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ABSTRACT
Expression of heterologous genes from the PGK promoter on

high copy number plasmids in yeast is relatively poor compared to
the intact PGK gene because of low steady-state RNA levels. In
this paper we show that low levels of heterologous RNA are not
due to instability of mRNA but result from inefficient
transcription due to a defect in RNA synthesis. A comparison of
RNA levels from homologous and heterologous transcription units
allowed the identification of a positive activator for
transcription within the PGK coding region which is required for
efficient expression of the PGK gene. Deletion of this region,
the "downstream activator sequence", causes a six to ten fold
reduction in transcriptional efficiency from the PGK S' non-
coding region.

INTRODUCTION
The yeast PGK gene encodes phosphoglycerate kinase, one of

the efficiently expressed glycolytic enzymes. The PGK protein
constitutes about 1% of total cell protein and its mRNA is
correspondingly abundant (1). Expressing the PGK gene on a high
copy number plasmid produces 50-80% of the total cell protein as
PGK and there is a similar increase in the steady-state levels of
the RNA (2). Increasing the number of copies of the gene
therefore results in a corresponding increase in the amount of
PGK RNA and protein. It is generally considered that the DNA

sequences which are required for efficient transcription in
eukaryotes lie upstream from the initiating ATG (3,4) and the

upstream sequences from the PGK gene have been used to construct

vectors for the expression of heterologous proteins. PGK based
vectors constitute one of the most efficient expression systems
for use in S. cerevisiae (2,5,6,7,8). However, the yields of
heterologous products , typically around 1 to 2% of the total
cell protein, are well below the theoretical maximum yield of 50
to 80% of the total cell protein, which is the yield of PGK
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protein which is observed when the intact gene is placed in a

high copy number plasmid (2). This can be explained in part by

the relative instability of some heterologous products in yeast

but the main reason is that the steady-state RNA levels

transcribed from the heterologous template under the control of

the PGK promoter are low (2). Low RNA levels are observed with a

number of heterologous genes, both of yeast and mammalian origin
(Mellor, Kingsman and Kingsman, unpublished data). A comparison
of the steady-state RNA levels transcribed from the PGK promoter

directing the expression of a number of foreign genes with the

levels of PGK RNA from the intact gene shows that in general,

heterologous RNA levels are five to ten fold lower than those

from the intact PGK gene (2,6).
The low levels of heterologous RNA could be due either to

instability of the mRNA or to inefficient transcription. In this
paper we have distinguished between these two possibilities by

comparing RNA stability and transcription initiation rates for

homologous and heterologous transcription units. We show that it
is a defect in the synthesis of heterologous mRNA which is

responsible for the low steady-state mRNA levels and identify a

positive activator for transcription within the PGK coding
region.

MATERIALS AND METHODS

Bacterial and yeast strains and media: Plasmids were propagated
in E.coli strain AKEC28 (C600, thrC, leuB6, thyA, trpClll7,
hsdR, hsdM). Saccharomyces cerevisiae strain MD40/4c (x, ura2,
trpl, leu2-3, leu2-112, his3-11, his3-15). E.coli cultures were

grown in Luria broth (9) with ampicillin (Sigma) at 25ug/ml when

necessary. Yeast cultures were grown at 300C in YEPD (1% yeast

extract, 2% peptone and 2% glucose) or in defined minimal medium

(10) with 1% glucose as the carbon source. All cultures were

harvested at 6 x 106 cells/ml for the preparation of RNA and DNA.

DNA manipulations and plasmid constructions: Restriction enzymes,

T4 DNA ligase, Klenow fragment and nuclease Bal3l were purchased
from BRL. Radioactively labelled isotopes (EC32P]dTTP,
EGC32P]UTP, C3H] uracil and 32p) were purchased from Amersham
International. DNA manipulations and plasmid constructions
followed standard procedures (11). Prior to ligation all

fragments were isolated from agarose gels. Bal3l digestions
followed standard conditions (12). The reactions products were

