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Abstract
The goal of this research is to identify the trafficking patterns that direct
ribosomes to the endoplasmic reticulum (ER). It is widely believed that the SRP pathway
is the only mechanism that cells use to localize mRNA and ribosomes to the ER, but this
has been found not to be a sufficient explanation for the patterns of RNA localization in
cells, namely that non-signal sequence-containing mRNA are translated on the ER and
that ribosomes retain their membrane association after translation termination. First, a
summary of the history of the field is presented to provide context for the key,
unanswered questions in the field. Then, experiments employing [32Pi] pulse-chase
labeling of HeLa cells over a time course to follow nascent ribosome trafficking are
presented. The purpose of the cell labeling was to track rRNA processing and assembly
into nascent ribosomes, followed by their export into the cytoplasm and recruitment into
active polysomes. A detergent-based cell fractionation procedure was also utilized to
separate the cytosol and ER compartments in order to observe ribosomes on their path
as they exit the nucleus and either localize to the ER or cytosolic cellular compartment.
Through this method, it was seen that ribosomes appear in both compartments at the
same time, suggesting a mechanism may be occurring in addition to SRP-dependent
ribosome trafficking. This research provides an understanding toward a mechanism that
is not currently known, but will one day more fully explain the patterns of ribosomal
localization.
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1. Introduction
George Palade pioneered the study of protein secretion in the 1950’s when he
used electron microscopy (EM) to image thin slices of pancreatic cells (G. Palade, 1975;
G. E. Palade, 1955). During the course of his research, he identified a ribbon-like
structure, later named “endoplasmic reticulum” (ER), that intrigued him. As he imaged
the structure in higher resolution, he saw that there were what he then termed “small
granules,” and later “ribosomes,” both free floating and dotting the outer surface of the
ER (Figure 1). These images inspired him to investigate the rough ER and lay the
groundwork for the understanding of how cells produce and secrete proteins (G. Palade,
1975).

Figure 1: Electron micrograph of rough endoplasmic reticulum of guinea pig
pancreas. 46,000x (G. E. Palade, 1955)
Palade and his colleagues performed simple yet groundbreaking experiments in
order to understand the function of the ER. In 1974 the Nobel Prize in Physiology or
Medicine was awarded jointly to Palade, along with Albert Claude and Christian de
Duve for laying the groundwork of understanding of the functional organization of the
cell. Palade’s contribution to it was research on the secretory pathway. In conjunction
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with EM, he pulse-chased radiolabeled amino acids and followed the labeled proteins
along their path from the nascent chain to secretion out of the cell. By using fresh tissue
slices and short pulses of [3H] leucine, they were able to track the paths of the nascent
proteins through the organelles. Over the course of about thirty minutes, Palade was
able to see the proteins first appearing at the inner surface of the ER in association with
the ribosomes. They then folded and moved through the ER to the Golgi apparatus and
were condensed and packed into vesicles before being secreted from the cell (G. Palade,
1975). Additionally, it was understood that it was the attached ribosomes that were
responsible for translating these secreted proteins. This was the first clear understanding
of the complex process of protein secretion.
As is often the case, these discoveries raised as many questions as they answered.
Palade posed many in his Nobel lecture –several of which still stand unanswered
decades after his initial work on the system. He wondered what the difference was in
the function of free- and attached-polysomes, the groups of ribosomes that translate one
mRNA at the same time. Some cell types do not perform secretion of proteins to the
same degree as the pancreatic cells he studied, yet still had an abundance of ER studded
with ribosomes. Could ER-bound polysomes translate proteins other than ones destined
for secretion? He also wondered how long the bound ribosomes stay ER-associated. Do
they release after they have completed translating a transcript or are they more stably
attached (G. Palade, 1975)? Palade pondered these questions in 1975, around the time
when his peers were beginning to test the answers to many of them.
Although it was not the focus of Palade’s work, RNA is intrinsically tied to the
secretory process. Before translation occurs, ribosomes and transcripts must assemble
into free- or bound-polysomes, in the cytosol or on the ER, respectively. Indeed, Palade’s
colleagues and contemporaries extended his findings by investigating these first steps of
2

the secretory process. After all, Palade’s work said nothing of what happens to mRNA
and rRNA from the moment they leave the nucleus to when the mRNA is being
translated by the intact ribosome.
The work in this thesis focuses on the localization of ribosomes to the ER.
However, it is only in the context of the localization of mRNA –and the protein they
encode– that ribosome localization is significant. Therefore, to introduce the thesis work,
a history of the understanding of mRNA localization to the ER will be summarized,
followed by that of ribosome localization.

1.1 The signal recognition particle and mRNA localization
Though it was understood through Palade’s work how proteins travelled
through the cell to be secreted, it was not known what occurred before translation and
translocation across the ER. Introducing RNA into this dynamic led to a more extended
understanding of the mechanisms in the secretory pathway. The findings that came
from this line of research led to the second Nobel Prize in Physiology or Medicine for
discoveries of the secretory process, awarded to Günter Blobel. In Blobel’s lab, it was
first discovered that ER translocation is co-translational (Sabatini & Blobel, 1970). But the
Nobel Prize was awarded specifically for the discovery of the signal recognition particle
(SRP) and how it localized translation through signal sequences (SS) in proteins. Blobel
and colleagues found that there was a molecule in cells that recognized a sequence of
hydrophobic amino acids in a nascent protein chain, attached to it, and paused
translation while it trafficked the nascent chain and ribosome to the ER ("A Nobel Prize
for cell biology," 1999). This was how secretory proteins selectively reached the ER to
participate in the rest of the secretory pathway. A description of two of the initial and
pivotal experiments that led to this understanding follow.
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1.1.1 Discovery of the signal recognition particle
Peter Walter and Günter Blobel strove to find the proteins that were responsible
for targeting signal sequences to the ER (Walter & Blobel, 1980). They used a complex
combination of chromatography, salt-extractions, and different detergent concentrations
to identify six proteins whose presence was necessary for translocation. These proteins
were then seen to sediment together, which they found to be located at 11S on a sucrose
gradient. This corresponded closely to the molecular weight of the six proteins together,
which led them to think that they were in a complex together.
In their next series of papers, they termed this complex “signal recognition
protein,” or SRP, and performed additional tests to be sure that it was the machinery
used to direct secretory proteins to undergo translation and translocation on the ER
(Walter & Blobel, 1981). In part one, they identified that SRP has a high affinity for
ribosomes translating secretory proteins (Walter, Ibrahimi, & Blobel, 1981). In order to
understand the mechanism by which SRP and ribosomes operated together, a
multifaceted in vitro system was used to test SRP’s ability to localize ribosomes
translating secretory mRNA to the ER. A specific protein, prolactin, was utilized because
its SS is cleaved when it is translocated and becomes mature prolactin. However, if it is
translated only in the cytosol, the signal sequence is still attached and the protein is
termed preproplactin. In order to test how much translocation was occurring, they
compared the proportions of these two proteins. Their in vitro system was composed of
several components. First, they used dog pancreas-derived rough microsomes that were
salt-extracted to remove the ribosomes and SRP, which they refer to as K-RM. In
addition, they had a wheat germ cell-free “translation system,” which was essentially
cell lysate, and was used because these cells do not have SRP. In their experiment, they
combined the K-RM, the wheat germ translation system, and bovine prolactin mRNA in
4

