signal is found in nuclei (Fig. 3.11A,C,D).  The 

lymphocyte antigen, CD2, is not expressed in Cos7 cells, and – as the OX34 antibody is 

highly specific – there is little background in untransfected cells (Fig. 3.11, cell on left). 

The detection of some CD2 – a non-nuclear protein targeted to mitochondria – in nuclei 

raises the question as to how it got there. 
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Fig. 3.11. A non-nuclear protein bearing a mitochondrial-import sequence can be found in nuclei. 

Cos7 cells (which express the SV40 T antigen) were co-transfected with one construct encoding the ‘TetOn 

Advanced’ repressor, plus a second encoding the SV40 ori and the ‘Tet’ promoter driving an artificial CD2-

EGFP gene (i.e., vector 1). By 24 h, the ori-containing vector replicates to give ~8,000 minichromosomes 

per cell; the ‘Tet’ promoter is expressed only at basal levels and essentially no CD2 epitope or EGFP 

fluorescence can be detected. 10 µM doxycycline was now added for 45 min to induce CD2-EGFP 

expression, and ‘MitoTracker’ added during the last 15 min to stain mitochondria. After fixation, CD2 was 

indirectly immuno-labelled, DNA counterstained with DAPI, and images of cells expressing the CD2 

epitope collected using a wide-field microscope.  

A-D. Four views of two cells are shown. Only the cell on the right has been transfected and expresses CD2 

protein (which is mainly found in mitochondria); however, some CD2 is seen in the nucleus. Bar: 10 µm. 

 

3.4.2 CD2 protein foci in nuclei are close to their encoding nascent RNA 

If some translation occurs coupled to transcription in nuclei, then I should observe 

nascent CD2 protein close to the nascent RNA that encoded it (Fig. 3.12A). Therefore, I 

co-transfected Cos7 cells with Vector 2 and the plasmid encoding the ‘TetOn Advanced’ 

repressor, induced expression of CD2-nfEGFP from Vector 2 with doxycycline, and 

performed an immuno-FISH experiment to detect CD2 protein and intronic RNA. CD2 

was present in many nuclear foci (Fig. 3.12C), as was nascent (intronic) CD2 RNA (Fig. 

3.12D); the ‘merge’ (Fig. 3.12E) indicates that some CD2 protein (red) lies close to CD2 
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RNA (green) to give yellow. As found previously, it is difficult to infer whether the 

degree of colocalization is significantly more than expected by chance; therefore, I 

applied the ‘super-resolution’ method of analysis used previously (Fig. 3.8B); nuclear 

CD2 protein lay significantly closer to nascent CD2 RNA than expected by chance (Fig. 

3.12F,G). The PDF for the experimental foci shows that ~60% of the red and green foci 

are within 0.54 µm (this limit is selected because the PDF for the observed NN distances 

is higher than the PDF for the NN distances of the random set up to 0.54 µm). Once 

again, the presence of many red and green foci (and few yellow foci) in the merge in 

Figure 3.12E indicates that there is only incomplete overlap between the red and green 

foci; this apparent discrepancy has been discussed previously in Section 3.3.2, and will be 

discussed further in Section 4.3. 

As expected, doxycycline treatment (which allows the promoter to fire) increased 

nuclear CD2 protein and intronic RNA levels (Fig. 3.12H). Pre-treatment with 

anisomycin (an inhibitor of translational elongation) plus pactamycin (an inhibitor of both 

initiation and elongation) [342-344] decreased nuclear levels of CD2 protein more than 

intronic RNA (Fig. 3.12H); this is consistent with the inhibitors having a direct effect on 

translation (whether in the cytoplasm or nucleus), and only an indirect effect on 

transcription. 
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Fig. 3.12. A non-nuclear protein bearing a mitochondrial import sequence can be found close to the 

intronic (nascent) RNA that encoded it. Cos7 cells were co-transfected with one construct encoding the 

‘TetOn Advanced’ repressor, plus a second (i.e., vector 2) that encodes the SV40 ori and the ‘Tet’ promoter 

driving an artificial CD2 gene containing an intron. By 24 h, the ori-containing vector replicates to give 
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~8,000 minichromosomes per cell; the ‘Tet’ promoter is silent and essentially no CD2 can be detected. 10 

µM doxycycline was now added for 45 min to induce CD2 expression; after fixation, CD2 is indirectly 

immuno-labelled, RNA FISH performed using probes targeting the intron, DNA counterstained with DAPI, 

and equatorial sections of CD2-expressing nuclei collected using a confocal microscope (B-E) or a wide-

field microscope (F-H).  

A. Strategy. The cartoon illustrates the transcription unit in vector 2 being transcribed as a ribosome 

translates the nascent transcript. If such coupled transcription and translation occurs, the nascent CD2 

epitope (detected by immuno-fluorescence, IF; first and second antibodies shown) should lie close to the 

nascent RNA that encodes it (detected by RNA FISH using an intronic probe).  

B-E. Four views of one typical section (only nucleus shown); the CD2 protein (red) and intronic RNA 

(green) are both found in discrete foci in the nucleus (blue), some of which overlap to give yellow in the 

merge (inset: a yellow focus). Bar: 5 µm.  

F,G. Super-resolution localization shows red and green foci lie close together. Foci with a Gaussian 

intensity profile were selected, peaks localized with 15-nm precision, and nearest-neighbour (NN) distances 

calculated (from each red peak to the nearest green peak, and vice-versa) with 10-50 nm precision. The 

probability density function (PDF) and cumulative distribution function (CDF) of NN distances is 

compared to the simulated PDF and CDF (line includes 99%-confidence limit) of the same nuclear density 

of green and red foci distributed randomly (random); ~60% of green and red foci lie closer than 0.54 µm; 

the experimental CDF curve (expt) lies to the left of the random one, indicative of significant proximity (P 

< 0.0001, 1-sample Kolmogorov-Smirnov test, nexpt = 6224, nrandom = 11154, cells = 14). 

H. After subtracting background, intensities (± SD) of CD2 protein and CD2 intron RNA are expressed 

relative to the value found in the doxycycline-induced nucleus (**: P < 0.0001, *: P < 0.005, Student’s two-

tailed t test, n = 15 cells). Doxycycline induces expression of both CD2 RNA and protein in the nucleus; 

pretreatment with 100 µg/ml anisomycin + pactamycin 45 min before adding doxycycline reduces CD2 

protein signal in the nucleus, without significantly affecting CD2 intron RNA. 

3.4.3 Nascent CD2 RNA harbouring PTCs is a substrate for nuclear NMD 

 Any RNA encoding a PTC is generally degraded by NMD. As a translating 

ribosome is the only mechanism known that can detect a PTC, and if such a ribosome 

proof-reads the nascent transcript for PTCs [232,341] that might arise through mis-
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splicing [345,346], then introducing a PTC into the vector might have an effect on the 

nuclear signal. Therefore, I co-transfected Cos7 cells with Vector 3 or 4 (without and with 

a PTC, respectively) and with the plasmid encoding the ‘TetOn Advanced’ repressor, 

induced expression of CD2-EGFP, and monitored levels of intronic CD2 RNA using 

FISH. Cells transfected with the (control) PTC
-
 vector contained considerable amounts of 

intronic CD2 RNA in discrete nucleoplasmic foci (Fig. 3.13A,B; the cell at the top is the 

only transfected cell in the field, and only it contains CD2 RNA). Cells transfected with 

the PTC
+
 vector yielded significantly less nuclear signal (Fig. 3.13Ci); this is consistent 

with nascent (intronic) PTC
+
 RNA being destroyed by NMD. Significantly, pretreatment 

with cycloheximide increased signal even above that seen with the control (Fig. 3.13Ci); 

this is consistent with the inhibitor preventing detection of PTC
+
 transcripts, so that they 

are no longer destroyed by NMD. 

 It is widely assumed that PTCs might arise due to faulty splicing [232,341]. 

Therefore, I examined how spliceostatin A (SSA) – a splicing inhibitor [347] – affected 

levels of intronic PTC
-
 RNA; SSA reduced levels (Fig. 3.13Cii). Presumably, the now-

unspliced transcripts contain many (intronic) PTCs that are degraded by NMD. 

Significantly, pretreatment with anisomycin reversed this reduction (Fig. 3.13Cii). This is 

consistent with inhibition of a translating ribosome preventing detection of the PTCs 

[232,341], so that the intron-containing transcripts are no longer degraded by NMD. 

These experiments point to a translating ribosome acting on intronic RNA during NMD. 

As intronic RNA is found only in the nucleus close to the active site of transcription, this 

means that some translation must occur close to the transcription site. 
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Fig. 3.13. The effects of a premature termination codon (PTC) and a splicing inhibitor – spliceostatin 

A (SSA) – on the stability of nascent CD2 RNA. Cos-7 cells were co-transfected with one construct 

encoding the ‘TetOn Advanced’ repressor plus the vector indicated, 10 µM doxycycline added for the last 

45 min, and cells fixed 26 h after transfection. In (C), inhibitors were added at the times indicated. Next, 

intronic CD2 RNA was detected by RNA FISH, DNA counterstained with DAPI, and images of cells 

expressing CD2 RNA collected using a wide-field microscope. 

A-B. Two views of a group of cells after a co-transfection using vector 3; only the cell at the top has been 

transfected and so expresses intronic CD2 RNA (bar: 10 µm).  

C. Effects of a PTC and spliceostatin A. 

(i). Cells were transfected with vector 3 (PTC
-
) or vector 4 (PTC

+
), and cells treated ± 100 µg/ml 

cycloheximide 2 h prior to fixation; after subtracting background, intensities (± SD) seen in nuclei of cells 

transfected with vector 4 are expressed relative to the value found in cells transfected with vector 3. The 

presence of a PTC significantly reduces levels of intronic RNA, and pre-treatment with cycloheximide 

reverses the effect (*: P < 0.0004, Student’s two-tailed t test, n = 20 cells). This is consistent with a 

cycloheximide-sensitive ribosome acting on intronic RNA as the detector that triggers NMD in the nucleus 

(as intronic RNA is not found in the cytoplasm). 

(ii). Cells were transfected with vector 2 (PTC
-
), and cells treated ± 100 µg/ml anisomycin (2 h before 

fixation) and ± 100 ng/ml SSA (45 min before fixation); after subtracting background, intensities (± SD) 

seen in nuclei treated with SSA ± anisomycin are expressed relative to the value found in untreated cells. 

SSA pre-treatment significantly reduces levels of intronic RNA (*: P < 0.0001, Student’s two-tailed t test, n 
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= 20 cells), and pre-treatment with anisomycin reverses this effect. This is consistent with SSA increasing 

the numbers of intron-containing transcripts that contain many stop codons (which are then immediately 

degraded by NMD), and with an anisomycin-sensitive ribosome acting on intronic RNA as the detector that 

triggers NMD in the nucleus (as intronic RNA is not found in the cytoplasm). 