filled in with Klenow and BamHI linkers (CCGGATCCGG, Celltech
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Ltd.) were added. All end points were sequenced using the
dideoxy method (13). Plasmids that have been described
previously are pMA27 (2), pMAl (6), pMA230-1 (2) pMA301-1 (2),
pMA91-11 (7). Yeast transformants are designated T followed by
the plasmid number; for instance MD40/4c transformed with pMA27
is designated T27.
Hybridisation probes: The following DNA fragments were isolated
from agarose gels prior to nick translation using reagents
supplied by BRL. A 2.95Kb (PGK) HindIII fragment was isolated
from pMAl (6), a 0.9Kb (IFN) BamHI fragment from pAT153-1 (6), a
1.25Kb (Ty) PvuII/BglII fragment from pMA91-11 (7), a 1.8Kb
fragment (rDNA with homology to rRNA) and a 2.2Kb fragment (rDNA
with homology to spacer DNA) by EcoRI digestion of pYRIG12 (14).
DNA blotting and filter binding assays: For preparation of
nitrocellulose filters (see figures 2 and 4), pMAl was restricted
with HindITI, pAT153-1 with BamHI and pYRIG12 with EcoRI, and lpg
of the digested DNA was electrophoretically separated on multiple
tracks of a 1% agarose gel. The gel was blotted onto 0.p1
nitrocellulose using standard procedures (15) and the filter was
cut into individual sections prior to hybridisation with
radiolabelled RNA. For filter binding assays, 0.1pg of isolated
specific DNA fragments from pMAl, pAT153-1 and pMA91-11 were
transfered onto small pieces of 0.1p nitrocellulose (16).
Copy number estimation: Total yeast DNA was isolated from yeast
using the method of Cryer et al. (17), restricted with EcoRI,
electrophoretically separated on 1% agarose gels, stained with
ethidium bromide and blotted onto 0.45ju nitocellulose (12,15).
The filters were hybridised to isolated restriction fragments as
described in the results and the copy numbers estimated by
cutting out regions of the filter and scintillation counting the
radioactivity associated with the plasmid and ribosomal bands.
RNA preparation: RNA was isolated from yeast and Northern blotted
using the method decribed in Kim et al (12). Quantitation of the
counts associated with each specific transcript was done by
cutting regions from the nitrocellulose filters and scintillation
counting (18).
RNA labelling experiments: (a). RNA turnover experiments: For
preparation of uniformly P labelled RNA, cultures of yeast were

harvested at 2 x 104 cells/ml, washed twice in warm low phosphate
minimal medium (prepared by adding lml of 1M MgSO4 and lml of
aqueous ammonia to 100ml of 0.67% yeast nitrogen base (Difco),
precipitating the phosphate by stirring very gently at room
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temperature for 30 mins, filtering through Whatman no. 1 paper,

adusting to pH5.8 with HC1, autoclaving and adding sterile
glucose to 1%), then resuspended in warm low phosphate medium

with 50pCi/ml carrier free phosphate and allowed to grow for at

least one generation time (3 hours). The cells were then

filtered out of the medium using a Nalgene unit (0.45fi
nitrocellulose), washed quickly with two lots of warm low

phosphate medium containing 7mM phosphate, resuspended in this
medium and grown shaking at 300C for a further hour. Samples

were taken at various intervals, frozen at -70°C, then RNA

was prepared using standard procedures. The specific activity of

this RNA was routinely 1 x 106cpm/pg. 2yug of total RNA were heat

denatured at 700C, added to hybridisation buffer (5X SSC, 50%
formamide, 20mM phosphate pH6.5, 1X Denhardts, 0.1% SDS, 25Ojig/ml
sonicated denatured salmon sperm DNA, and either lOOpg/ml or

500pg/ml yeast tRNA (BRL)), and hybridised to Southern type

filters, which had been prehybridised for 16 hours in the same

mixture, at 420C for at least 48 hours. Standard washing
conditions (0.1X SSC, 0.1%SDS, 20mM phosphate pH6.5 at 420C) were

used. Addition of yeast tRNA to these hybridisations reduced the

intensity of the signal to the 1.8Kb rDNA, as these preparations
of tRNA are contaminated with significant amounts of yeast rDNA.