vitro. In a second condition they also added SRP to this combination in increasing
concentrations. Without SRP present, only preprolactin protein was made. As they
increased the concentration of SRP, the amount of preprolactin decreased and the
amount of prolactin increased. Since the ER is the only place where prolactin can be
made, they determined that the SRP must mediate the localization of the polysomes
translating the prolactin mRNA to the membrane. Through these two papers, this group
showed that SRP is the compound necessary for recognition of the signal sequence and
that it aids in transporting it to the ER to complete translation.
These findings were important because they demonstrated a mechanism that
cells could use to bring specific translating ribosomes to the ER. It prompted the
discoveries of signal sequences and other topogenic sequences on many secreted and
membrane proteins (Gierasch, 1989; Walter & Johnson, 1994). It also led to research into
the structure and function of the SRP (Stroud & Walter, 1999). There was no reason to
think that the cell utilized any other mechanism for RNA localization as the SRP
hypothesis was gaining evidence and had the capability of explaining how all mRNA is
localized. The beauty in the mechanism is its simplicity. Since it is a very precise and
uncomplicated mechanism, it was quickly accepted as the only mechanism of ER
localization of membrane and secreted proteins. But nature is often more complex and
there are many examples of redundant pathways and duplicative steps that lead to a
similar outcome. Questions were raised at the time about this being the singular
mechanism when scientists studied subcellular mRNA populations, as discussed below
(Mechler & Rabbitts, 1981; Mueckler & Pitot, 1981). However, these questions lay
dormant for decades.
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Figure 2: The SRP pathway. A ribosome in the cytosol begins translation of an
mRNA. The nascent chain contains a signal sequence and is recognized by the SRP,
which halts translation and brings the ribosome/mRNA/protein to the SRP receptor
on the ER. Translation and translocation proceed. Finally, ribosomal subunits detach
from the ER and dissociate from each other.

1.1.2 mRNA populations on free and bound polysomes
The SRP hypothesis inherently states that the only mRNAs that could be on the
ER are ones that encode a SS. It also implies that the mRNA populations on the ER and
the cytosol should be unique from one another. This part of the hypothesis was tested in
the early 1980’s by two independent labs (Mechler & Rabbitts, 1981; Mueckler & Pitot,
1981). They fractionated cells and compared the mRNA in the ER and cytosol
compartments. To do this, they employed a technique called cDNA hybridization, which
enabled the scientists to compare two populations of mRNA for similarity.
Both groups had the same overall findings. They saw that there was significant
overlap in these two populations. Many transcripts they found in one compartment
were also present in the other. Mueckler and Pitot state, “the finding that a complete
complement of poly A+ RNA (free) is found in tightly bound polysome structures is
6

difficult to reconcile with the hypothesis that signal peptide sequences are solely
responsible for the segregation of free and membrane bound polysomes.” Although
they did not know the identity of the transcripts, they were able to conclusively show
that many transcripts in the cytosol were also present on the ER.
The similar results found by these two groups taken together had the potential to
change the course of thinking since they independently demonstrated that the SRP
pathway could not be the only mechanism responsible for localizing mRNA. However,
the papers had virtually no impact on the scientific community at the time. Nearly two
decades passed without more than a scant few publications showing that the two
mRNA populations were not as unique as the SRP hypothesis stated.
The topic of SRP-independent RNA localization reappeared in the year 2000,
albeit by accident (Diehn, Eisen, Botstein, & Brown, 2000). A group from Patrick Brown’s
lab sought to identify novel membrane and secreted proteins. They utilized sucrose
gradients and microarray technology to identify which transcripts were associated with
membrane-bound polysomes. The microarray data showed that mRNA of known
secreted/membrane proteins were enriched in the bound fractions and those of known
cytoplasmic proteins were enriched in the free fractions. They identified novel proteins
that they concluded most likely encoded for secreted/membrane proteins.
The mRNA found in the membrane-bound fractions were fluorescently labeled
with Cy5 and those of the free fractions with Cy3. The log2 transform of the ratio of
Cy5/Cy3 was then calculated for each mRNA of known function. It was interesting that
many mRNA species from each population had low and overlapping ratios, which
meant that they were found in both populations of polysomes. The graph in Figure 2 is
data from Jurkat cells, a human T-cell line, and shows that many genes had the same
Cy5/Cy3 ratios in both categories. If RNA localization were only determined by the SRP
7

pathway, each peak would be to one side of zero and not overlapping with the other.
The data show the opposite. This was strong evidence that mRNA are not partitioned in
a singular or absolute manner.

Figure 3: Number of genes whose products are known to be either membraneassociated or cytosolic well represented in both fractions (Diehn et al., 2000).
In 2003, our lab sought to investigate this overlap in more depth (Lerner et al.,
2003). The authors used two different cell types, Jurkat and J558, and tissue
homogenation/density fractionation to obtain the cytosol and rough ER separately.
First, they purified the protein from both fractions and performed a Western blot to
confirm that the distributions were as expected, which they were; the ER-associated
proteins were found in the membrane fraction and cytosolic proteins were recovered in
the cytosol fraction. This process served as a type of quality control to be certain that the
fractionation was accurate. They then performed the same fractionation procedure as
they did with the protein analysis, but this time they collected the ribosomes associated
with mRNA. They purified the poly(A)+ RNA from both of these fractions. An S1
nuclease protection assay was conducted to allow for the quantitative analysis of the
8