 

3.4.4 Some intronic RNA is translated by ribosomes 

 The presence of introns in eukaryotic genes [348] underpins the idea that 

translation cannot occur in nuclei [349]: if nuclear ribosomes translated through an intron 

before it was removed by splicing, the presence of stop codons in the intron would 

inevitably lead to the production of truncated peptides – and many of these would surely 

be toxic to the cell. Out of curiosity, I investigated whether a ribosome – in either the 

cytoplasm or nucleus – could indeed translate an intron in the cell. Therefore, I co-

transfected Cos7 cells with Vector 3 (which contains a short sequence encoding the HA 

tag [340] in the CD2 intron, which is in-frame with CD2 exon-2, and which lies before 

the first intronic stop codon) plus the plasmid encoding the repressor. In order to drive 

over-production of intronic RNA, transfected cells were grown for 50 h (instead of the 

usual 24 h) to allow even further minichromosomal replication; moreover, cells were 

grown in the continual presence of doxycycline (instead of just the last 45 min before 

fixation). Finally, the HA tag was detected by indirect immuno-labelling. Figure 14A 

illustrates two images of one transfected cell; the image on the right has been ‘contrast-

stretched’ six-fold relative to the one on the left. Although signal is faint, some can 

nevertheless be detected in mitochondria (as the HA tag is in-frame with CD2 exon-2, 

which in turn is in-frame with the N-terminal mitochondrial signal sequence). The 

presence of the splicing inhibitor, SSA [347], increases this cytoplasmic signal (Fig. 

3.14B,C). Clearly, intronic sequences can be translated, as has been shown previously in 
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prokaryotes [350-352] and eukaryotes [347]. Whilst this experiment involves prolonged 

incubations with drugs, it nevertheless indicates that vector and inhibitor are behaving in 

the expected manner. 

 

Fig. 3.14. Some intronic RNA is translated by ribosomes. Cos7 cells were co-transfected with one 

construct encoding the ‘TetOn Advanced’ repressor, plus a second (i.e., vector 3) that encodes the SV40 ori 

and the ‘Tet’ promoter driving an artificial CD2-EGFP gene and an intronic haemagglutinin (HA) tag; 

immediately after transfection, 10 µM doxycycline ± 100 ng/ml SSA were added. By 50 h, the ori-

containing vector replicates to give ~20,000 minichromosomes per cell, which are actively transcribed. 

After fixation, HA was indirectly immuno-labelled (red), DNA counterstained with DAPI (blue), and 

images of cells expressing the HA epitope collected using a wide-field microscope. 

A. Even in the absence of SSA, some translation of intronic HA sequence occurs. Cells express HA epitope 

which is concentrated in the mitochondria (a 6-fold ‘contrast stretch’ from Ai to Aii helps to see this faint 

signal). 
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B. Adding SSA induces mis-splicing of CD2-EGFP gene, thus increasing the chances of intronic HA 

sequence being subjected to translation. Cells express HA epitope (HA signal can be easily seen in Bi, 

without a 6-fold ‘contrast stretch’ – in contrast to A) which is concentrated in mitochondria. Bar: 10 µm. 

C. After subtracting background, intensities (± SD) seen with HA epitope are expressed relative to the value 

found in the cytoplasm of SSA treated cells (*: P < 0.0001, Student’s two-tailed t test, n = 17-19 cells). 

Some intronic HA is expressed, and SSA increases levels; the HA signal is significantly more than the 

background and mostly accumulates in the mitochondria. 
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Chapter 4 

Discussion 

4.1 Introduction 

It is accepted that translation can be coupled to transcription in prokaryotes [353-

357]. The idea that such coupling also occurs in eukaryotes has resurfaced numerous 

times over the last 60 years, but has never been conclusively accepted [358-365]. It is 

interesting to note that those who first demonstrated that ribosomes associated with the 

endoplasmic reticulum (ER) were the most prominent sites of protein synthesis in 

eukaryotic cells [366], also claimed that some protein synthesis occurs in nuclei [358] 

functionally coupled to transcription [367]. However, the discovery that radio-labelled 

amino acids were incorporated mainly into the rough endoplasmic reticulum (RER) [366] 

around the nucleus (then known as the microsomal fraction that could be isolated by 

differential centrifugation of the cytoplasm) led to the general consensus that no nuclear 

translation occurs. In the late 1970s, non-coding introns containing many stop codons 

were discovered to interrupt eukaryotic genes [368], and – as a ribosome translating an 

intron-containing transcript would inevitably encounter a stop codon within an intron to 

generate a truncated peptide that might be toxic to the cell – it seemed plausible that 

Nature might restrict translation to the cytoplasm to ensure that a ribosome would only 

ever encounter a spliced message (as intron-containing transcripts are never exported to 

the cytoplasm) [369]. Moreover, there seemed no possible need for nuclear translation if 

proteins were made efficiently in the cytoplasm. The argument ran that it is very unlikely 

for cellular evolution to retain such an energy-consuming [370] ‘vestigial’ organelle (a 

nuclear ribosome) if ribosomes did not actively translate in the nucleus, or perform some 
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other secondary function (the presence of inactive ribosomal subunits within the nucleus 

is explained by ribosomal biogenesis occurring within the nucleus [371]). However, the 

discovery of a mechanism for RNA quality control, NMD [372,373], – which utilizes a 

translating ribosome to detect a faulty message [374,375] and which occurs in the nucleus 

[376-378] – provides such a need [379-381]. 

In this work, I used three different approaches to label sites of translation. I find 

that substantial amounts of newly-made peptides in the cell are found within nuclei close 

to transcription sites. These newly-made peptides are short lived, and seem to result from 

the activity of the proof-reading machinery that checks the quality of newly-made 

messages. 

4.2 Nuclear translation observed by metabolic labelling with Aha and 

puromycin  

I incubated cells with the amino-acid analogue, Aha, or the structural mimic of 

aminoacyl-tRNA, puromycin, for periods as short as 5 s; both are incorporated into 

nascent peptides and would be expected to lie close to the ribosome that made them. After 

fixation, fluors were either ‘clicked’ on to the Aha-tagged peptides or attached to the 

puromycylated peptides by indirect immuno-labelling, and the now-fluorescent peptides 

localized by wide-field or confocal microscopy. Surprisingly, substantial (almost half) 

fluorescent signal was found in the nucleus, and inhibitors acting on the translating 

ribosome reduced this signal (Figs 3.4-3.6). Given the short labelling period and the 

known speed of translation (i.e., ~5 amino acids per second [382]), it is highly unlikely 

that the nuclear signal could result from peptides made in the cytoplasm and transported 

into nuclei. The simplest interpretation of these observations is that peptide synthesis also 

occurs in the nucleus. 
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The two precursors gave different labelling kinetics. With increasing time of 

incubation in Aha, fluorescent signal increased progressively in both nucleus and 

cytoplasm (Fig. 3.4D), consistent with increasing incorporation in both compartments. 

With puromycin, the nuclear signal was maximal at 5 s, before it fell significantly by 30 s 

– unlike the cytoplasmic signal (mainly in the SER) which increases (Fig. 3.6). This is 

simply explained as follows: puromycin incorporation induces premature termination of 

nascent peptides [383], which then quickly diffuse away from translation sites (whether in 

the nucleus or cytoplasm) to become concentrated in the SER prior to export [364,384]. 

The two precursors also gave different nuclear labelling patterns – Aha a diffuse 

signal (Figs 3.2-3.4; though the pattern is punctate in a confocal section – not shown), and 

puromycin (at least initially) a punctate pattern (Figs 3.5 and 3.6). I attribute this to each 

Aha moiety in a peptide being clicked on to one fluor (at best), whilst each 

puromycylated peptide is tagged by one primary monoclonal antibody but many 

fluorescently-labelled secondaries (at best) – to give a more punctate pattern.  

4.3 Newly-made CD2 protein lies close to the nascent RNA that encodes 

it  

If some translation occurs coupled to transcription in nuclei, a nascent protein 

should lie close to the nascent RNA that encoded it. Using a multi-copy system, I 

switched on expression of a non-nuclear protein, CD2, fixed cells 45 min later, and 

performed an immuno-FISH experiment to detect CD2 protein and intronic CD2 RNA. 

CD2 protein was present in many nuclear foci (Fig. 3.12C), as was nascent (intronic) 

CD2 RNA (Fig. 3.12D); the ‘merge’ (Fig. 3.12E) indicates that some CD2 protein (red) 

lies close to CD2 RNA (green) to give yellow. I then applied a ‘super-resolution’ 

colocalization method (Section 2.3.6) to demonstrate that nuclear CD2 protein lay 
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significantly closer to nascent CD2 RNA than expected by chance (Fig. 3.12F,G). 

However, the control used for estimating colocalization by chance might not be ideal, and 

this has been discussed in Section 4.4. There are two simple explanations of these results 

– either CD2 protein was made by cytoplasmic ribosomes and entered the nucleus only 

after it was made (but then why should it become concentrated close to sites containing 

nascent CD2 RNA?), or the protein was made co-transcriptionally within the nucleus.  

4.4 Nuclear translation is coupled to transcription 

Previous work indicates that some nuclear translation occurs closely coupled to 

transcription in factories [362]. This is supported by the disappearance of the bright 

puromycylated foci when translation is inhibited by anisomycin, or when transcription is 

inhibited by DRB (Fig. 3.8A). Therefore, I used immunofluorescence coupled to ‘super-

resolution’ localization to see whether puromycylated peptides were found with two 

markers of factories – the initiating form of RNAPII (which carries a phosphorylated 

serine 5 on the CTD of the catalytic subunit [385]), and nascent BrRNA [386] (Figs 3.8B 

and 3.9). Although there was not much overlap of the resulting red and green foci (which 

would be indicated by yellow in the merge), puromycylated peptides nevertheless lay 

significantly closer to both markers than expected by chance (i.e., ~85% puromycylated 

foci lay within 0.75 µm of one or other marker; Figs 3.8Bv-vi and 3.9E-F). A similar 

kind of analysis revealed that newly-made CD2 protein lay close to newly-made 

(intronic) CD2 RNA (Fig. 3.12F,G). I now discuss what might underlie such an 

‘imperfect’ colocalization. 

I first consider what might be expected if the two markers were found in the same 

factory. In HeLa cells, nascent transcripts (and presumably the polymerases that make 

them) lie on the surface of a ~90-nm protein-rich core – the factory, and the bulk of the 
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nascent RNA (in human endothelial cells) is found within ~35 nm of the surface 

[387,388]. If some translation occurs closely coupled to transcription, we might then 

expect to find puromycylated peptides within a 35-nm shell around a ~90-nm factory, and 

so would be found in the outer volume within a ~160-nm sphere centred on the factory. 

Given that the resolution of the light microscope is ~200 nm in the x and y dimensions (at 

best), double-immunolabelling the puromycylated peptide and polymerase or BrRNA in 

the same factory should yield yellow like those in Figures 8Biv and 9D. However, little 

yellow is seen (despite the ‘super-resolution’ approach showing significant association). 

I next discuss the general problem known as ‘antibody blocking’ that arises when 

using indirect labelling to demonstrate colocalization of two ‘perfectly’ colocalizing 

antigens [386,389]. When a primary antibody (dimensions ~9 nm) binds to one antigen, it 

will inevitably block access of the primary antibody being used to detect the second 

antigen. If red and green fluors attached to secondaries are then used to detect 

colocalization, yellow will never be seen in the resulting ‘merge’ (with steric hindrance 

between secondaries compounding the problem). [Such antibody blocking coupled to 

conventional fluorescence microscopy can be used to show that two antigens lie within a 

few nanometers of each other [386,389].] Moreover, in ‘super-resolution’ analyses like 

those illustrated in Figures 8Bv, 9E, and 12F, we would expect such antibody blocking 

to reduce the PDF seen at the shortest NN distances (i.e., in the first bin) – as is the case. 