All experiments were done in triplicate.
(b).Filter binding assays: Yeast cultures at 4 x 106 cells per ml

were washed twice in warm synthetic complete medium minus uracil
and grown for three hours in this medium supplemented with
lmCi/20 mls of tritiated uracil. The conditions for chasing out

the label and preparation of RNA are as described above. 2jig of
total yeast RNA were hybridised to nitrocellulose filters as

described by Montgomary et al. (16). The counts associated with
each filter were assessed by scintillation counting. All

experiments were done in triplicate.
(c).Pulse-labelling RNA in whole yeast: 25ml of cells at 6 x

106/ml were harvested at 40C, tkansferred to an eppendorf tube
and washed twice, using a 30 second spin in a microfuge, in lml

of TMN (10mM Tris/HCl pH7.4, 100mM NaCl, 5mM MgCl2). The cells

were resuspended in 0.95ml of ice cold water and 0.05ml of 10% N-

Lauroyl sarcosine (Sodium salt, Sigma L-5125), then left on ice
for 15 minutes. The cells were spun out in a microfuge (30
second spin) and resuspended in 120yl of reaction mix (50mM
Tris/HCl pH7.9; 100mM KC1; 5mM MgC12; lmM MnCl2; 2mM DTT; 0.5mM

ATP; 0.25mM GTP; 0.25mM CTP; 10mM phosphocreatine; 1.2jpg/ul
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creatine phosphokinase; luCi/ul (X[32p] UTP) and incubated at 250C
for 90 seconds. The cells were spun out of the reaction at 40C,
washed with cold TMN containing 5eyM UTP, frozen at -700C and RNA
prepared using the standard procedure. The RNA was hybridised to
DNA filters as described in the above section. The specific
activity of the RNA was routinely about 2 to 8x104 cpm/pg. All
experiments were done in duplicate.

RESULTS
Steady-state mRNA levels of heteroloous and homolorous
transcription units.

We have shown previously that when the entire PGK promoter
is used to express our model heterologous gene, interferon, the
levels of steady-state RNA are about six fold lower than when the
PGK promoter drives the expression of the PGK coding sequence
(2). To extend this analysis we wished to determine whether the
presence of the interferon (IFS) cDNA on the plasmid or within a
transcriptional unit was sufficient to affect RNA levels. The
plasmids pMA27-1 and pMA165-1 were therefore constructed (Fig
1A). All plasmids are based on the high copy number yeast-E. coli
shuttle vector pMA3a (19). pMA27-1 is a derivative of pMA27 (2)
and contains the intact PGK gene with the IFN cDNA inserted at
the BamHI site in the pBR322 sequences on the plasmid (19).
pMA165-1 is a derivative of pMA27 generated by BAL31 deletion
such that it contains only the PGK promoter and coding sequence.
The interferon cDNA is inserted at a BamHI site four nucleotides
downstream from the translation stop codon. This generates a
hybrid PGK-IFN transcript which is translated to produce PGK but
not interferon (Fig 1A). The steady-state levels of RNA directed
by pMA165-1 were compared with those directed by pMA27-1, which
produces the homologous PGK-PGK transcript, and by pMA301-1,
which produces the heterologous PGK-IFN transcripts, by Northern
blotting (Fig 1B). Duplicate filters from a bi-directional blot
were hybridised with PGK and IFN specific probes. As the RNA

transcribed from pMA165-1 has homology to both the PGK and IFN
probes the signals on each filter can be compared directly
without accounting for the length or specific activity of the
probes by adjusting exposures to give equal intensities of the
165-1 signal. One filter was subsequently hybridised to the Ty
specific probe to control for RNA integrity and the amount of RNA
loaded onto each track of the gel. The steady-state RNA levels
from T27-1 (see Materials and Methods) are identical to those

6247



Nucleic Acids Research

A

lIT.-.L).

:s

..} .:

....

B
'4~ ~ ~ sa

(0
0o

::..

r- IMI) y-N~ (0 0
N '- )

PGK-IFN-

PGK-

iFN-

PGK

C

-2t.7

-153

-O 75

TV

I301, -- ~

165;!E 1.

B
'- tI

I U) T-

N (0 o
N r X Kb

4W 4

IFN

rL0
N v- Cl)

6248

t
I

:, 14Abi..-, -P
,.F .1

4pi -R



Nucleic Acids Research

previously determined for T27, that is about 50 fold higher than

those for the chromosomal PGK. This indicates that the presence

of IFN cDNA on the plasmid does not affect RNA levels or plasmid
copy number (Figs 1B and 1C). As expected, there is about a six
fold difference in the levels of RNA from T27-1 and T301-1 (2).
However, T165-1 RNA levels are high, about 40 fold higher than

the chromosomal PGK, and only slightly lower than those from T27-
1. The long 3' untranslated region of the hybrid RNA may account

for the slight drop in the steady-state RNA levels. Nevertheless,
this result suggests that the presence of IFN sequences within a

PGK directed transcript does not significantly affect mRNA

production.
Heterologous transcripts are stable in yeast.