collected RNA. They found that, of the three cytosolic protein-encoding mRNAs and
five ER protein-encoding mRNAs that they tested for, each had significant association
with the ER. Specifically, in the Jurkat cells, the distribution of the different mRNA
species was found to be about 25% to 90% associated with the ER. In J558, it ranged from
50% to 95%. One mRNA they investigated was lactate dehydrogenase (LDH), which is a
cytosolic enzyme. They found that while more than 95% of LDH protein was in the
cytosol, 75% of LDH mRNA was on the ER. How does the mRNA that encodes LDH
become so ER-enriched? The answer to this question is still unknown and most likely
complex. A determination had to be made as to whether the cytosolic protein-encoding
mRNA were being translated on the ER before the overall puzzle could be tackled.
To know if the cytosolic protein-encoding mRNA were being translated on the
ER, Lerner and colleagues performed a digitonin-based fractionation to disrupt and
release the cytosol. They then collected what remained and performed velocity
sedimentation on a continuous sucrose gradient in order to separate the ribosomal
subunits, monosomes, and polysomes. This was performed to determine if the mRNA
that was to be analyzed was associated with polysomes rather than being present on the
ER under an alternative explanation. The amount of mRNA of GAPDH and HSP90, both
cytosolic proteins, was analyzed in each ribosomal fraction and it was shown that they
were both highly enriched in the polysome fractions. These mRNAs were shown to be
translated on the ER despite encoding cytosolic proteins and not having a signal
sequence.
Lerner, et al. used two fractionation procedures and confirmed that the results
were not due to contamination of fractions by showing that the proteins were in the
correct location. It demonstrated that all mRNA analyzed were represented on the ER to
different degrees and were actually being translated there. This outcome confirmed the
9

conclusions of previously discussed papers, which contradict the canonical assumption
of two distinct cellular mRNA populations.

1.1.3 Necessity of SRP
In 1989, the homologue of the 54kD SRP in yeast was discovered in Peter
Walter’s lab, called SRP54p (Hann, Poritz, & Walter, 1989). SRP54 is one of the protein
components of the SRP and is part of the conserved area of SS recognition. The
significance of this discovery was that yeast molecular genetic approaches could be
employed to test the SRP hypothesis. The paper found that it was “essential for growth.”
This was found to be the case by disrupting the coding sequence of the 54kD homologue
in yeast and observing that the daughter cells were “nonviable”, that is, not able to
grow. However, in 1991, the same group published another paper that refuted the
previous conclusion (Hann & Walter, 1991). They had not allowed the mutant yeast to
grow long enough but when they did, it was found that the yeast were in fact able to
recover, albeit at a reduced growth rate. They also discovered that a translocation defect
was causing the yeast to grow more slowly and that this problem varied to different
degrees for different proteins.
Ten years later, another paper was published from the same lab. It focused on the
mechanisms in SRP yeast mutants that allowed them to adapt to the loss of SRP54p
(Mutka & Walter, 2001). They began by making a dominant negative SRP54p and drove
this gene with a GAL1 promoter. These cells grew four times more slowly than the
controls. They performed a time course with these cells. Four hours after the switch to
galactose, the translocation defect was at its peak, and by eight hours, the cells had
mostly recovered. This was seen in two proteins that they had previously studied, Kar2p
and dipeptidyl aminopeptidase B (DPAP-B). By the last time points, both were at a
steady recovery state with Kar2p at only a quarter untranslocated and DPAP-B at less
10

than a tenth. These findings demonstrated that within a few hours after the loss of SRP
function, there was an abundance of untranslocated protein, but that these levels
dropped to almost those of WT soon thereafter.
The next section of this paper was designed to understand what transcriptional
changes occurred in the cells over the time course. When the authors performed cDNA
microarrays of the same GAL1 dominant negative strain they found patterns of more
than two-fold induction or repression over the control of several categories of genes,
most notably for heat shock/chaperones and ribosomal proteins. In a similar time course
as with the previous experiments, several heat shock and chaperone proteins had
between a 2 and 200-fold increase in expression at the same time there was the highest
amount of untranslocated protein (Figure 3A). After several more hours, this effect
decreased by about one-half, and for all time points after 12 hours it was stable at a
degree slightly higher than before the sugar switch.
A different pattern was seen with ribosomal gene expression (Figure 3B). After
just two hours, the expression of genes involved in ribosome biogenesis decreased to
about half, and within 12 hours the levels were even lower. The heat shock/chaperone
expression response was biphasic, rising at first and then falling with the adaptation,
while the ribosomal response had a consistently lower expression than when SRP was
present. The next question was whether this process decreased protein levels overall.
When the total protein level at four versus sixteen hours after the galactose switch was
compared, a nine-fold decrease was found to exist at the later time point when the cells
had adapted. It would seem that the decrease in ribosomes resulted in there being less
protein production, which may have assisted the cells to more easily adapt to the lack of
SRP function.
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Figure 4: A, graph of fold induction of heat shock and chaperone gene
expression. B, heat map of fold induction of ribosome biogenesis genes. (Mutka &
Walter, 2001)
These findings explore how yeast cells managed to stay viable without SRP. Not
only did “extended time courses with the inducible depletion of SRP components
demonstrate that cells ‘adapt’ to the absence of SRP-dependent pathway,” but the paper
also gave insight into how the adaptation occurs (Mutka & Walter, 2001). When the cells
were within the first few hours of not having a functional SRP pathway, they still had a
similar amount of translation occurring but did not have SRP-dependent translation to
translocate proteins. During this time, heat shock proteins and chaperone proteins are
highly up-regulated. This may have occurred because there were more proteins being
translated in the cytosol that actually need to be translocated. The up-regulated proteins
could have aided in the process by keeping nascent proteins destined for the ER in an
unfolded state so they may eventually be either degraded or translocated. This is an
intermediate response while the level of ribosomes (and total protein translation)
12

decreases. Once the amount of translation decreases enough, the heat shock/chaperone
proteins do not need to play the “protective role” and expression levels fall. Protein
production does not stop completely and after approximately 12 hours, proteins are able
to be processed/translocated again, although not at quite as high a rate as with SRP
present.
What is actually occurring during this adaptation? What is known is at that point
there is no SRP, protein translation is much lower, cell division slows, and new proteins
are translocated. The SRP-independent process(es) that occurs during this time could
explain the mixed mRNA populations described in papers in the previous section
(Diehn et al., 2000; Lerner et al., 2003; Mechler & Rabbitts, 1981; Mueckler & Pitot, 1981).
It may be that the SRP-independent process(es) is also carried out while SRP is
functional and takes over when SRP is not present, although it does not seem able to
handle the same translational load.
In 2008, Pyhtila, et al. investigated the effects of an SRP knockdown in a human
cell line (Pyhtila et al., 2008). HeLa cells were made with shRNA for knocking down
SRP54. Surprisingly, the cells actually did not have the phenotype seen in yeast. The
shRNA HeLa cells grew at a similar rate to WT HeLa cells. The authors speculated that
this might have occurred because the yeast SRP mutants involved a GAL1 knockout
whereas they performed a knockdown. These cells were used to determine the
differences in RNA localization between the knockdown and WT HeLa cells. Sequential
detergent extraction was performed to separate the cytosol and membrane polysome
fractions. Northern blots were then performed for four mRNAs encoding proteins with
signal sequences and three cytosolic protein-encoding mRNAs. The distribution of the
mRNA between the two fractions did not change between the two cell types and most of
it was enriched in the membrane fraction. This showed yet again that there was another
13

way of localizing RNA (other than the SRP pathway) because the mRNA remained just
as membrane-associated even though there was no functional SRP.
In a second set of experiments, the authors did not use the SRP mutant cell line
but instead utilized only WT HeLa cells. They transfected this cell line with different
versions of the GRP94 transcript, each containing a myc tag. GRP94 is a representative
ER-localized protein and contains a SS. One version was the WT transcript while the
other had the SS deleted. This experiment was performed to assess the changes that
might be created in the localization of the mRNA and protein of GRP94. They used a
myc antibody in both cases in order to see just where the myc-tagged transcript and
protein were located. First, they observed that when the SS was deleted, the protein was
in the cytosol rather than the membrane (Figure 4A). This was expected and is similar to
the first findings from investigations of SRP.