When determining if two markers lie closer together than expected by chance, a 

data set was generated by randomly distributing red and green foci at the same density as 

found experimentally; then NN distances in the randomly-generated set were compared 

with those found experimentally. However, it could be argued that the randomly-

generated set only provides an imperfect control, perhaps because not all the volume 

might be accessible to the molecules under test [390]. Nevertheless, a protein of the size 
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of a GFP-tetramer (108 kDa) is free to diffuse throughout nuclear space irrespective of 

chromatin density [391]. 

Then, the ‘imperfect’ colocalization seen might result from (i) sites of nuclear 

translation being genuinely some distance apart from factories (i.e., up to 750 nm away), 

and/or (ii) puromycylated peptides (or ‘spliced out’ CD2 intron) made in factories might 

diffuse away to accumulate at some nearby site before exiting to the cytoplasm (or before 

nucleolytic degradation; but see Refs [392-394]), and/or the poor resolution of our 

approach. 

4.5 Nuclear translation depends on ribosome activity 

In all three approaches I used – Aha and puromycin incorporation plus CD2 

expression – the appearance of newly-made nuclear protein was susceptible to translation 

inhibitors acting directly on the ribosome (Figs 3.2, 3.4, 3.7, 3.8, and 3.12). I now list all 

other known mechanisms of forming a peptide bond; none have the required sensitivities 

to the drugs. 

1. Post-translational amidation [395-397]. [Any such α-amidation of an amino acid 

(Aha and puromycin in this case) to the C-terminus of a peptide chain would be 

independent of tRNA-mediated peptidyl-transferase activity, and thus should not 

be inhibited by anisomycin (which inhibits translation by acting on the peptidyl-

transferase centre of the ribosome).] 

2. Transglutamination [398]. [This is another post-translational method of peptide-

bond formation (between the amine-group of lysine and carboxamide group of 

glutamine) by the enzyme, transglutaminase. Such a transglutaminase activity 

may be imagined to bond Aha or puromycin to free amine groups on peptides, and 

it should not be inhibited by anisomycin. It is also known not to be inhibited by 
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cycloheximide [399]. Moreover, transglutaminase activity is Ca
2+

 dependent 

[398], and the Ca
2+

 concentration is known to be higher in the cytoplasm of HeLa 

[400,401] (the cells I use for experiments with Aha and puromycin) as compared 

to the nucleus.] 

3. L/F-transferase activity [402,403]. [L/F transferase is a prokaryotic enzyme that 

normally degrades proteins from the N-terminus; however, it can add amino acids 

at the N-terminus (but not the C terminus). It has not been found in eukaryotes, 

but – if present – it would not be expected to lead to puromycin incorporation 

(which is incorporated only at the C-terminus of peptides as it has an amine-group 

and so can form a peptide-bond [404-406], but not a carboxyl-group necessary for 

addition at the N-terminus). Although L/F transferase is stimulated by aminoacyl-

tRNA [403], and puromycin is a competitive inhibitor (but is not incorporated into 

the growing peptide) [407], an equivalent activity cannot be responsible for the 

incorporation seen.] 

4. For a review of all other known mechanisms of non-ribosomal peptide synthesis 

see Ref [408].  None are sensitive to translation inhibitors like anisomycin. 

Recently, one of the strongest critics of ribosome-mediated nuclear translation 

reviewed alternative mechanisms for nuclear peptide synthesis, and could suggest nothing 

other than a peptidyl-transferase activity of the large subunit (60S) of the eukaryotic 

ribosome [365] – with arguably the strongest evidence being the presence of this subunit 

in the nucleus (like the small subunit, it is made in the nucleolus [371]). However, there 

remains no evidence that the 60S subunit can independently add amino acids to peptides 

post-translationally, or condense free/bound amino acids with each other. 

If translation does not occur in the nucleus, what other explanations might there be 

for the signals seen on incubation with Aha and puromycin? One possibility is that these 
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precursors might stick preferentially to some unknown nuclear binding site. This seems 

unlikely. First, when an Aha pulse is followed by a methionine chase, both nuclear and 

cytoplasmic signals fall with similar kinetics at both 4˚C and 37˚C (Section 3.2.2; Fig. 

3.3B,C,D). If we assume the cytoplasmic signal is due to ribosome-mediated 

incorporation into peptides, then any hypothetical nuclear binding site must fortuitously 

release its bound Aha in exactly the same way (at both temperatures). However, the 

reduction in nuclear and cytoplasmic Aha signal is simply explained by degradation of 

Aha-tagged (nascent) proteins at 37˚C (but not at 4˚C). Second, the Aha signal increases 

in presence of the proteasomal inhibitor – MG132 (Fig. 3.3F); this is easily explained by 

proteasomes degrading peptides. Third, the changing patterns seen after a puromycin 

pulse require complicated changes in the affinity of any hypothetical binding site; after 5 

s bright punctate nuclear foci are seen, after 30 s these have become fainter and more 

diffuse, and by 30 s the signal is more uniformly distributed throughout the nucleus and 

cytoplasm (Fig. 3.6). Such temporal fluctuations are simply explained if puromycin is 

incorporated into nascent peptides which soon dissociate to become concentrated at 

export sites in the SER – all as expected (Fig. 3.6F). 

In the absence of any known mechanisms for adding Aha and puromycin to 

nascent peptides in the nucleus, and having excluded the trivial possibilities that the two 

compounds are binding to hypothetical sites within nuclei that have extraordinary 

properties, I conclude that translating nuclear ribosomes incorporate the two labels in the 

expected manner. 

4.6 Nuclear translation is not induced by stress 

As cells are starved of methionine before incubation with Aha, or pre-treated with 

cycloheximide before adding puromycin, it was possible that stress induced by the pre-
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treatments [409,410] might be responsible for the nuclear translation. This is unlikely. 

First, Aha is still mainly incorporated into nuclei in the absence of starvation (Fig. 3.2E). 

[Methionine starvation for 5-15 min increased Aha incorporation maximally; starvation 

for 30 min led to less Aha incorporation (data not shown).] Second, a pulse of puromycin 

gave higher nuclear signal without cycloheximide pre-treatment (Fig. 3.5). [However, the 

cytoplasmic signal increased, and thus the number of puromycylated peptides transported 

to the SER increased, irrespective of their synthesis site.] I conclude that nuclear 

translation is not a stress-induced-response.  

4.7 Translation in the nucleolus? 

 David et al. [364] observed significant nucleolar labelling after performing an 

analogous experiment to the one I performed (Section 3.3.1) – but my experiment 

differed in two significant ways: cells were permeabilized after (not before) adding 

puromycin (to avoid the criticism that cytoplasmic ribosomes might enter nuclei on 

permeabilization), and the puromycin pulse was for 5 s and not 5 min (to minimize the 

chance that puromycylated peptides could leave the synthetic site). Like David et al. 

[364], I saw bright nuclear signal (as well as cytoplasmic signal), but – unlike David et al. 

[364] – my nuclear signal was punctate and not diffuse (Figs 3.5A,B and 3.6B). This is 

probably because puromycylated peptides soon leave their synthetic sites to become 

uniformly distributed throughout the nucleus and concentrated at the peri-nuclear SER. 

Unlike David et al. [364], I found no bright nucleolar signal (even when I did a 5-min 

puromycin pulse; Fig. 3.7). Presumably the differences arise from the effects of 

permeabilizing cells before adding puromycin and fixation – which might improve access 

of the anti-puromycin antibodies to the nucleolus (which might then bind non-specifically 

to the high concentration of nucleolar RNA). I also note that the prior permeabilization 
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used by David et al. [364] extracted essentially all cytoplasmic ribosomes (but 

presumably not those in the nucleolus), and this would inevitably reduce non-nucleolar 

signal (and so make it easier to see a faint nucleolar signal against the resulting lower 

background). 

If some translation does indeed occur in nucleoli, what role might it play? Perhaps 

it reflects a quality-control mechanism; it would seem sensible to check that a newly-

assembled ribosome could translate an mRNA before exporting that ribosome to the 

cytoplasm [411]. Alternatively, the nucleolar signal could simply represent the inevitable 

background found with any imperfect mechanism – nucleoli contain such a high 

concentration of ribosomes that it is inevitable that some mRNAs find their way to the 

nucleolus where they might be translated [412]. 

4.8 Comparing methods for localizing sites of translation 

Translation sites were traditionally detected by growing cells in radioactive amino 

acids and localizing incorporated label by autoradiography. More recently, higher-

resolution and non-radioactive alternatives have been developed involving analogues 

such as Aha [413-415], Hpg (homopropargylglycine) [414], puromycin [364,416,417], O-

propargyl-puromycin [418], as well as amino acids containing non-radioactive but stable 

isotopes [419]. Unfortunately, the newly-incorporated analogues/isotopes are not always 

in the same places [420,421]. For example, immunodetection of puromycin [417] and 

click-detection of O-propargyl-puromycin [418] give different results, and it has been 

argued the latter gives the most accurate localizations [418,422]. I now review the 

controversy (which involves labelling for >10 min, and so provides plenty of time for 

newly-made proteins to move away from their site of synthesis). 
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First, O-propargyl-puromycin incorporation into newly-synthesized proteins gives 

a localization pattern similar to that observed after incorporation of Aha and Hpg (i.e., 

robust signals are seen in the nucleolus, nucleus, and cytoplasm) [413-415]. This is 

consistent with the high amounts of nuclear and nucleolar proteins detected by mass-

spectrometry of newly-synthesized Aha-bearing peptides (using BONCAT) [423], and 

with the observation of newly-synthesized proteins in the nucleus (detecting using 

tritiated puromycin) [416]. Such a localization pattern is claimed to be the natural 

distribution of newly-synthesized proteins in the cell (as other methods give similar 

results). However, this pattern is unlike that observed by immuno-detecting 

puromycylated peptides [417,421]. 

Second, the cycloheximide pre-treatment used with puromycin might distort the 

pattern. Thus, the pre-treatment was assumed to limit the puromycin-bearing new 

peptides to actively-translating ribosomes, and permeabilization before fixation was 

assumed to wash away any free puromycin-bearing peptides [424]. But both could distort 

the localization pattern, and yield results incomparable with those obtained without 

cycloheximide pre-treatment [417,418,422]. 

Third, the probable reason for the robust nuclear and nucleolar signal obtained 

when using click-chemistry to detect O-propargyl-puromycin-bearing peptides (compared 

to the relatively  low nuclear signal seen when detecting puromycin-bearing peptides 

using an anti-puromycin antibody) was claimed to result from the better access of the 

smaller fluorescently-tagged azide compared to the bulkier antibodies [422]. 