In designing the approach to demonstrate the rate of
degradation of the IFN and PGK transcripts in yeast it was

decided that the rate of degradation of the IFN transcript should
be compared initially with that of the chromosomal PGK transcript
in the same transformant, T301-1. Subsequently, these rates

were compared with the rate of degradation in T165-1, which
produces high RNA levels. Cultures of T301-1 and T165-1 were

labelled for one generation, about 2.75 hours, with 32P, then the

label was chased out with 7mM inorganic phosphate and samples of

RNA were prepared at the times indicated. The RNA was hybridised
to identical nitrocellulose filters containing DNA digests of

plasmids pMAl, PAT153 and pYRG12 to produce PGK, IFN and rDNA

specific fragments. Figure 2 shows two exposures of the same set

of filters. On each filter the ribosomal RNA signal was used to

control for the amount of RNA and the degree of hybridisation, as

Figure 1. A. Hybrid transcriptional units 1.5Kb PGK 5' noncoding
region (thin line); PGK coding region (open box); PGK non-coding
region (thick line); Interferon coding region (-filled thick box);
Interferon 3' non-coding region (filled medium box); pBR322
sequences (broken line). The transcript expected from each
hybrid transcription unit is shown by the thin arrowed line below
the gene. H=HindIII, B=BamHI, Bg-BglII, C=ClaI. The
transcription units were inserted as HindIII/BamHI fragments into
the high copy number yeast-E. coli shuttle vector pMA3a (19). B.
Northern analysis. Each panel is the same filter hybridised with
PGK (left), IFN (middle) and Ty (right) probes. The position of
the PGK-IFN hybrid transcript (2.3 Kb), the normal PGK
*transcript ( 1.5 Kb), the 0.7 Kb IFN transcript and the 5.7 Kb Ty
transcription are shown. C. Southern analysis. Total yeast DNA
restricted with EcoRI and hybridised to the 2.2Kb rDNA (R) and
pBR322 DNA (P).
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Figure 2. Rate of degradation of IFN> chromosomal PGK and PGK-

IFN hybrid transcripts. Panels A and B show two exposures~Tl6
hours and 72 hours) of the same set of-filters hybridised to RNA

from T301-1 and panels C and D show two exposures (8 hours and 48

hours) of the same set of filters hybridised to RNA from T165-1.

0, 15, 30 and 60 are the time in minutes from the start of the

chase. The position of the PGK (P), IFN (I), and rDNA (R)
specific signals are shown.

these rRNAs are degraded slowly in yeast. Therefore the PGK and

IFN RNAs can both be compared with the rRNA throughout the

experiment. This experiment is not designed to measure accurately

the half-life of the RNAs but rather to compare their rates of

degradation. The shorter exposure (Fig 2A) for T301-1 shows the

IFN RNA turning over and in the longer exposure (Fig 2B) the
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Figure 3. Filter binding assay. Semi-logarthmic plot of cpm
hybridised against time after the removal of E3H] uracil from
medium. A. Line 1. PGK RNA from T27; 2. IFN RNA from T301-1; 3.
PGK RNA from T301-1; B. 4. Ty RNA from T301-l; 5. Ty RNA frolm
T27.

chromosomal PGK RNA, which is less abundant than the IFN RNA, can
be seen. It is clear that both the IFN and PGK RNAs have similar
rates of degradation in the same transformant. The bottom two
panels (Fig 2C and D) show two exposures of autoradiographs for
T165-1 RNA turnover. The rate of degradation is similar to both
the IFN and chromosomal PGK RNA in th-e top panels. This result
was confirmed in a filter binding assay (16). In this experiment,
cultures of T301-1 and T27 were labelled to steady-state with
(3H)-uridine, instead of 32p, and the label was chased out for
the times indicated on the Figure. The overexpressed -PGK RNA in
T27 was observed to be degraded in a similar way to the
chromosomal PGK RNA and the IFN RNA in T301-1 (Figure 3A).
Figure 3B shows a control -for this experiment. Here, the RNA
from the three transformants was hybridised to a filter
containing DNA from the yeast Ty element (7). This RNA is
turning over at a similar rate in all three transformants.