A

B

Figure 5: A, western blot with myc antibody of WT and SS-deleted GRP94-myc
in WT HeLa cells. B, Northern blot with probe against myc of WT and SS-deleted GRP94-

myc in WT HeLa cells. Cells were fractionated into cytosol (C) and membrane bound (M,MB)
compartments and subcellular distributions of tagged constructs were determined (Pyhtila et
al., 2008).

They then wanted to determine if the mRNA would follow a similar pattern.
Interestingly, it did not. In both the WT and SS-deleted transcript, the mRNA was
enriched in the membrane fraction (Figure 4B). The mRNA was still localized to
membrane-bound polysomes. It seemed that this transcript was associated with the
membrane even when it did not have a signal sequence, and the protein it encoded
ended up in the cytosol. This contradicts the SRP hypothesis, which states that proteins
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that end up in the cytosol are entirely translated in the cytosol. In addition, the SRP
pathway cannot explain how the SS-deleted transcript was enriched on the membrane.
Between the evidence of non-unique mRNA populations in the cytosol and ER
and the evidence that SRP is not required for cell viability, the case for research into
alternative mechanisms is strong. Another aspect of mRNA localization is the
localization of the ribosomes that are associated with the transcripts. Therefore, a way to
study this subject is also through understanding the patterns of ribosome localization.

1.2 Ribosome localization
Many questions associated with mRNA localization are also tied to ribosome
localization. The canonical model dictates that when ribosomes are released from the
nucleus into the cytosol, they will be trafficked to the ER if they are engaged in
translation with a SS-bearing nascent chain, and will be released when translation
terminates. Early on, considerable research was performed on this subject with mixed
results. However, after the discovery of SRP, many believed that further research was
not necessary.
As stated earlier, it was Palade and his colleagues that first ribosomes (G. Palade,
1975; G. E. Palade, 1955). They saw that some appeared to be attached to the ER and
some were not. Also, they observed that there were two components of each ribosome,
one small and one large. In 1966, Sabatini et al. found that the large subunit was the one
that attached to the membrane (Sabatini, Tashiro, & Palade, 1966). From this
observation, it was hypothesized that the nascent chain must travel through the large
subunit into the ER cisternal space. The discovery of the polypeptide chain exit site on
the large subunit strongly supported this conclusion (Bernabeu & Lake, 1982).
Another question at the time addressed what occurred after translation
terminated. These studies took place prior to full understanding of SRP pathway and at
15

the time, there was more controversy than agreement on the results. In 1973, Borgese et
al. observed that the small subunits were released following translation termination, but
the large subunits would remain bound to microsomal membranes (Borgese, Blobel, &
Sabatini, 1973). Somewhat in agreement with this observation, Baglioni et al. further
observed that the large subunit binds to the ER alone before polysomes are formed
(Baglioni, Bleiberg, & Zauderer, 1971). However, Mechler and Vassalli later found the
opposite; the large and small subunits mostly form together in the cytosol before
attaching to the ER (Mechler & Vassalli, 1975). Finally, the SRP hypothesis would
indicate that the subunits dissociate and both detach from the ER and return to the
cytosol to begin translation on another mRNA.
Though the early history of research in this field gave rise to a variety of
conflicting findings, the SRP hypothesis appeared to resolve them (Potter, Seiser, &
Nicchitta, 2001). Since then, the varied findings have not received much attention. In
fact, there are not many labs that investigate SRP-independent ribosome-ER interactions
and that understand that there is still much to be learned from further research. It is
thought to be a simple, well-understood process, but is primarily based on experimental
evidence from in vitro systems. As with mRNA localization, ribosome localization is not
as straightforward as the existing hypothesis suggests.