The group that uses puromycin and an anti-puromycin antibody to detect 

puromycylated proteins support their approach as follows [417,421]: (i) Starving cells of 

methionine before incubation with Aha or Hpg could stress them to alter the localization 
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pattern. (ii) Puromycin-bearing peptides detected by the anti-puromycin antibody were 

mostly localized to cytoplasm rather than plasma membrane as claimed by Liu et al. 

[418]. 

In my work, I used both Aha and puromycin. The above debate [421,422] may be 

resolved as follows:  

1. Unlike Aha (which is incorporated like the natural precursor, methionine), 

puromycin causes premature release of nascent peptides [383], which are then 

exported through the ER-Golgi pathway [364,384]. Thus, on extended incubation 

(in the order of minutes or hours) in Aha, import of newly-synthesized Aha-

tagged peptides from cytoplasm into the nucleus adds to the nascent Aha-bearing 

peptides synthesized in the nucleus; this increases nuclear signal. On extended 

incubation in puromycin, the puromycylated peptides dissociate from translating 

ribosomes (nuclear as well as cytoplasmic) to become concentrated at exit sites on 

the SER (so causing a higher signal in the peri-nuclear cytoplasm). These 

differences explain why Aha-bearing peptides tend to be more nuclear. Note that I 

have shown in Figure 3.2E that methionine starvation before the Aha pulse does 

not distort the localization pattern. 

2. After a long puromycin pulse, puromycylated peptides are seen in nuclei using an 

anti-puromycin antibody (Supplementary Fig. 3 in Schmidt et al. [417]); similarly, 

after a long pulse with O-propargyl-puromycin and click chemistry, nuclear signal 

is significant (Fig. 2 in Liu et al. [418]). Further, work by David et al. [364] and 

my work here, show that the anti-puromycin antibody can label nuclear 

puromycin-bearing peptides, although access to the nucleolus (if labelling truly 

reflects specific, and not non-specific, binding) may depend on whether 

permeabilization is carried out before or after fixation. [Note the robust nucleolar 
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staining observed by Liu et al. [418] using O-propargyl-puromycin, involves 

fixation with methanol, which is known to permeabilize effectively and precipitate 

proteins [425].]  

3. On extended incubation with puromycin, it is observed that the peri-nuclear space 

in the cytoplasm has higher signal (from puromycin-bearing peptides) than the 

nucleus, irrespective of whether puromycin is detected using an anti-puromycin 

antibody (Supplementary Fig. 3, in Schmidt et al. [417]) or O-propargyl-

puromycin is detected by click chemistry (Fig. 2 in Liu et al. [418]). Any 

interpretation claiming biased detection of puromycin-bearing peptides (by anti-

puromycin antibody) at the plasma membrane is mis-placed, as it is impossible to 

conclude this from the work of Schmidt et al. [417] (Supplementary Fig. 3) and 

cannot be concluded from this work or David et al.’s [364] work. 

4. Cycloheximide pre-treatment before a puromycin pulse only partially inhibits 

release of puromycylated peptides from translating ribosomes [383,426], and 

slows translation. In other words, cycloheximide should generally reduce the 

signal seen in both nucleus and cytoplasm. And after puromycin pulses of more 

than 1 min, the pool of free puromycylated peptides [426] becomes large enough 

to obscure the underlying translation sites (Figs 3.6 and 3.7). Only with 

puromycin pulses of ~5 s do most nascent puromycylated peptides remain at 

translation sites (Figs 3.5, 3.6B, 3.8, and 3.9).  

In conclusion, I suggest that concerns regarding the use of puromycin to localize 

nascent peptides [365] are unfounded, provided that short pulses of ~5 s are used. 

I have observed in published work that the distribution newly-synthesized 

peptides can differ depending on the detection method. I now discuss these cases. 
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1. A probe might favour certain cellular compartments. For example, when 

examining the distribution of Aha-bearing peptides in live cells, the copper used 

in ‘Cu(I)-catalyzed azid-alkyne cycloaddition’ (CuAAC) [427] is cytotoxic; an 

alternative is to use ‘strain promoted azide-alkyne cycloaddition’ (SPAAC) [428-

430]. SPAAC uses fluorescently-labelled ‘strained cyclooctynes’ as probes, but 

these are known to have azide-independent binding-affinity for certain cellular 

structures – in particular those rich in single peptidyl-cysteines (the reduced form 

of cystines formed by disulphide linkage of cysteines in proteins). [The chemistry 

involves a thiol-yne addition [431].] Such cysteines will be present in the reducing 

environment of the eukaryotic cytoplasm [432], and this explains the bias towards 

cytoplasmic staining by ‘strained cyclooctynes’ [429,433-435]. A second example 

is provided by the fluorophore – BODIPY (boron-dipyrromethene/4,4-difluoro-

5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene), which has been used as either 

BODIPY-alkyne [414] or BODIPY-cyclooctyne [435] to localize Aha-tagged 

peptides, and as BODIPY-lysine-tRNA [362] to detect BODIPY-lysine-tagged 

(nascent) peptides. BODIPY is a known lipophilic dye and is commonly used to 

detect neutral lipids and lipid droplets (LD), which are present in high 

concentration in the eukaryotic cytoplasm [436,437]. As a result, BODIPY-tagged 

probes tend to label the cytoplasm preferentially (as is evident in Figure 1 of 

Beatty and Tirrall [414], where BODIPY-alkyne – but not other fluorescent-

alkynes – preferentially labels the cytoplasm in a way that is inert to competition 

by methionine or inhibition by anisomycin). 

2. Attaching a tag like biotin that is found in a particular compartment of the cell. 

Biotin-lysine-tRNA has been used to localize biotin-lysine-bearing peptides [362]; 

however it is known that endogenous biotin is common in the cytosol and 
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mitochondria [438-440], and this underlies the high cytoplasmic and 

mitochondrial staining by anti-biotin antibodies or fluorescently-labelled 

avidin/streptavidin. 

4.9 Substantial translation occurs in the nucleus 

It is widely accepted that most translation in eukaryotic cells occurs at the RER 

[366], and that no translation occurs in the nucleus [363]. My work shows that substantial 

translation occurs in the nucleus. What might be the reason for the discrepancy? I believe 

there is a simple explanation consistent with all the data. This explanation should be 

viewed against the background that ~95% newly-made RNA in the nucleus never reaches 

the cytoplasm as mRNA [441] (much of it is intronic RNA that is degraded co-

transcriptionally [442-445]), and >30% of newly-made protein is also destroyed soon 

after it is made (as many proteins misfold) [446-448]. Although such synthesis and 

destruction might appear wasteful to us, it nevertheless constitutes an integral part of cell 

metabolism. 

I incubate cells with tagged precursors (i.e., Aha and puromycin) for a shorter 

period (i.e., 5 s) than used hitherto, and I find that these tags are incorporated into 

(nascent) peptides – in both the cytoplasm and nucleus (Figs 3.4 and 3.5) – that have half-

lives of ~50 s (Fig. 3.3E). As a ribosome polymerizes ~5 amino acids per second [382], 

and so completes a typical human protein with ~400 amino acid residues [449,450] in ~80 

seconds, this means that incorporated precursors are predominantly found in nascent 

peptides (i.e., those still associated with the ribosome). Thus, I can class labelled-peptides 

into two groups: 

1. The rapidly-degrading proteins/peptides (similar to RDPs [451]; with a half-life of 

~50 s). After labelling for longer than one minute, this significant majority of 
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peptides will have left the synthetic site (Fig. 3.6D), and/or been degraded (Fig. 

3.3E); then, longer pulses will lead to almost no accumulation of such tagged 

precursors in newly-made proteins. 

2. The stable/slowly-degrading proteins (similar to SDPs [451]). This minority (as 

seems plausible; Section 3.2.2) of proteins (presumably made in the cytoplasm, 

although I have not disapproved their nuclear synthesis) do fold correctly and 

persist for many minutes (the half-life of a typical human protein is between 30-

120 min [452]). Then longer pulses will inevitably lead to an accumulation of 

tagged precursors in such newly-made (but no longer nascent) proteins (Figs 3.2, 

3.3 and 3.6D). 

Given that, after 2 min of Aha-pulse, the nuclear signal is approximately equal to 

that of cytoplasmic signal (Fig. 3.2D), and both signals decay during a chase with similar 

kinetics, the amount of remaining peptides (at a definite time-point during the chase) is 

similar in both compartments. However, I have not done any experiments to resolve what 

fraction of these proteins is rapidly degraded, or are more stable. Therefore, I cannot see 

what fraction of a typical protein in the cell was made in the nucleus. 

This complex overlap in sub-populations of newly-made (including nascent) 

peptides gives us a limited scope for observing nascent peptides. The way I overcome this 

limitation is to use short pulses rather than longer ones. In other words, a 5-s pulse 

provides a better snapshot of where peptides are being made than longer pulses. 

4.10 Translating nuclear ribosomes proofread nascent transcripts 

We have seen that protein/peptide turnover in both the cytoplasm (due to presence 

of cytoplasmic peptidases [453]) and the nucleus is rapid (the half-lives of newly-made 

peptides in both compartments are similar – about 50 s; Fig. 3.3E); this makes overall 
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protein synthesis inefficient [454]. But might the (inefficient) nuclear protein synthesis 

play some role? The obvious answer (in addition to the proposed role in generating MHC 

class I antigens [455]) is that it is involved in proof-reading the newly-made message, 

prior to export to the cytoplasm and mass production of protein [456,381]. Proof-reading 

involves the (nuclear) NMD pathway which recognizes a premature termination codon 

(PTC) in a mis-spliced mRNA, and triggers RNA degradation [376-378]. As a translating 

ribosome is the only known mechanism for detecting a PTC [374,375], it follows that the 

nuclear peptide synthesis seen results from the action of proof-reading (nuclear) 

ribosomes. 

I tested whether a PTC in an artificial Cd2 gene triggered RNA degradation via 

NMD. Levels of Cd2 RNA were monitored using RNA FISH with intronic probes; direct 

introduction of a PTC into the gene, or addition of SSA [457] to inhibit splicing and so 

prevent the removal of stop codons in introns, reduced levels of nascent CD2 RNA (Fig. 

3.13C). As adding cycloheximide and anisomycin reversed this effect (Fig. 3.13C), a 

translating ribosome was involved. Further, this process occurred in the nucleus as the 

RNA FISH signal was nuclear (Fig. 3.13B), as expected when targeting an intron [458-

460]. All these results are consistent with a translating nuclear ribosome detecting the 

PTC and triggering NMD [374,375]. 

4.11 Ribosomes can translate introns 

If a ribosome were to translate an unspliced transcript, it would soon terminate at 

a stop codon in an intron; this would generate a truncated peptide that would probably be 

toxic to the cell. Therefore, the cell must find some way of preventing a ribosome from 

translating an intron [369]. This could be achieved in a number of ways including the 

exclusion of active ribosomes from the nucleus, the positioning of the ribosome within a 
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transcription factory so that it could only act on the spliced message, and by marking the 

intron in some way that would prevent ribosome action. Therefore, I was curious to see if 

an intron could be translated by a ribosome. Therefore, I transfected a vector encoding the 

haemagglutinin (HA) tag [461] within a Cd2 intron into cells, and tried to detect the HA 

tag by indirect immuno-labelling. Only very low levels were seen (Fig. 3.14A); this is 

expected, as splicing should remove the intron encoding the tag. However, when splicing 

was prevented using SSA [457], HA was detected (Fig. 3.14B). Clearly, ribosomes can 

translate intronic RNA. Therefore, I suggest that nuclear ribosomes are normally 

prevented from translating introns because they are so positioned within a transcription 

factory that they only act on the maturing transcript once it has been spliced (Fig. 4.1). 