These experiments indicate that the IFN transcripts are as

stable as the authentic highly expressed PGK RNA, the chromosomal
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PGK RNA, and the highly expressed PGK-IFN RNA from T165-1. The

approximate values for the half life of the PGK RNA, about 30
minutes, agree with those determined independently (P.Piper,
per. comm.) If the rates of degradation of these RNAs are the

same but they achieve different steady state levels, then the

rates of transcription of the two types of RNA must be different.

The defect in heterologous RNA production is in the rate of
transcription.

To test the hypothesis that a defect in the rate of

initiation of IFN RNA synthesis from the PGK promoter results in

low steady-state RNA levels, a run-on transcription or pulse
labelling assay, originally developed by J. Warner (Albert
Einstein College,N.Y.), was used. Two transformants T301-1,
which produces low RNA levels and T27-1, with high RNA levels

were chosen for this experiment. In order to look at the

distribution of the radioactivity in the pulse-labelled total RNA

population and to compare it with total RNA labelled to steady-
state with inorganic phosphate, lig aliquots of RNA were

separated by electrophoresis through formaldehyde/agarose and

then blotted onto nitrocellulose. Autoradiography of the

nitrocellulose showed label distributed throughout the pulse-
labelled RNA population while in the steady-state labelled RNA

the ribosomal 25S and 18S RNAs are the most abundant species (Fig
4a). The copy number and steady-state RNA levels were also

determined in cells from the same culture and were as described
previously (results not shown). The labelled RNA was then

hybridised to nitrocellulose filters similar to those described
in the RNA turnover experiments (Fig 2). Again, the amount of
hybridisation of the 1.8Kb ribosomal RNA to the ribosomal DNA

acts as an internal control so that RNA from different

transformants can be directly compared. The RNA transcribed from
the pBR322 and LEU2/2p regions of the plasmids can also be

detected and used as a second internal control. Figure 4b shows a

comparison of representative filters hybridised to RNA pulse
labelled for 90 seconds and RNA labelled to steady state with
32p. Irrespective of the duration of labelling the signal from
the PGK RNA on the T27 filter is about 6 fold more intense than
the IFN RNA signal on the T301-1 filter. The IFN signal on the
T301-1 filter is about seven fold more abundant than the

chromosomal PGK signal in the same transformant. These
differences reflect the steady-state difference in these RNAs
previously observed by Northern blotting. Therefore, the rate
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synthesis of the PGK RNA in T27 is different to the rate of
synthesis of IFN RNA in T301-1. As the time of the 90 second
pulse-label in the 'run-on" assay is short compared to the
observed rate of degradation of the RNAs (30 minutes), these data
show that IFN RNA production in T301-1 is limited at the point of
rate of synthesis of RNA.

Evidence for an internal transcriptional activator region in the
PGK gene.

A comparison of T165-1 and T301-1 shows that the former
produces high levels of RNA while the latter does not. The only
difference in these constructions is the presence of all 412
amino acids of the PGK coding region on the plasmid in T165-1
which expressed high levels of RNA. This suggests that the
sequences in the coding region of the' PGK gene are required for
efficient expression. As we have previously shown, the plasmid
pMA230-1 which contains 11 amino acids of the PGK N-terminus also
shows low levels of expression (2). This locates the important
signal between amino acid 11 and 412. To locate the cis-acting
sequences more precisely the IFN gene was fused in frame with the
PGK gene such that 79 and 310 amino acids of the PGK protein
would preceed the IFN protein (pMA220-1 and pMA362-1, Fig 5A).
The copy number (Fig 5C) and steady-state RNA levels (Fig 5B) of
transformants T301-1, T220-1 and T362-1 were compared to T165-1.
A bidirectional Northern blot analysis of the steady-state RNA
from T301-1, T220-1 and T362-1 showed low RNA levels whereas in
T165-1 the RNA levels were high (Fig 5B). However, the copy
number of plasmids pMA220-1 and pMA362-1 were dramatically
reduced compared to pMA301-1 and pMA165-1 (Fig 5C). The regions
of the nitrocellulose filters from both the northern and Southern
blots were cut out and counted so that an accurate quantitation
of RNA levels and plasmid copy number could be made. The copy
number of plasmids in T301-1 and T165-1 were normal, about 100
copies per cell, but the copy number of plasmids in T220-1 and
T362-1 were repeatedly measured at about 5 copies per cell. This
represents a twenty fold drop in template number, however, as the
RNA is twice as abundant as the chromosomal PGK RNA, the steady-
state RNA per plasmid copy must be high and equivalent to the
level in T165-1. The reason for the drop in copy number during
production of large PGK-IFN fusion proteins is not known.
It may be significant that these transformants showed a reduced
growth rate (Mellor, unpublished data) suggesting that truncated
PGK proteins- may be toxic to the cells. There may, therefore,
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be a selective advantage to cells which have a reduced gene
dosage. When fully quantitated adjustments for copy numbers are
made, it is clear that the fusion which contains 79 amino acids
of PGK in pMA220-1 is transcribed efficiently.