1.2.1 Studies on ribosome localization
In 1975, Mechler and Vassalli wrote a series of papers that were focused on
ribosomes in relation to the ER (Mechler & Vassalli, 1975). They tracked the appearance
of newly made ribosomes in the cytosolic and membrane fraction in polysome gradients.
Three time points were used, 60, 90, and 120 minutes of labeling with [3H] uridine. At all
time points there were detectable amounts of nascent polysomes, monosomes, and
subunits. At 60 minutes, the labeled ribosomes had already entered the polysome pool
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in the free and bound fractions at similar amounts. Although there were more
monosomes and separated ribosomal subunits in the cytosolic fraction than membrane,
they were also present in the membrane fraction. By 90 minutes, more polysomes had
accumulated, and there were still about the same amount in both fractions. The
monosomes and subunits increased only in the cytosolic fraction. The same pattern was
seen at the last time point. Through out the time course, the amount of labeled
polysomes was increasing quickly in both fractions. Monosomes and subunits seemed to
accumulate in the cytosolic fraction but only small increases were seen in the ER.
The authors state that if there is not significant accumulation in a population, it
probably is indicative of high turnover. This means that their observations either
showed that the subunits and monosomes came to the ER and then were quickly
incorporated into polysomes, or alternatively that the polysomes dissociated into
monosomes and subunits after finishing translation, stayed temporarily bound, and
were then released off of the ER soon after. The authors propose that the first is more
likely, and that the 40S subunits seen on the ER most likely represent “initiation
complexes” of a small subunit bound to an mRNA that is somehow attached to the ER.
This complex could then attach to a large subunit that was ER-associated, although they
did not have direct evidence for this. What they say can be observed conclusively is that
“newly made subunits enter the membrane-bound and free polyribosomes at the same
rate.” This is one of the ways that the authors say their results contradict some of the
discoveries by Blobel’s lab that were published around that time.
Their time points were not ideal for coming to definitive conclusions because at
the first time point they had already started seeing monosomes/subunits and
polysomes. If the first time point had been earlier and it were clear that first there were
either the monosomes/subunits or the polysomes, one of their theories or the other
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would have been more strongly supported. However, it does show that these
monosomes and subunits are ER-associated even early on and as the authors state, these
are not able to undergo translation. Their presence on the ER has still not been explained
forty years later.
A paper by Reid, et al. interrogated the basics of translation between the cytosol
and ER (Reid & Nicchitta, 2012). By using [3H] uridine to metabolically label the RNA in
HEK293 cells, detergent fractionation to separate the ER and cytosol, and then
purification of the mRNA, they were able to obtain interesting preliminary data. First, to
quantify total amount of transcripts, the authors depleted the rRNA and found that
there was about twice as much mRNA in the cytosol as in the ER (Figure 5). Then, they
compared the amount of ribosomes associated with mRNA in the two fractions. They
collected poly(A)+ RNA from each fraction using oligo(dT) resin and quantified how
many ribosomes were pulled down with the transcripts. Surprisingly, they saw an
almost equal amount of mRNA-associated ribosomes in both fractions. The results
demonstrate that while there was twice as much mRNA in the cytosol, there was the
same amount of translation occurring in the ER. The authors offered two possible
explanations for these results. First, they suggested that ribosomes on the ER are more
“densely loaded” than those in the cytosol. In other words, there are more ribosomes per
transcript that is ER-associated. As an additional explanation, it was proposed that there
are stress granules and processing bodies in the cytosol that may contain a large amount
of mRNA that is not available for translation.
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Figure 6: Relative scintillation count values of ribosomes associated with
mRNA and total mRNA between the cytosol and ER (Reid & Nicchitta, 2012).
The next set of experiments they conducted joined the fractionation procedure,
ribosome footprinting, and deep sequencing. Initially, they fractionated cells and
performed deep sequencing on the total mRNA present in each fraction to determine
where specific transcripts were located. Then a similar procedure was performed but
with the addition of ribosome footprinting. The purpose of this was to determine which
transcripts were actively being translated. It was performed by isolating the polysomes
in each fraction and adding nucleases. Only ribosomes with about 35 nucleotides of
mRNA inside each one remained, which are protected from degradation. Deep
sequencing was then performed on these fragments. The first procedure indicated how
much of each mRNA was present in each fraction and the other showed how much of
each mRNA was translated in each fraction.
The mRNAs of ER-targeted protein showed an expected distribution. For the
majority of these transcripts, approximately 70% were present on the ER (Figure 6B).
The ribosome footprinting data revealed that almost all of these transcripts were present
in ER-associated polysomes (Figure 6D). There appeared to be small amounts of ERtargeted mRNAs present in the cytosol, but most were being translated were on the ER.
On the other hand, the cytosolic protein encoding mRNAs did not show as dichotomous
of a distribution. Of the cytosolic protein-encoding mRNAs, the majority were present
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on the ER at only about 20-30% (Figure 6A). However, the fraction that was translated
on the ER was higher. The majority of cytosol-encoding mRNAs were translated at 3060% on the ER (Figure 6C). These were mRNAs that do not encode SS or other topogenic
signals, yet a large proportion was found to a significant degree in translating
polysomes on the ER.

Figure 7: (A,B) localization and (C,D) ribosome loading of mRNA encoding
either cytosol- or ER-targeted proteins. Graphs show number of genes for the fraction
of mRNA or fraction of translation that is on the ER (Reid & Nicchitta, 2012).
There are a few interesting points that could be drawn from these findings. Many
cytosolic protein-encoding mRNAs were translated on the ER. There was a high
proportion of these transcripts in the cytosol, yet many seemed to be preferentially
translated on the ER, clearly indicating that the ER was not responsible solely for
translating secreted/membrane proteins. This outcome raised a few questions. How are
these cytosolic protein-encoding mRNAs targeted and transported to the ER? Does the
ER provide some advantage as a location for translation? Reid, et al. demonstrated that
cytosolic mRNAs are not just present to some degree on the ER, but are being translated
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there to a significant degree. This is additional evidence that at least one process other
than SRP localization is occurring.
Another paper published out of our lab showed that some ribosomes stay
attached to the ER after termination of translation (Seiser & Nicchitta, 2000). This was
performed by using various drugs that halt translation at different stages.
Cycloheximide stops translation but stabilizes existent polysomes. Pactamycin prevents
initiation and causes polysomes to breakdown into monosomes. And puromycin causes
premature termination by ejection of the nascent polypeptide chain and also causes
polysome breakdown. Rat liver (BRL) cells were treated with one of the drugs at a time
for 15 minutes, at which point protein synthesis had completely halted and cells were
fixed for EM imaging. The purpose of this was to determine if the different conditions
would cause ribosomes to detach from the ER to recapitulate what occurs after
termination and nascent chain release in vivo.
The results showed that ribosomes stayed attached to the membrane after
termination. Figure 7A showed control cells with no drug treatment. Figure 7B shows
the results of pactamycin treatment and 7C shows those of puromycin treatment. The
authors stated that 7B and 7C showed a similar distribution of membrane-bound
ribosomes to the control condition even though they had no association with a
polypeptide chain. They also performed a quantification of the number of bound
ribosomes from several micrographs of each condition. From this process they found the
numbers of bound ribosomes between cycloheximide and control conditions to not be
significantly different. Comparing the control to either the pactamycin or puromycin
condition showed that approximately one-third fewer ribosomes were bound to the ER
in these treatments. This reduction, while significant, was also not what was expected if
ribosomes release from the ER following translation termination. This is further
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evidence for the proposition that ribosomes can actually stay bound following
termination and that many do.

Figure 8: Transverse electron micrographs of ribosomes and the ER in BRL cells. (A)
control, (B) after pactamycin treatment, and (C) after puromycin treatment. 100,000x (Seiser &
Nicchitta, 2000).
Perhaps there is a yet to be discovered signal that is necessary for ribosomes to
release after termination. This seems likely since ribosomes seem to have the ability to
stay attached to the ER, and yet the ER does not continuously build up ribosomes.
Although there is some exchange taking place, it does not seem that this exchange is
caused only by an automatic release after the ribosome finishes translating. It is not
known why some ribosomes stay on the membrane while others do not. It is also not
known if these ribosomes can reinitiate translation while bound.