 

Fig. 4.1. A model for transcript processing. The CTD of RNAPII is known to regulate transcript 

processing co-transcriptionally. Adapted with permission of [Journal of Cell Science], from (Iborra et al. 

[456], © 2004); permission conveyed through Copyright Clearance Center, Inc. 

A. The CTD potentially associates with sites involved in capping [462], RNA degradation [463-465], 

translational proofreading [362,381], proteolysis [362], splicing and polyadenylation [466]. 

B. Transcription began as the template (DNA with exons and introns) bound to the polymerizing complex 

and was reeled in as the transcript was extruded; the CTD is now hyper-phosphorylated, and a cap has been 

added. 

http://jcs.biologists.org/
http://jcs.biologists.org/
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C. The transcript (pre-mRNA) continues to be extruded through a splicing site as the ribosome/NMD 

machinery begins proofreading the now-spliced message (and so does not read introns that contain many 

termination codons). 

D. Once introns are removed (lariat; subjected to RNA degradation), the transcript is cleaved, 

polyadenylated, and exported to the cytoplasm (now called mRNA); but if errors are detected, the faulty 

transcript and peptide produced during proofreading are degraded by nucleases and proteasomes. 
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Chapter 5 

Isolating transcription factories 

5.1 Introduction 

Mammalian nuclei contain three types of RNA polymerases that are now 

classified according to the genes they transcribe – RNA polymerases I (RNAPI), II 

(RNAPII), and III (RNAPIII) [467]. RNAPI makes 45S ribosomal RNA (rRNA), RNAPII 

transcribes most protein-coding genes to generate messenger RNAs (mRNAs) and some 

small RNA genes, while RNAPIII produces transfer RNA (tRNA), 5S rRNA, and various 

other small RNAs (including 7SK small nuclear RNA). The first is active in the 

nucleolus, and the other two in the nucleoplasm. 

 Due to the vital role played by these polymerases, there has been a huge effort to 

evaluate their structure and function. As a result, the structures of the core enzymes of 

RNAPI, RNAPII, and RNAPIII have been solved, and their functions have been 

monitored in vitro [468]. However, the activity of each polymerase depends on many 

additional transcription factors [469], while RNAPII also associates with large complexes 

involved in – for example – capping, splicing, polyadenylation and quality control [470-

472]. As we have seen, a number of these mega-complexes cluster to form factories 

where they transcribe two or more templates [473]. However, the existence of such 

transcription factories has been controversial, largely because they have not yet been 

isolated [474]. 

 Two factors have made isolation of transcription factories – and active RNA 

polymerases – difficult: 
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1) Only a minority of the RNA polymerases in the cell are active at any moment; the 

majority form an inactive – and obscuring – pool [475,476]. These inactive forms are 

easy to isolate, and – as a result – most studies have been performed using them. 

2) The active fraction is tightly attached to the nuclear sub-structure [476,477], and this 

inevitably makes it difficult to isolate. 

Therefore, we first permeabilize cells in a ‘physiological buffer’ [478] so that 

much of the inactive (soluble) fraction is lost. After isolating nuclei, most chromatin is 

then detached using DNase, and the nuclei washed. The active fraction – which is still 

bound to the sub-structure – pellets with the chromatin-depleted nuclei. As caspases are 

known to deconstruct nuclei in vivo [479,480], we now use them to release active 

polymerases from the sub-structure (core subunits of the three polymerases lack sites 

recognized by the caspases selected for use, with the exception of RPB9). Three kinds of 

mega-complexes are then released from the sub-structure, and these were now partially 

resolved in 2D ‘native gels’ [481] (Fig. 5.1.). Finally, the regions of the gels containing 

the mega-complexes were excised from the gels, and their proteomes analyzed by mass 

spectrometry. 

 Each mega-complex contained the core of a factory, and each complex is named 

after the type of polymerase it contains. Thus, complex I contained 3 subunits unique to 

RNAPI, and complex II contains 5 subunits unique to RNAPII (both also contained some 

shared subunits). Each complex also possessed a characteristic set of proteins. For 

example, 83% of the proteins in complex I were also present in the proteome of isolated 

nucleoli [482], complex II contained various general transcription factors (e.g., ATB1, 

TFIIH subunit 1, CTCF) and specific regulators (e.g., SAFB1 and B2, SF1, CAF1 subunit 

B) while complex III contained proteins such as Lupus La and EXOSC6. All three 
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complexes shared many proteins involved in DNA and RNA metabolism (e.g., RNA 

helicase A and DDX1, hnRNP A2/B1, U2AF65). 

 Each complex also contained the expected nascent transcripts (detected using RT 

PCR using intronic probes). For example, relative to complex II, complex I and complex 

III contained at least 30-fold more nascent 45S rRNA and ‘7SK RNA and tRNA-leu 

(CAA)’, respectively. Each complex also remained associated with residual DNA 

fragments of the expected type (inevitably not all DNA is removed by treatment with 

DNase I); for example, complex I was richest in (residual) ribosomal DNA, complex II in 

DNA encoding three RNAPII transcripts (RPS6, ARHGAP5, and MIR191), and complex 

III in the RN7SK and tRNA-leuCAA genes. 

  My contribution to this study was to use conventional immuno-fluorescence, the 

‘in situ proximity ligation assay (in situ PLA)’ [483], and ‘antibody blocking’ [484,485] 

to  confirm – for example – that selected proteins found only in complex II were found 

close to active RNAPII in fixed cells.  
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Fig. 5.1. Purification procedure. Adapted from Melnik et al. [486]. 

A. Strategy. Cartoon shows a chromatin loop with nucleosomes (green circle) tethered to a polymerizing 

complex (oval) attached to the substructure (brown). The cells are permeabilized and in some cases a ‘run-

on’ is performed in [
32

P]UTP so that nascent RNA can be tracked. The nuclei are then washed with NP-40, 

most of the chromatin is detached with a nuclease (here, DNase I), the chromatin-depleted nuclei are 
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resuspended in nuclear lysis buffer (NLB) and polymerizing complexes are released from the substructure 

with caspases. After pelleting, chromatin associated with polymerizing complexes in the supernatant is 

degraded with DNase I, and the complexes are partially resolved in two-dimensional (2D) gels (using blue 

native and native gels in the first and second dimensions, respectively); rough positions of complexes (and a 

control region, labelled ‘C’) are shown. Finally, different regions are excised, and their content is analyzed 

by mass spectrometry. 

B. Recovery of [
32

P] RNA, after including a run-on. Fractions correspond to those at the same level in A. 

C. Run-on activity assayed later during fractionation (as in A, but without run-on at beginning). Different 

fractions, with names as in A, were allowed to extend transcripts by <40 nucleotides in [
32

P]UTP, and the 

amount of [
32

P]RNA per cell was determined by scintillation counting. Fractions ‘2pellet’ and ‘4pellet’ 

were also resuspended in NLB before run-ons were performed; results indicate that NLB reduces 

incorporation to half or less. Despite this, ‘5super’ has 25% of the run-on activity of permeabilized cells 

(‘2pellet’), which is equivalent to half of the original (after correction for the effects of NLB). 

 

5.2 Materials and methods   

5.2.1 Conventional immuno-fluorescence colocalization 

HeLa cells growing on coverslips were processed for conventional immuno-

fluorescence (Section 2.3.2). Antigens were indirectly immuno-labelled with the rabbit 

antibody targeting phospho-serine 2 in the C-terminal domain of the largest subunit of 

polymerase II, and the goat anti-CTCF, followed with a secondary donkey anti-rabbit IgG 

tagged with Cy3 and chicken anti-goat IgG tagged with Alexa488. Images were acquired 

with the confocal microscope. 

5.2.2 in situ PLA 

 HeLa cells growing on coverslips were processed for in situ PLA (Section 2.3.2). 

Antigens indirectly immuno-labelled with various primary antibodies: (i) a mouse 

monoclonal against RPC32, a subunit of RNA polymerase III, (ii) a rabbit polyclonal 
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targeting phospho-serine 2 in the C-terminal domain of the largest subunit of RNA 

polymerase II, (iii) goat polyclonal antibodies against CTCF or EXOSC6, and (iv) a 

normal goat IgG. This was followed with the secondary antibodies (covalently attached to 

oligonucleotides), which were either ‘Duolink II PLA probe anti-mouse PLUS’ or 

‘Duolink II PLA probe anti-rabbit PLUS’ applied with ‘Duolink II PLA probe anti-goat 

MINUS’. 

5.2.3 Antibody-blocking assay 

 HeLa cells growing on coverslips were processed for antibody-blocking assay 

(Section 2.3.2). Antigens indirectly immuno-labelled with various primary antibodies: (i) 

mouse monoclonal antibodies directed against Sp3 and ATRX, (ii) goat polyclonal 

antibodies against CTCF, EXOSC6, DDX1, hnRNP A2/B1, Lupus La, U2AF65, and (iii) 

normal mouse or goat IgG. The detection antibodies were either the mouse monoclonal 

antibody against RPC32 or the rabbit polyclonal antibody against phospho-serine 2 in the 

C-terminal domain of the largest subunit of RNA polymerase II. Fluorescently-tagged 

antibodies were a donkey polyclonal raised against either mouse IgG (tagged with Cy3) 

or rabbit IgG (tagged with Cy3). 

5.3 Results 

5.3.1 Conventional immuno-fluorescence colocalization 

 I begin with an example using conventional immuno-fluorescence to highlight the 

problems inherent in this approach. Figure 5.2 shows a representative confocal section of 

a HeLa cell nucleus (stained blue with DAPI). The ‘active’ form of RNAPII is immuno-

labelled red (using an antibody against the phospho-serine 2 in the C-terminal domain of 

the largest subunit of RNAPII); this antibody is not expected to detect the majority of 
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RNAPII which is present in the soluble pool. CTCF – which is found in complex II with 

RNAPII, is immuno-labelled green. It is evident that the localization pattern of both 

RNAPII and CTCF within the nucleus is complicated, and determining whether they 

colocalize significantly or purely as a result of random chance is difficult. A line scan 

through the middle of this image shows that many peaks of RNAPII (red) overlap peaks 

of CTCF (green); however, many red and green peaks do not overlap. Perhaps the best 

statistic of the degree of colocalization in such complex images is that developed by van 

Steensel et al. [487,488]. The test involves separating the red and green channels, linearly 

shifting the red channel over the green channel in the x-direction by one pixel at a time 

(up to twenty pixels on either side), and plotting the cross-correlation function (CCF) 

represented by Pearson’s correlation coefficient (R). A bell-shaped curve peaking about 

the median y-axis (∆x = 0) then indicates some colocalization between red and green 

signals (the higher the peak, the greater the degree of colocalization). If the curve dips at 

∆x = 0, then the two patterns are mutually exclusive. And if the curve remains flat at ∆x = 

0, results are consistent with a random distribution of signals in one channel relative to 

the other. The curve obtained with this representative image is almost flat, indicative of 

only the slightest colocalization of RNAPII and CTCF.  
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Fig. 5.2. Immuno-fluorescence colocalization assay.  