As our previous data showed that a fusion with only eleven
amino acids (pMA230-1) is poorly transcribed, this places the
cis-acting sequences required for high effiency transcription
from the PGK "promoter" between 37 bp and 236 bp downstream from
the initiating ATG. We call this region the Downstream
Activator Sequence (DAS).

DISCUSSION
In this paper we have investigated further the reason why

heterologous gene expression from the PGK promoter in yeast is
less efficient than homologous expression. We have shown that the
low levels of heterologous RNA do not result from instability of
foreign mRNAs in yeast but results from inefficient transcription
from the PGK promoter when it is linked to a heterologous coding
region. We have identified a region in the PGK coding sequence
which is required for efficient transcription from the PGK
promoter. Deletion of this region, which we call the downstream
activator sequence (DAS) results in a five to ten fold reduction
in the rate of synthesis of PGK RNA in hybrid transcriptional
units or of any heterologous RNA fused into the PGK 5' and 3'
non-coding regions in PGK based high copy number expression
vectors. Thus, heterologous gene expression is limited because
of low RNA levels.

The nature of the DAS and its relationship to other
sequences responsible for the efficiency of the PGK "promoter" is
at present uncertain. Previous deletion analysis has located an
upstream activator sequence (UAS) in the PGK promoter (18).
However, after deletion of the UAS and all sequences to within
91 bp of the ATG there is still some residual transcription (18).
This implies that other sequences in this "promoterless" gene
contribute to expression. One potential region is a CT rich
sequence, known as the the CT..CAAG, which is conserved around
the RNA initiation site (RIS) of a number of highly expressed
yeast genes (19). The other possibilty is that the downstream
activator sequence is a component of efficient expression. Thus
both the upstream and downstream sequences may interact with the
RIS to potentiate high level expression.

6256



Nucleic Acids Research

A precedent already exists for intragenically located
transcriptional control regions in polII transcribed genes. The
immunoglobulin heavy chain genes contain B-lymphocyte-specific
enhancer sequences located within the second intron of the
rearranged, activated genes (20, 2, 22). The genes of the human
globin family have sequences located intragenically, in the
second intervening sequence for ( andy genes, which regulate the
expression of the genes (23, 24, 25). In addition, the
information sufficient to specify regulation of the chicken
thymidine kinase gene during differentiation is entirely
intragenic (26). Further evidence for internally located cis-
acting sequences comes from studies using hybrid gene fusions
expressed in transgenic mice. Both the human HPRT and the mouse

growth hormone genes appear to contain intragenic sequences that
determine tissue specific expression (27, 28). The intragenic
location of these enhancing and regulating sequences may
represent ecomony in gene organization. However, it is possible
that the differential use of upstream and downstream cis-acting
controlling elements may allow subtle changes in the pattern of
gene expression. Transcriptional enhancers have been located in
the protein coding regions of three oncogenic viral genomes.
Early expression of the ElA proteins in adenovirus 5 is dependent
on four regions with enhancer activity, three located in the 5'
non-coding region and the fourth located about 400bp downstream
from the transcription initiation site. These enhancers seem to
be required only during early ElA expression (29). The hepatitis
B and the bovine papilloma viruses also contain enhancers located
in potential coding regions. Both these sequences were
identified by their ability to activate a heterologous promoter
in an orientation and position independent manner (30, 31, 32).
Our data with PGK suggest that the coding region has evolved to
fulfil requirements for both protein structure and function and
to ensure efficient transcription. It is unlikely that this has
been to achieve economy of expression as suggested for viruses.
It is possible however, that genes such as PGK which play an

essential housekeeping role in the cell have additional features
to guarantee their expresssion.
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