1.3 Significance of thesis work
When considering the research described above, one might question the accuracy
of the well-established understanding that ribosomal subunits go to the cytosol after
leaving the nucleus and only are trafficked to the ER once the begin translating a signal
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sequence. This is in fact the focus of this thesis work: to try to explain the translation of
non-SS containing mRNA on the ER by determining if ribosomes can also undergo
translation-independent trafficking to the membrane. This is a largely untested idea that
has its origins in the SRP hypothesis since it is widely believed that sorting happens only
in the cytosol. However, that, as well as the idea that untranslating ribosomes are only
located in the cytosol, has been shown to be untrue. This begs the question of whether
ribosomes could be in contact with the ER directly after release from the nucleus, in a
translation-independent manner, especially considering that the nuclear envelope is in
association with ER (Hermesh & Jansen, 2013). All of this leads to additional questions,
the answers to which much more research could be dedicated.
There is an SRP-independent mechanism of localizing RNA that has not been
elucidated. It is worthwhile to study solely because it is a cellular process that is thought
to be fully understood but, in fact, is not. Research based on these incompletely
understood assumptions could result in a loss of valuable time and resources for labs
studying related topics, which has actually occurred in this field (Kopczynski et al.,
1998). Another motivation is that the complete understanding of a cellular process must
be known in order to realize its implications. Only after the SRP mechanism was
understood were scientists able to identify the myopathy in patients who had serum
antibodies against SRP, or diseases caused by mutations in the part of a gene that
encodes a signal sequence (Maeshima et al., 2014; Rosenblum, Gilula, & Lerner, 1996).
Because of the broad implications, a full understanding of this process is worth
pursuing.
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2. Materials and Methods
2.1 Cell culture and labeling
HeLa cells were cultured in DMEM containing 10% FBS at 37° C. The day before
labeling, cells were plated in 10cm plates to be at about 70% confluence the day of
experiments. The day of labeling, cells were starved of phosphate for 1 hour with
phosphate-free DMEM containing 10% FBS. Then cells were pulsed for the indicated
time with starvation media containing 15uCi/mL [32Pi]. Finally, cells were chased with
DMEM containing 10% FBS for indicated time.

2.2 Cell fractionation
Cell fractionation was performed according to protocol from Jagannathan et al.
(Jagannathan, Nwosu, & Nicchitta, 2011). Following the labeling procedure, media was
removed and cells were washed once with ice-cold PBS. Cells then were placed in 5mL
ice-cold PBS supplemented with 50ug/mL cyclohexamide for 10 minutes while on ice.
After this PBS was removed from plates, 1mL of permeabilization buffer containing
110mM KCl, 25mM K-HEPES, pH 7.2, 2.5 mM MgCl2, 0.03% digitonin, 1mM DTT, and
50ug/mL cyclohexamide. This was allowed to sit on cells for 5 min, after which the plate
was tilted and liquid was collected. Next, wash buffer was added to collect all remaining
cytosolic fraction, which contains the same ingredients as permeabilization buffer,
except with only 0.004% digitonin. Cells were washed with 1mL wash buffer by tilting
plate several times and then collecting this buffer and adding it to permeabilization
buffer collected previously. Finally, lysis buffer was added to the plate, which contains
200mM KCl, 25mM K-HEPES, pH 7.2, 15 mM MgCl2, 1% (v/v) NP-40, 0.5%(w/v)
deoxycholate, 1mM DTT, and 50ug/mL cyclohexamide. 1mL was added to the plate and
was allowed to sit for 5 minutes before plate was tilted and this fraction collected. Once
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both fractions were collected, they were spun in a centrifuge at 4° C for 5 minutes at
9,000 rpm in order to pellet whole cells and nuclei. Then supernatant was collected and
saved as cytosolic or membrane fractions.

2.3 RNA purification
In order to purify RNA from samples, cell fractions or whole cells were added to
GT/phenol buffer as adapted from Chomczynski et al(Chomczynski & Sacchi, 1987).
Briefly, samples were added to acid guanidinium thiocyanate-phenol buffer and then
chloroform was added to this. Cells were spun to separate the organic and aqueous
phases and the aqueous phase was collected. NaOAc and isopropanol were added to
this along with Glycoblue and placed at -20°C for at least 30 minutes in order to
precipitate the RNA. This was then spun to precipitate RNA pellet. RNA pellet was
washed once with 70% ethanol and then air-dried. DEPC H20 was used to dissolve RNA
pellet.

2.4 Formaldehyde gel
The purified RNA was then run in a denaturing formaldehyde-agarose gel as in the
protocol from (Stephens, Dodd, Lerner, Pyhtila, & Nicchitta, 2008). Briefly, a 1% agarose,
3% formaldehyde gel was poured and RNA samples were mixed with a loading buffer
containing ethidium bromide and loaded into the gel. Once RNA bands were separated,
gel was imaged in a Typhoon scanner. If gel was to be used for phosphorimaging the
[32Pi] signal, gel was dried in a Savant slab gel drier. Dried gel was then placed in a
cassette with a phosphorimage plate overnight. The plate was then imaged using the
Typhoon scanner.
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2.5 Scintillation counting
If gel was to be used for scintillation counting, after ethidium bromide imaging, the gel
was placed in a UV box and 18S and 28S bands were cut and collected for each sample.
These gel bands were then melted in 1mL H20 at 90°C for 10 minutes. The melted gel
was mixed with scintillation fluid in scintillation vials and counted by liquid scintillation
spectrometry.

2.6 Western immunoblot
The protein composition of the cytosol, and ER membrane fractions was assessed by
western immunoblot using the indicated antibodies recognizing TRAP!, GRP94,
GAPDH, and tubulin. Protein was precipitated from fractions by TCA precipitation.
Samples were run on an SDS-PAGE gel and then transferred to a nitrocellulose
membrane, which was then probed with antibodies. The membranes were imaged using
autoradiography film.
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3. Results
3.1 Depiction of ribosome biogenesis and trafficking
A. Ribosome biogenesis begins with large rRNA precursors in the nucleolus.
There are several steps of splicing for them to become the sizes that will be utilized in
the cell. Once they are spliced into the mature sizes, 18S, 28S, and 5.8S, they are released
into the nucleus to join with ribosomal proteins (Henras et al., 2008). B. The cartoon
shows this process followed by the role of ribosomes in the cell. Once processed in the
nucleus, they are exported through the nuclear pores where they can perform their
function outside of the nucleus as mature ribosomes. It is known that when ribosomes
begin translating proteins with a signal sequence, that they are transported to the ER by
the SRP where they continue translation. Evidence has shown that it may also be
possible for ribosomes to be localized to the ER independent of translating a signal
sequence or of translation all together.
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Figure 9: A, schematic of rRNA processing in the nucleolus and nucleus. rRNA
begins as a large precursor, 45S. It is cleaved several times to produce the mature 18S,
28S, and 5.8S (Henras et al., 2008). B, Cartoon of known mechanism of ribosome
localization (via SRP pathway) as well as the one to be tested, one that occurs
independent of translation.