HeLa cells were fixed, RNAPII (detected using an antibody recognizing phospho-serine 2 in the C-terminal 

repeat in the largest catalytic subunit, followed by a Cy3-tagged secondary) and CTCF (indirectly immuno-

labelled with Alexa488) were detected by immuno-fluorescence. Optical sections of DAPI counterstained 

cells were imaged using a confocal microscope. Adapted from Melnik et al. [486]. 

A. Here, the merged image illustrates a single equatorial confocal section and the complex distributions of 

RNAPII (red) and CTCF (green) in a HeLa nucleus stained with DAPI (blue). Bar: 5 µm; arrowheads mark 

position of line scan. 

B. The line scan illustrates overlap between red and green signals; it is difficult to establish the degree of 

co-localization (if any) as so many pixels contain signals. 

C. This graph illustrates one approach [487] that can be used to establish the cross-correlation function 

(CCF) of the red and green components in the image (determined by shifting the red component by ± 20 

pixels in the x axis, and plotting Pearson’s correlation coefficient, R, against ∆x. A peak at ∆x = 0 would 

indicate colocalization between red and green foci, but the peak height is small and the peak width broad, 

thus remaining ambiguous in suggesting colocalization of RNAPII and CTCF. 

 

 Several inter-related reasons make the use of this approach problematic here. 

First, a minority of CTCF is likely to be found inside a factory, as ≥ 90% of ~10 other 

transcription factors are in the soluble pool and not in factories [476]. Second, markers 

like transcription factors are distributed throughout nuclei to yield immuno-fluorescence 

images in which most pixels contain signal above background (even in a single confocal 

section); then, two such markers inevitably overlap [489]. Third, the light microscope has 

a resolution of ~200 nm at best (compared to a ~90-nm factory [490,491]). 

 

5.3.2 The proximity ligation assay (in situ PLA) 

 In situ PLA has been little used to evaluate proximity of protein molecules in cells 

as it is such a demanding technique; however, a kit is now commercially available. I used 

it to test the proximity of (i) ‘active’ RNAPII (using an antibody against the phospho-
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serine 2 in the C-terminal domain of the largest subunit of RNAPII) and (ii) RNAPIII 

(using an antibody against its RPC32 subunit) relative to candidate proteins from complex 

II (i.e., CTCF) and complex III (i.e., EXOSC6). Fig. 5.3 shows representative images (2D 

projections of a z-stack of confocal sections) of nuclei stained with DAPI (blue) and 

rolling circle products marking the localizing proteins labelled red. The in situ PLA for 

CTCF (a complex II protein) with RNAPII (the best marker for a polymerase II factory) 

shows significantly more red foci than with RNAPIII. The bar graph summarises 

quantitatively the results of the in situ PLA. CTCF has significantly higher association 

with RNAPII than with RNAPIII; moreover, RNAPIII has significantly higher 

association with EXOSC6 (a protein found exclusively in complex III) than with CTCF 

or a non-specific immunoglobulin G (IgG). These results confirm the results obtained by 

mass-spectrometry; proteins co-associating in a complex are indeed associated in fixed 

cells with the appropriate polymerase. 
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Fig. 5.3. In situ proximity ligation assay ( in situ PLA).  

HeLa cells were fixed, RNAPII (detected using an antibody recognizing phospho-serine 2 in the C-terminal 

repeat in the largest catalytic subunit), RNAPIII (detected using an antibody recognizing the RPC32 

subunit), CTCF and EXOSC6 were indirectly immuno-labelled in pairs (RNAPII + CTCF, RNAPIII + 

EXOSC6, RNAPIII + CTCF, and RNAPIII + IgG) using secondaries conjugated to distinct 

oligonucleotides, followed by padlock probe hybridization and rolling circle amplification (RCA). Z-stacks 

of DAPI-stained cells were imaged using a confocal microscope. In the 2D projections of these z-stacks 

here, foci (red) mark sites where the two targets lay close together. Adapted from Melnik et al. [486]. 

A. Example. 

i. Antibodies targeting two components seen in the same complex (the active form of RNAPII and CTCF, 

which are both in complex II) yield nuclear foci, whilst 

ii. antibodies targeting two proteins seen in different complexes (the RNAPIII subunit RPC32 and CTCF) 

yield background numbers of foci. Bar: 10 μm. 

B. Quantitative results. Antibody pairs against RNAPII + CTCF (only in complex II), and RNAPIII + 

EXOSC6 (only in complex III) yield significantly more nuclear foci than those given by CTCF + RNAPIII 

(in different complexes) and RNAPIII and a control immunoglobulin (P < 0.0001; n = 27-39 cells; two-

tailed Student’s t test). 

 

5.3.3 Antibody blocking 

 I further evaluate some associations by assaying if antibody-binding against one 

of the partners blocks the detection of the other partner (Fig. 5.4). An antibody against 

CTCF (a protein found exclusively in complex II), blocks access of an antibody against 

the ‘active’ form of RNAPII, reducing the signal obtained by indirect immuno-

fluorescence (non-specific blocking is assessed using a non-specific IgG). Such blocking 

suggests that CTCF is closely associated with RNAPII. The bar graph summarises 

quantitatively the results of the antibody-blocking assay that proteins exclusively 

associated with complex II (CTCF, Sp3, and ATRX), significantly block the detection of 

RNAPII; similarly, proteins exclusively associated with complex III (Lupus La and 
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EXOSC6), significantly block the detection of RNAPIII (detected using an antibody 

against its RPC32 subunit) as compared to blocking RNAPII; again, proteins associated 

with all the three complexes, significantly block the detection of both RNAPII and 

RNAPIII. These results again validate the results obtained by mass spectrometry; proteins 

found together in the same complex are indeed associated with the representative 

polymerases in cells. 
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Fig. 5.4. Antibody blocking assay. Adapted from Melnik et al. [486]. 

A. Example of antibody blocking. HeLa cells were fixed, and incubated with two primary antibodies – one 

targets the active form of RNAPII (i.e., phospho-serine 2 in the C-terminal domain of the catalytic subunit) 

and the other was either 

i. a non-blocking control or 

ii. an anti-CTCF. 

After incubation with a secondary antibody tagged with Cy3 that targets only the anti-polymerase, images 

were collected. Active RNAPII is seen in factories throughout the nucleoplasm, but the anti-CTCF reduces 

signal (Aii); such blocking indicates that CTCF lies within a few nm of RNAPII. Bar: 10 μm. 

B. Colocalization revealed by antibody blocking. Fluorescent intensities over 5 nuclei in images like those 

in (Aii) were expressed relative to like those in (Ai). Antibodies targeting three proteins seen by mass 

spectrometry only in complex II (CTCF, Sp3, ATRX) block access of anti-RNAPII. Similarly, antibodies 

targeting two proteins seen only in complex III (Lupus La antigen, EXOSC6) block access of anti-RNAPIII 

(detected using an anti-RPC32 subunit and a Cy3-conjugated secondary); however, there is some blocking 

of access of anti-RNAPII by anti-La which (P = 0.02; n = 5 cells; two-tailed Student’s t test). Antibodies 

targeting proteins seen in all three complexes (DDX1, hnRNP A2/B1, U2AF65), block access of antibodies 

targeting both RNAPII and RNAPIII. Clearly, these pairs of epitopes lie sufficiently close together (i.e., 

within ≤ 10 nanometers) that the unlabelled antibody can block access of the labelled one. These results 

confirm those obtained by mass spectrometry and in Fig. 5.3. *: difference relative to the value given by a 

non-blocking control antibody was significant (P ≤ 0.0002; n = 5 cells; two-tailed Student’s t test). 

5.4 Discussion 

 In this study, we described a method for isolating large fragments of transcription 

factories as overlapping complexes on 2D gels. The three complexes obtained – 

complexes I, II, and III were named after the polymerases they contained. Mass 

spectrometry then revealed that each contained a characteristic set of proteins. As part of 

this collaborative study, I used immuno-fluorescence and its variants to validate some co-

associations seen. 
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 Traditionally, ‘immuno-fluorescence colocalization analysis’ has been a technique 

of choice to verify association of candidate proteins in cells. This has proved very useful 

when the candidate proteins are found in a few large sites in the cell. Then, when one of 

the candidate proteins is labelled red and another green, a yellow focus in the resulting 

image indicates colocalization of the candidate proteins. However, this approach has 

several disadvantages when protein targets (diameter ~5 nm) [492] are found in many 

small sites like transcription factories (diameter ~90 nm). First, the diffraction limit of 

light limits resolution of a microscope to (at best) ~200 nm in the xy-axis and ~500 nm in 

the z-axis [493]. Then, the red and green fluors contributing to a yellow focus can lie 

hundreds of nanometers apart. Second, assessing the ‘degree of colocalization’ in a 

complex image like that in Figure 5.2 is difficult. Third, it is often the case that the 

majority of the nuclear proteins of interest here (e.g., polymerases, transcription factors) 

are also found outside factories; for example, only about a quarter of the RNAPII in a cell 

is actively involved in transcription at any given time) [476]. Therefore, I used the 

following two higher resolution techniques. 

1. The in situ PLA can detect candidate proteins lying ≤40 nm apart. Figure 5.3A 

demonstrates the quality of PLA signals, which are observed as diffraction-limited 

fluorescent spots. I observed spots indicative of colocalization of CTCF (exclusive 

to complex II) with RNAPII, and of EXOSC6 (exclusive to complex III) with 

RNAPIII – compared to the fewer spots seen with CTCF (or a non-specific IgG) 

and RNAPIII. This again confirmed the results obtained by mass spectrometry. 

However, the number of spots observed was very low, raising doubts about the 

overall detection efficiency of the assay. This limitation might have been expected 

given its dependency on so many steps after the initial immuno-detection of 

candidate proteins, including (i) hybridization of the padlock probes with two 
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different oligonucleotides (attached to the primary antibodies), (ii) ligation of the 

appropriate ends, and (iii) rolling circle amplification by the φ29 DNA 

polymerase. 

2. I also used the higher-resolution (~10 nm) antibody blocking technique (Fig. 2.2). 

This has the advantage of using traditional immuno-detection protocol without 

using further molecular processes as in in situ PLA, and it depends on the 

fluorescent detection of only one of the candidate proteins. As evident from Fig. 

5.4, candidate proteins found exclusively in complex II (CTCF, Sp3, ATRX) 

blocked the fluorescent detection of  RNAPII, those exclusively associated with 

complex III (Lupus La, EXOSC6) blocked access to RNAPIII (but not RNAPII), 

and still others associated with all three complexes (DDX1, hnRNP A2/B1, 

U2AF65) blocked detection of both RNAPII and RNAPIII. Thus, this assay also 

confirms the results obtained by mass spectrometry. 