3.2 Nascent [32Pi] labeled rRNA processing
HeLa cells were pulsed with [32Pi] in culture in phosphate-free media and then
chased for different time points in phosphate-containing media. Total RNA was
extracted and run on a formaldehyde gel. The phosphorimage of the gel is shown.
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Initially, rRNA is only in its largest precursor form, 45S, which is located in the
nucleolus. As the labeling time increases, the smaller precursor, 32S, in addition to the
spliced 18S and 28S rRNAs, are seen. Finally, there is predominantly mature rRNA
present, much of which is located outside of the nucleus.

Figure 10: HeLa cells were pulsed and chased with [32Pi] over the time course
indicated to demonstrate rRNA processing. Precursors are seen at the earlier time
points and later the mature rRNA is seen as labeled.

3.3 Method flowchart
The methods utilized for the remaining figures is shown. HeLa cells are grown in
culture and pulsed with [32Pi] in phosphate-free media. Then cells are chased for
different amounts of time with phosphate-containing media. After the designated times,
cells are fractionated, first by adding digitonin, which lyses the plasma membrane but
leaves the cell attached to the plate and the other membranes within the cell intact. The
cytosol is collected. Then NP-40 and deoxycholate are added to lyse the remaining
membranes, which are collected in a separate tube. RNA is extracted from the two
fractions and run on a formaldehyde gel. Whereas the gel was phosphorimaged in
previous figures and in Figure 13, here the individual bands are collected and
scintillation counted. This is because the above figures used longer time points and
could be visualized. However, Figures 14 and 15 utilize shorter time points, and the
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amount of radioactivity is too low to be seen in the phosphorimage of the gel.
Scintillation counting of the individual 18S and 28S bands allow for shorter time points
to be used as well as more accurate quantification of amounts of RNA.

Figure 11: Methods to be utilized. HeLa cells are grown and then pulsed and
chased with [32Pi] for various times. Then the cells are fractionated, first by adding
digitonin to lyse the cell membrane and then with NP-40 and DOC to lyse the ER.
Both of these samples are run on a denaturing formaldehyde gel and in some cases,
the 18S and 28S bands are cut and scintillation counted.

3.4 Accurate separation of cellular compartments as seen
through protein localization
This figure shows that the fractionation procedure utilized separates out cell
compartments accurately. HeLa cells were fractionated as described above and proteins
were extracted and run on an SDS-PAGE gel. TRAP! and GRP94 are resident ER
proteins and were recovered in the ER cellular fraction. GAPDH and tubulin are
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cytosolic proteins and were recovered in this fraction when the cytosol was extracted.
This demonstrates that the fractionation procedure is valid.

Figure 12: Western immunoblot of fractionated HeLa cells. The cell lysates
were probed with the indicated antibodies. E=ER membrane fraction, C=cytosolic
fraction.

3.5 Cell fractionation and [32Pi] labeling of nascent ribosomes:
phosphorimage
In figure 13 and 14, two time points are used, an early one showing a point
where there were indicated to be mostly precursor rRNAs from Figure 9, and a later
point where there are more mature rRNAs labeled with [32Pi]. The ethidium bromide gel
staining total RNA is shown in Figure 13A, demonstrating that there are similar
amounts of rRNA in the two fractions and at both time points. In Figure 13B, the
phosphorimage is shown for this same gel. Here it is seen that in the early time point,
barely any mature rRNA is detected. In the later time point there is a significant amount
of rRNA. What occurs with the localization of the rRNA in the time between these
points is what we want to understand. Because of this, the method was switched to
scintillation counting for more accurate quantification and to detect lower amounts of
rRNA not detectable by phosphorimaging. Since this is only for the cytosol and ER, it
does not contain the same RNA as the total cells, as in figure 2, specifically the nucleus is
not included in either fraction.
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Figure 13: Two time points of [32Pi] pulse-chase labeling in HeLa cells with
fractionation. A, Ethidium bromide staining. B, phosphorimage of the same gel.
C=cytosolic fraction, E=ER membrane fraction.

3.6 Cell fractionation and [32Pi] labeling of nascent ribosomes:
scintillation counting
The scintillation counts are shown from a similar experiment as figure 14.
Although the [32Pi] labeled rRNA is undetectable in the phosphorimage for the early
time point, scintillation counts are detectable for this sample for both 18S and 28S bands,
which demonstrates why this method is utilized. It is shown that the amounts of rRNA
for both subunits are at almost equal quantities at both time points. If translation of
signal sequences and trafficking by the SRP were the only way for ribosomes to be
transported to the ER, we might expect that the amounts of rRNA for the cytosol would
be higher for at least the earlier time point, if not both.

32

Figure 14: Time course and conditions as in Figure 13, but with radioactivity
quantified by scintillation counts of individual rRNA gel bands.

3.7 Extended time course showing nascent ribosomes in cell
compartments
In order to investigate the location of ribosomes at times soon after their
biogenesis, we used additional time points, five in total. At the first point, there was only
background signal, which may indicate that the [32Pi] signal is still mostly in the nucleus.
For the next time point, the signal increased slightly and was almost equal for both
compartments and both subunits. At the third time point, an interesting pattern
emerged. The signal of the 18S subunit in both compartments is higher than that of the
28S. This is unexpected because the 18S rRNA is smaller and contains fewer phosphates
to be labeled. It is possible that since it is smaller, it takes less time to be processed and is
made more quickly. This difference became even more pronounced at the fourth time
point. All were increasing, although the small subunits in both compartments seemed to
be increasing most rapidly. The subunits on the membrane were more closely matched
in signal than in the cytosol, where there was more than twice as much 18S signal as 28S.
The final time point showed a similar pattern of signal. Overall, both compartments
gained nascent ribosome signal at similar rates and to comparable amounts. It is not
known however, at what point these subunits are part of mature ribosomes or when
these ribosomes become part of polysomes, where they are able to engage in translation.
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Figure 15: Extended time course of [32Pi] pulse-chase HeLa cell labeling. Cells
were labeled for the specified times and fractionated. The fractions were run on a
formaldehyde gel and the bands were cut and quantified by scintillation counting.
Representative experiment shown.
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4. Discussion
Although the data shows that there is an alternative to SRP occurring, it does not
bring us much closer to what that mechanism is. It also does not mean that there is only
one additional alternative to SRP. It is important to note that there was never evidence to
show that SRP was the only mechanism that occurs in cells to properly localize mRNA
and the ribosomes that are translating them. The evidence for SRP has always been
through data that demonstrates that it occurs; there is an absence of in vivo data to show
that translation could not occur without it. Once those types of experiments were
eventually performed, it was already in textbooks and the collective psyche that SRP is
the (singular) mechanism that localizes RNA to the ER.
It was initially simple to view the SRP pathway as the complete picture, however
this is not the case. At this point, to think that there may only be one other
complementary mechanism for the localization of RNA to the ER would be both as
tempting and unfounded. This is an incredibly complicated process, known to involve
different cellular compartments and signals from nascent amino acid chains, but which
could also include various signals from mRNA (secondary and tertiary structure),
various mRNA or ribosomal receptors and binding proteins, variations in ribosomal
protein content, and others. The possibilities are virtually endless once one accepts that
only one or two mechanisms is probably too simplistic a viewpoint.
As stated previously, we know from the last decade of work out of our lab and
others that there are mRNA species on the ER that do not encode signal SS. Alternate
mechanisms will one day explain this poorly understood and understudied
phenomenon. The mRNA could be transported to the membrane before it has become
associated with a ribosome. This may include an RNA binding protein and a receptor on
the ER for the mRNA or the accompanying protein(s). Any mechanism that involves
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transport of mRNA to the membrane independent of ribosomes must also involve free
ribosomes on the ER to begin translation of the transcript, which we know are present.
Ribosomes that were transported to the ER directly from the nucleus would be available
to begin translating these non-SS containing mRNAs.
Data from papers discussed and others have shown, through polysome
gradients, that there are both monosomes and subunits present on the ER, in addition to
polysomes (Mechler & Vassalli, 1975; Reid & Nicchitta, 2012). This is always seen in
polysome gradients of fractionated cells but is not usually mentioned. In Reid et al., it is
shown that nascent protein chains are neither associated with subunits nor monosomes;
these particles are not engaged in translation (Reid & Nicchitta, 2012). During the last
several decades, this has been seen time and again but is not addressed, possibly
because it would not be clear how to interpret this. Scientists publishing papers may not
feel a need to address a puzzle is thought to already have an answer, namely that there
can only be translating ribosomes on the ER.
However, since it has been shown to be the case that there indeed are nontranslating ribosomes on the ER, it begs the question of which of two alternatives are
occurring: (a) ribosomes are trafficked to the membrane independent of translation, or
(b) they’ve already engaged in translation and are somehow still attached. Of course, the
third alternative is just as plausible, which is that both of these can occur in cells. None
of these mechanisms has been disproven. The experiments performed for this thesis
were for the purpose of observing if option (a) occurs in vivo and they suggest that it
does. If the null hypothesis were correct and SRP were the only pathway acting on
ribosomes, nascent ribosome would come to the cytosol and only once translation
began, they would start to be seen on the ER. What is actually seen in the time course is
that the nascent rRNA appears in the cytosol and the ER at the same rate (Figure 15).
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It would be a valid argument to say that translation of signal sequences occurs
very rapidly and that that is how the rRNA is seen on the ER during the time course.
However, it has been shown that at 60 minutes, the nascent labeled rRNA is almost
equally in monosomes and subunits as it is in polysomes (Mechler & Vassalli, 1975). This
cannot be explained by SRP alone. In order to know for certain, an additional
experiment would have to be performed in the future to see a time point before 60
minutes, when there are none or very few polysomes, which is a future direction. If the
amount of labeled, non-translating ribosomes on the ER were the same or higher in
proportion to the labeled polysomes at this point than at 60 minutes, it would solidify
the idea that this rRNA is there before it has engaged in translation. This is because the
monosomes and subunits would be seen to accumulate and then diminish after more
nascent ribosomes are engaged in translation, which would demonstrate these nontranslating ribosomes going into polysomes. In the paper from Mechler and Vassalli,
they see this pattern, where polysomes increase more over the time course than the
monosomes and subunits (Mechler & Vassalli, 1975). Whether or not this proves to be
the case in future experiments, it is difficult to accept that ribosomes only come to the ER
once they’ve begun to translate a signal sequence and then fall off when they’ve finished
translating.
Clearly, this research is at a point where it opens the field up to more questions
than it answers. There are so many of avenues of research that could be opened. The
ones that I will mention focus only on the ribosomal aspect of RNA localization.
How do these ribosomes get transported to the ER in the absence of a SS? The
only known mechanism of ribosomal transport to the ER involves the SRP and then
binding to the SRP receptor. Nascent ribosomes, however, do not have an mRNA or
nascent protein chain. Another molecule must recognize the ribosome or ribosomal
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subunits for transport to the ER in the absence of the signal sequence. What mechanism
of transport does it employ?
What does the ribosome attach to once it reaches the ER in the absence of a
nascent chain? And how strong is this interaction compared to the attachment of a
ribosome to the SRP receptor or through the nascent chain and Sec61? Presumably, this
attachment must involve a transmembrane ER protein. But does the ribosome itself bind
or is there a protein(s) that serves as an adapter between the ribosome and the
transmembrane receptor. Could this help explain how non-SS mRNAs are translated on
the ER? These mRNA encode proteins that must (and do) localize properly to the
cytosol. This means that these proteins that are produced by ribosomes on the ER must
not be translocated, which has been shown (Pyhtila et al., 2008). A type of ribosome
tipping mechanism or elevation above the membrane may be occurring in order for it to
translate but not translocate these proteins. Answering these questions may resolve part
of the mechanism by which ribosomes are attached to the ER while not translating a SScontaining mRNA.
Finally, in their 2001 paper, Mutka and Walter mention that the SRPindependent pathway(s) may have developed as a way that cells could adapt to shortterm stresses (Mutka & Walter, 2001). Is it possible that environmental stress is the
reason that other methods of RNA localization evolved in addition to the existing SRP
pathway? Alternatively, could it be that the pathway that takes over in response to loss
of SRP was the original one and that SRP later evolved because it allowed cells to
produce more protein and grow faster? These are questions that may never be
answered. A more realistic and just as interesting question to answer is: What is the
mechanism of this additional pathway(s)?
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5. Conclusion
Protein production is arguably one of the most important tasks within cells, and
proteins can only carry out their function properly if they are localized correctly.
Because of the importance of the function of localization, it wouldn’t be surprising if
redundant mechanisms exist, possibly ones that dominate during different types of cell
stress. Clearly, the ER has distinct properties that are critical components of protein
synthesis. It aids in protein folding, processes proteins into mature forms, and is the first
step in protein secretion. But there may be other roles for it that have yet to be
understood. There are cytosolic proteins translated on the ER and they are not being
translocated and for this to occur there must be a mechanism that is not coupled with
translocation. This suggests that there is some sort of advantage to having proteins
without a topogenic signal translated on the ER.
In a 2012 review, Weis et al. states that “evidence has emerged to indicate that
the concept of an exclusive requirement on the signal sequence or SRP has to be
modified.” This multifaceted evidence is mostly composed of discoveries of non-SRP
pattern localization of both mRNA alone and coupled with translating ribosomes across
many cell types. Although many are of the opinion that there is little more to discover of
consequence in the area of RNA localization, evidence presented herein shows that there
remains important, unanswered questions and the that research presented is one step
toward greater understanding of this complicated process.
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