 In conclusion, we partially purified three mega-complexes, each containing one of 

the three eukaryotic RNA polymerases. All three complexes have masses larger than the 

largest protein marker commercially available – 8 MDa [494]. Mass spectrometry 

revealed that each possessed a characteristic proteome, as well as many shared 

components. Of particular interest here is whether any proteins in complex II play roles in 

translation. Inspection of the ~500 proteins uncovered in complex II showed that 12 were 

ribosomal proteins; these could simply be contaminants. This compares with the 14 

ribosomal proteins detected in complex I (many ribosomal proteins are expected to be 

found in complex I, because polymerase I factories are embedded in the nucleolus – the 

site of ribosome assembly). However, and significantly, complex II contained 19 

initiation factors (e.g., subunits of eIF1A, eIF2, eIF3, eIF4A, eIF6), whilst complex I 
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contained only 2 (eIF4A-3 and eIF6). This is consistent with the ribosomes in complex II 

(but not complex I) being active [495].  

 All the experimental results described in this chapter have been published (Melnik 

et al.; [486]). The biochemical purification of factories performed in this study, along 

with other recent evidence indicating that active RNAPs are immobilized in factories 

[491], provide strong proof for the existence of transcription factories [496]. 
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Chapter 6 

Specialized ‘NFκB’ transcription factories 

6.1 Introduction 

There is growing evidence to support the concept that genes diffuse to 

‘transcription factories’ to be transcribed [497], and that some factories specialize in 

transcribing specific subsets of genes [498-500]. The nucleolus provides the prototypic 

example of such a dedicated factory: it contains RNA polymerase I that specializes in 

transcribing genes encoding rRNA to the exclusion of others [501]. Specialization is 

known to depend upon various gene promoters which fire when specifically bound to one 

of the three RNA polymerases; such specialization has been shown using RNA 

fluorescence in situ hybridization (RNA FISH) [502], or partial purification of such 

specialized factories [503]. All known protein coding genes are transcribed by RNA 

polymerase II, and the first experiments concluding that factories containing this 

polymerase involved PTF (‘proximal sequence element/PSE’ binding transcription 

factor). This transcription factor was found to be locally concentrated in ‘PTF domains’ 

within the nucleus, and these domains brought specific segments of certain chromosomes 

together to facilitate their transcription [504]. Genes encoding interleukins, when 

transcribed, are also shown to be anchored by SATB1 (special AT-rich sequence binding 

protein 1) [505] at TH2 cytokine-specific transcription factories in thymocytes [506,507]. 

Similarly, genes encoding all subunits of cytochrome c oxidase and glutamatergic 

neurochemicals are co-regulated by NRF1 (nuclear respiratory factor 1), and transcribed 

in special factories in neurons [508,509]. Erythroid specific genes also get together in 

specialized transcription factories [510] with the LCR (locus control region) [511,512], 
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and KLF1 (Kruppel-like factor 1) [513,514]. Numerous additional experiments performed 

in the past decade [515], and which use techniques like ChIP (chromatin immuno-

precipitation) [516,517] and 3C (chromatin conformation capture) [518] coupled to high-

throughput sequencing [519], are now extending such analyses genome wide. These 

approaches include 3C and it adaptations [520] such as ACT (associated chromosome 

trap) [521], 4C (3C-on-chip [522], or circular 3C [523]), e4C (enhanced ChIP 3C-on-

chip) [513], 5C (3C carbon copy) [524], 6C (combined 3C-ChIP-cloning) [525], Hi-C 

[526] and ChIA-PET (chromatin interaction analysis by paired-end tag sequencing) [527-

529]. All the results obtained with such approaches hint that co-expressed genes tend to 

be found together in 3D nuclear space, which is consistent with such genes being co-

transcribed in specialized transcription factories. 

A collaboration with Tatsuhiko Kodama’s research group (University of Tokyo; 

see Wada et al. [530]) revealed that the powerful cytokine, TNFα (tumour necrosis factor 

alpha), signals through NFκB (nuclear factor kappa B) to induce a subset of human genes 

in HUVECs (human umbilical vein endothelial cells) to fire quickly (within 10 min) and 

synchronously. One of these genes was SAMD4A – a very long gene of 221 kbp. To 

create a temporal ‘high-resolution map’ of one transcription cycle of this long gene Wada 

et al. used a 25-mer oligonucleotide tiling microarrays covering its length (Fig. 6.1). 

HUVECs were starved to synchronize them in the G0 phase of the cell cycle, TNFα 

added, cells collected thereafter every 7.5 min, total RNA isolated, and the RNA 

hybridized to the tiling microarray bearing probes complementary to SAMD4A. In Figure 

6.1, the height of the needles reflects the intensity of signal detected by each probe (red – 

intronic; yellow – exonic). A wave of red needles (intronic signal) sweeps down from 

‘Start’ (at 7.5 min) to ‘End’ (between 75-90 min); this signal is generated by the 

‘pioneering’ polymerase as it initiates (after ~7.5 min) and only reaches the terminus of 
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this long gene more than one hour later. Probes covering the first few kbps from the 

transcription start site (tss) also yield a signal throughout the period from 7.5-180 min 

(green rectangle in Fig. 6.1), suggesting that other polymerases continuously initiate and 

subsequently abort transcription in this region.  

 

 Fig. 6.1. A transcription wave visualized using microarrays. 

HUVECs were stimulated with TNFα, samples collected every 7.5 min for 3 h, and total nuclear RNA 

purified and hybridized to a tiling microarray bearing 25-mers complementary to SAMD4A. The vertical 

axis gives intensity of signal detected by intronic and exonic probes (marked by red and yellow needles, 

respectively). Gene length and genomic location are shown at top, probe positions within the gene from left 

to right; and time after stimulation from top to bottom. Purple arrowheads indicate the ‘Start’ and ‘End’ of 

the first wave of transcription that sweeps down the gene; the green rectangle marks the position of probes 

continuously yielding signal between 7.5–180 min, indicative of recurrent initiation; and the red sphere ‘1s’ 

indicates the target region for RNA FISH probes used in my experiments. Adapted from Wada et al. [530]. 
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Papantonis et al. utilized this system to prove that RNA polymerases, when 

actively transcribing, are fixed in factories [531]. A 3C experiment was done using two 

responding genes: a short 11-kbp gene – TNFAIP (on chromosome 14) – was used as a 

reference point or ‘anchor’, and SAMD4A – which lies ~50 kbp away from TNFAIP on 

chromosome 14 was used as the ‘test gene’. TNFα induces both these genes to fire 

simultaneously, and while it takes a pioneering polymerase ~75 min to transcribe 

SAMD4A, the much shorter TNFAIP is transcribed repeatedly throughout this period. If 

polymerases track along their templates, then we would expect these two genes rarely to 

lie next to each other in 3D nuclear space, simply because they lie so far apart on the 

genetic map (Fig. 6.2, left). However, if RNA polymerases are fixed in factories when 

active, and if genes responding to TNFα tend to be transcribed in specialized ‘NFκB’ 

factories, we would expect the promoters to come together soon after stimulation; 

subsequently, the short reference gene should lie next to just the segment of SAMD4A 

being transcribed at that particular moment [530] (Fig. 6.2, right). Results were 

consistent with the latter possibility. In other words, active polymerases are fixed in 

factories. 
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Fig. 6.2. Distinguishing between tracking and fixed RNA polymerases. 

Before adding TNFα, both the ‘anchor’ and ‘test gene’ are not transcribed. Assuming they lie far apart on 

the same chromosome, they are unlikely to yield detectable 3C products. Ten min. after adding TNFα, RNA 

polymerases (ovals) initiate at the tss (transcription start site) of both genes, producing nascent transcripts 

(red). If active polymerases track, it remains unlikely that any part of the two genes will contact each other. 

However, if the two genes diffuse to one factory (sphere) and are then transcribed by transiently-

immobilized polymerases, the two promoters will lie close together. After 30 min, the pioneering 

polymerase on the short gene has terminated and been replaced by others that continuously transcribe it, 

while the pioneering polymerase on the long gene has only transcribed one-third of the way into the long 

gene. If polymerases track, the two genes are still unlikely to be together. But if polymerases are 

immobilized in a factory, the parts of the two genes currently being transcribed will lie together and yield a 

3C product. After 85 min, the pioneering polymerase reaches the terminus of the long gene. If polymerases 
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track, the two genes will still be apart; if immobilized, the terminus should now contact the short gene. 

Adapted from Papantonis et al. [531]. 

Results of these experiments also suggested that genes responding to TNFα might 

be co-transcribed in specialized factories that contained high concentrations of NFκB. We 

evaluated this hypothesis using a combination of 3C and its variants, ChIP, RNA FISH 

coupled to high-precision microscopy (~22 nm resolution), and immuno-fluorescence. I 

used immuno-fluorescence to analyze the temporal dynamics of phosphorylated p65 

(p65
P 

– the ‘active’ subunit of NFκB). NFκB is normally concentrated in the cytoplasm, 

but addition of TNFα (indirectly) induces phosphorylation of its p65 subunit, which is 

then imported into the nucleus. We then imagine that this influx stabilizes binding of 

responding genes to ‘NFκB factories’, followed by the transcription of those responding 

genes. Then, we might also expect nascent SAMD4A RNA (detected by RNA FISH) to 

colocalize with p65
P
 (detected by immuno-fluorescence) in a factory (Fig. 6.3). With 

these approaches, I (i) confirmed that stimulation induced both phosphorylation of p65 

and import into the nucleus, and (ii) demonstrated that nascent transcripts copied from a 

responding gene did indeed colocalize with p65
P
 in factories. 
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Fig. 6.3. The hypothesis. 

NFκB (green) is usually cytoplasmic, and genes 1, 3, and 5 are being transcribed in a factory (blue sphere) 

whilst TNFα-responsive genes 2, 4 and 6 are unattached and inactive. TNFα induces phosphorylation of the 

p65 subunit of NFκB (now purple), import into the nucleus, binding to responsive promoters and/or the 

factory, and – once relevant promoters have diffused through the nucleoplasm and collided with the factory 

– transcription of responsive genes in what has become a ‘specialized factory’ (green sphere). As a result, 2 

now lies near other responsive NFκB binding genes. Gene 1 is still attached and transcribed, but may later 

be replaced by responsive gene 6. I wished to show that TNFα did induce phosphorylation of p65 and 

import into the nucleus in HUVECs, and that nascent RNA copied from a responsive gene did indeed 

colocalize with the p65
P
 in factories. Adapted from Papantonis et al. [532]. 
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6.2 Materials and methods 

6.2.1 Introduction 

As described in Section 6.1, I performed two different kinds of experiments in 

this study:  

1. Using immuno-fluorescence, I confirmed that p65
P
 entered into the nuclei of 

HUVECs at the expected time.  

2. Using immuno-fluorescence coupled with RNA FISH, I localized nascent RNA 

molecules relative to sites containing p65
P
 (as we expected the transcription factor 

to lie close to nascent transcripts copied from its target genes). 

6.2.2 Immuno-fluorescence 

 HUVECs growing on coverslips were starved overnight, treated with TNFα. In 

some cases 10 μM BAY 11-7082 – an inhibitor of phosphorylation of IκBα, and so 

(indirectly) of p65 [533] – was also present. Cells were then processed for conventional 

immuno-fluorescence (Section 2.3.2). Phosphorylated (Ser536) p65 was detected by a 

rabbit monoclonal antibody, followed by an Alexa 488 conjugated donkey anti-rabbit 

IgG, and mean nuclear fluorescence calculated (background subtracted; measured as the 

minimum intensity in the area).  

6.2.3 Immuno-fluorescence combined with RNA FISH using intronic probes 

HUVECs were starved overnight, treated with TNFα and processed for 

simultaneous RNA FISH with immuno-fluorescence (Section 2.3.5). RNA FISH was 

performed with 25 ng (for SAMD4A and EXT1) or 10 ng (for EDN1) of the relevant 

probes in hybridization mix. Phosphorylated (Ser536) p65 was detected by a rabbit 



185 
 

monoclonal antibody, followed by an Alexa 488 conjugated donkey anti-rabbit IgG. For 

the panel in Figure 6.5 illustrating non-colocalization of nascent EDN1 RNA and p65
P
 

(detected using Alexa 488 and Cy3, respectively), the red channel is pseudo-coloured 

green, and the green channel pseudo-coloured red (to facilitate comparison with the other 

panels). A (red) FISH focus, which is defined as >4 contiguous (90-nm) pixels that 

contain signal above background (defined as the average intensity of a 50 pixel line-scan 

across the focus), and is typically 10±3 pixels in size, is deemed to colocalize with a 

(green) p65
P
 focus if ≥33% of red pixels overlapped green pixels. P values (two-tailed) 

from Fisher’s exact test were calculated using GraphPad (http://www.graphpad.com); 

they were considered significant when <0.005. 

6.3 Results 

 NFκB is normally bound to IκBα and sequestered in the cytoplasm; on stimulation 

with TNFα (i) IκBα is phosphorylated [534], and (ii) the p65/RelA subunit of NFκB is 

phosphorylated at Ser536 (amongst others) [535], leading to NFκB’s dissociation from 

IκBα and import into the nucleus. Therefore, I analyzed the cytokine-induced entry of 

p65
P
 into HUVEC nuclei, and Figure 6.4 illustrates the results. 
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Fig. 6.4. p65
P
 shuttling after TNFα induction. Adapted from Papantonis et al. [532]. 

HUVECs were grown for 1 h ± BAY 11-7082, TNFα added for 0-60 min, and the phosphorylated p65 

subunit of NFκB (p65
P
) detected by immuno-fluorescence (detected by an antibody recognizing Ser536 

phosphorylation on p65, followed by an Alexa488-conjugated secondary). 

A. the nucleus (DAPI-stained) contains more p65
P
 15 min after induction. 

B. the intensity of nuclear fluorescence (arbitrary units, au) is significantly higher (*) after 15 and 30 min 

(the highest concentration of p65
P
 seen, coincides with the highest signal seen close to the SAMD4A 

promoter between 7.5-15 min in Fig. 6.1.), compared to 0 min or in BAY-treated cells (P≤0.005; n = 20 

cells; unpaired two-tailed Student’s t-test). Bar: 5 μm. 

 Before stimulation, immunofluorescence reveals that HUVECs contain little p65
P
 

(green) in either the nucleus or cytoplasm (Fig. 6.4Ai); however, soon after stimulation 

with TNFα, significant amounts appear within the nucleus (Fig. 6.4Aii). A kinetic 

analysis reveals that nuclear levels peak after 15 min, and that an inhibitor of IκBα 

phosphorylation (and so p65 phosphorylation) – BAY 11-7082 [533] – abolishes this 

(Fig. 6.4B). This peak coincides with the maximal rate of initiation on SAMD4A as 

revealed using tiling microarrays (Fig. 6.1.; Wada et al. [530]). These results confirm that 

TNFα induces NFκB to enter the nucleus in the expected way; they also indicate that the 

‘active’ form of the transcription factor becomes locally concentrated in discrete nuclear 

foci – presumably factories specializing in transcribing responsive genes. 

Although we presume that the p65
P
 foci detected in the nucleus are ‘NFκB 

factories’, the number of such foci/factories seen is only a lower limit – as it is unlikely 

that all target molecules are detected in any immuno-labelling experiment. Moreover, 

p65
P
 may not always localize just in transcription factories; for example, it is frequently 

bound to Alu repeats [536]. Despite these reservations, these results are nevertheless 

consistent with the notion that on stimulation p65
P
 floods into the nucleus to become 

concentrated in ‘NFκB factories’. 
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 If the p65
P
 foci seen in Figure 6.4A represent factories specializing in 

transcribing genes responding to TNFα, we might also expect those foci to contain 

nascent RNA encoded by those responsive genes. Therefore, I combined the immuno-

fluorescence detection of p65
P
 with the RNA FISH detection of nascent SAMD4A RNA 

(using probes targeting region 1s, which lies ~1.5 kbp into the first intron) and EXT1 

RNA (using probes targeting a region which lies ~2 kbp into the first intron). Transcripts 

encoded by EDN1, a constitutive and non-responsive gene, serve as a control (as they 

would be expected to be produced in a different kind of factory). Figure 6.5 illustrates 

some representative images, in which a discrete red focus marks either (nascent) 

SAMD4A or EXT1 RNA. 62% SAMD4A transcripts colocalize with p65
P
 foci, which is 

much higher than the 16% seen with EDN1 RNA. This indicates that nascent RNA copied 

from the TNFα responsive gene is much more likely than that from the control gene to 

colocalize with the p65
P
 foci. 

 

Fig. 6.5. After stimulation, nascent SAMD4A and EXT1 transcripts colocalize with NFκB (p65
P
) in 

factories. 

HUVECs were grown, TNFα added for 10 min, and nascent RNA copied from SAMD4A, EXT1, and EDN1 

(a constitutively-expressed gene used as a control), detected by RNA FISH (50-mer probes tagged with 

either Alexa555 for SAMD4A and EXT1, or Alexa488 for EDN1). The phosphorylated p65 subunit of NFκB 
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(p65
P
) detected by immuno-fluorescence (detected by an antibody recognizing Ser536 phosphorylation on 

p65, followed by either an Alexa488-conjugated secondary when combined with RNA FISH for SAMD4A 

and EXT1, or Cy3-conjugated secondary for EDN1). In C, the EDN1 RNA FISH is pseudo-coloured red 

and the p65
P
 immuno-fluorescence is pseudo-coloured green. A single red focus in each nucleus marks 

nascent RNA copied from one allele; the insets show nascent SAMD4A and EXT1 transcripts colocalize 

with p65
P
 foci (green). (A) 62% SAMD4A foci (n=42 cells) and (B) 60% EXT1 foci (n=45 cells) colocalize 

with p65
P
 foci, significantly more (P=0.004 and 0.003, respectively; two-tailed Fisher’s exact test) than the 

(C) 16% found with EDN1 foci (n=49 cells). Bar: 5 μm. Adapted from Papantonis et al. [532]. 

6.4 Discussion 

TNFα is a potent cytokine that triggers the NFκB signalling cascade which drives 

the inflammatory response [537]. NFκB (a complex of p65/RelA and p50 subunits) is 

normally sequestered in the cytoplasm by IκBα, but stimulation with TNFα induces 

multiple phosphorylations within the NFκB/IκBα complex, degradation of IκBα, and 

release of phosphorylated NFκB. The now-active form of NFκB (containing p65
P
) is 

imported into the nucleus where it binds to cognate cis-elements and induces transcription 

of TNFα responsive genes. Some responsive genes fire within minutes of adding the 

cytokine, including SAMD4A (on human chromosome 14) and EXT1 (on human 

chromosome 8) – two genes used as reference points in this study. If the traditional model 

for transcription applies, we would then expect RNA polymerase II to first diffuse to the 

promoter/NFκB complex, and – after initiating – track down the template. In this case, we 

would have no reason to expect TNFα-responsive genes on different chromosomes to 

come together in 3D nuclear space, either before or after induction. However, if such 

responsive genes from different chromosomes do come together on induction, this would 

be consistent with them being transcribed in specialized ‘NFκB factories’ (Fig. 6.3). 
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 To evaluate whether TNFα responsive genes co-associate with phosphorylated 

p65 in the 3D space when actively transcribed, I first determined the dynamics of import 

of p65
P
 into HUVEC nuclei (Fig. 6.4). As expected, there is essentially no p65

P
 in the 

cell at 0 min, but within 15 min of TNFα induction it is found in discrete nuclear foci. 

Subsequently, levels decrease as it is gradually exported (and/or dephosphorylated) by 

some or all of the various known feedback inhibitory mechanisms involved in the 

signalling pathway [538]. BAY 11-7082, an inhibitor of phosphorylation of IκBα, 

eliminates the appearance and import of p65
P
. 

 I next used simultaneous intronic-RNA FISH with immuno-fluorescence to 

localize nascent SAMD4A and EXT1 transcripts relative to the p65
P
 foci. 10 min after 

stimulation, both nascent transcripts colocalized with the foci at a higher frequency than 

those copied from a constitutively-active gene – EDN1 (Fig. 6.5). This result is consistent 

with the two responsive genes being transcribed in ‘NFκB  factories’. 

Papantonis et al. [532] went on to use 3C and its derivatives to show that 

SAMD4A and EXT1 tended to contact other responsive genes after – but not before – 

cytokine stimulation. Moreover, analysis of the genome-wide interactome obtained after 

‘pulling-down’ RNA polymerase II and ChIA-PET confirmed that TNFα induced 

contacts between responsive genes. 

The above experiments provide strong circumstantial evidence that TNFα 

responsive genes come together in specialized ‘NFκB factories’ when transcribed. 

Preliminary experiments further showed that another cytokine – TGFβ1 (transforming 

growth factor β1 [539]) – utilizes the same strategy, as it signals through the SMAD group 

of transcription factors, and induces TGFβ1 responding genes to co-associate. This points 
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to the generalization that many – perhaps all – cytokines will signal through factories that 

specialize in transcribing responding genes. 

 

These results beg answers to many questions, including: 

1. Do responsive genes already lie close to factories before induction? Our 

current working model is that factories are not pre-determined to specialize 

in one particular way; rather we imagine that they are ‘naïve’, and 

frequently visited by various genes. However, when a specific stimulus is 

given, the concentration of a particular transcription factor might rise, and 

this increase might stabilize binding of a responsive gene to the ‘naïve’ 

factory (and so increase the rate of transcriptional initiation). As a result, 

the local concentration of that transcription factor in and around the 

factory will increase, and this will stabilize binding/initiation of additional 

responsive genes. As this virtuous cycle continues, the naïve factory will 

develop into a specialized one rich in that transcription factor. 

2. How many of ‘NFκB’ or ‘TGFβ1’ factories might exist in one nucleus? 

Given that contacts between TNFα responsive genes are rare, we imagine 

that each HUVEC nucleus will contain many tens of ‘NFκB factories’ 

after stimulation. This is consistent with many p65
P
 foci being seen in 

Figure 6.5. 

3. How many different types of specialized factories might be present in one 

nucleus? Given that we have been easily able to detect factories 

transcribing genes responding to both TNFα and TGFβ1, we again 

speculate that many types of specialized factories will exist. 
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All the experimental results described in this chapter have been published 

(Papantonis et al. [532]).  
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