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Abstract

Synthesis and degradation of mRNA together with synthesis and degradation of corresponding protein, this four-step-expression

confers great fitness to all organisms. Transcription rate and mRNA stability both are essential for circadian expression of clock

genes. In many cases, transcription rates and half-lives of mRNAs and corresponding proteins are not necessarily tightly linked with

each other. The methods for measuring four-step-expression should be carefully selected and the experimental conditions should be

strictly controlled.
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After the genome sequences of many species were

identified, more and more attention was paid to eluci-

dating the functions of the vast majority of genes in ge-

nomes [1]. Regulated transcription, translation, and
degradation of mRNA and corresponding proteins play

a key role in all gene expressions during development.

One significant instance is that the combination of ap-

propriate transcription rate and degradation rate of

mRNA controls endogenous rhythms and their adapta-

tion to the environment [2].
Four steps of gene expression

In some cases, higher mRNA synthesis rates are ac-

companied with higher mRNA levels, but in other cases

they are not. Fig. 1 shows the relationships between

transcription rate and mRNA level, mRNA level and

corresponding protein level, and translation rate and

protein level. (Because few studies have been conducted
about the whole relationship among this four-step-ex-

pression, we only list three major types of relationships.)
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Although the transcription rates and mRNA abundance

of most genes change with the same direction, they usu-

ally have different ranges of variation (Fig. 1A). Trans-

lation rate with protein abundance and mRNA level
with protein level vary in a similar manner (Figs. 1B

and C). For some chloroplast and mitochondrial genes

(Fig. 1B, conditions 1 and 4), severely changed tran-

scripts still permit nearly unchanged protein levels.

Some mitochondrial genes (cob, cox1, nad2, and nad4)

in Chlamydomonas reinhardtii exhibiting increased

mRNA abundance failed to show higher transcription

rates (Fig. 1A, condition 7) [3]. Additionally, in one
ATP synthase mutant of C. reinhardtii, an increased

protein synthesis rate led to a decreased steady-state

protein level (Fig. 1C, condition 7) [4].

A correlation between transcription and translation

has been established in some instances [5,6]. In general,

transcriptional activity is not necessarily tightly linked

to corresponding mRNA levels and protein abundance,

especially for mutant genes, chloroplast genes, and
mitochondrial genes, pointing to extensive post-tran-

scriptional and post-translational control of gene expres-

sion [4,7]. A little fluctuation in mRNA half-life or

protein half-life could have significant effects on steady-

state levels of mRNA or protein [4,8–10].
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Fig. 1. Relationship between transcription rate and mRNA level (A), mRNA level and protein level (B), and translation rate and protein level (C).

The x-axes are labeled by gene expression conditions. The color bars represent relative changes of transcription rate, mRNA level, translation rate,

and protein level. The altitude of each bar does not mean the actual quantity, but the approximate fold change in abundance. Control transcription

rate, mRNA level, translation rate, and protein level are all normalized to zero (not shown in the figure). (Example genes of (A): condition 1—psbD

[34], 2—psaJ [3], 3—psaL [45], 4—psbB [3], 5—rps3 [3], 6—ORF112 [3], and 7—cox1 [3]; example genes of (B): condition 1—cab [46], 2—aAmy3

[32], 3—psbA [22], 4—petA [7], 5—Act [32], and 6—cab [47]; example proteins of (C): condition 1—b subunit of ATP synthase [48], 2—CP47 [28],

3—CP47 [28], 4—a subunit of ATP synthase [4], 5—CP43 [28], 6—D2 [28], and 7—b subunit of ATP synthase [4]. All examples come from plants and

microbes, but it is easy to find other examples in other organisms.) (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this paper.)
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Therefore, measuring transcriptional activity without
focusing on protein level is imprecise, even false, espe-

cially for some genes with complicated regulation.

Moreover, when no direct correlation between the tran-

scripts level and protein abundance is found, it is advis-

able to examine the half-lives of mRNA and the

corresponding protein.
Circadian clock also involves mRNA stability

The circadian clock regulates hundreds of genes and

allows organisms to anticipate daily changes in the envi-

ronment [11]. Molecular mechanisms and components

underlying clock function have been described for many

years for several animals and prokaryotic organisms.
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The emerging model of the clock consists of positive and

negative feedback loops. In recent years, some presumed

negative elements (TOC1, CCA1, and LHY) also have

been found in Arabidopsis [12,13]. Much is known about

the feedback regulation at the level of transcriptional ac-

tivity, however, relatively little is known about other
feedback regulations at the level of mRNA stability

(Fig. 2). Methionine (Met) or its metabolites negatively

regulate mRNA stability of cystathionine c-synthase,
which catalyzes a key step in Met biosynthesis [14].

The b-tubulin has a similar feedback mechanism in

which the stability of b-tubulin mRNA is down-regulat-

ed by the unassembled b-tubulin subunits [15]. Besides

these, recent studies indicated that KaiC, a member of
the DNA recombinases, regulates genomewide gene ex-

pression (including its own expression) by changing the

condensation and supercoiling status of chromosomes

[16,17]. Similarly, in the mouse�s circadian clock, the

feedback loops of the Cry gene and Per gene involve

the acetylation of the H3 histone, which has an overall

effect on genomewide expression [18].

In summary, the mechanisms of circadian oscillation
are complex and diversiform. Even in plants, the clock

system is far from completely clear. However, from

above, transcription rate and mRNA stability both are

involved in circadian oscillation [2,19]. More analyses

on synthesis and degradation of clock genes mRNAs

and corresponding proteins may help to find new circa-

dian pathways.
Fig. 2. Molecular model of current circadian oscillators. Positive elements (C

CLOCK and BMAL in mice, possibly PIF-PHY13 in Arabidopsis) act as

products of clock genes (PER and TIM in Drosophila, FRQ in Neurospora, a

Arabidopsis) act as negative elements and block the action of positive elemen

c-synthase in Arabidopsis) catalyzing the substrates to form correspondin

metabolites in turn down-regulate activities and mRNA stability of enzymes

animals) act in cis to down-regulate their own mRNA stability [15]. Other pr

regulate a large number of genes (including their own transcription) by cha
Accurate adjustment of transcription and translation

Synthesis and degradation of mRNA and synthesis

and degradation of corresponding protein, this four-

step-expression confers great fitness to microbes, plants,

animals, and human beings [3,4,7,20,21]. An ideal
mRNA level usually could not be reached by only alter-

nating the transcription rate. None but a combination of

regulated translation rate and protein half-life could

lead protein to a high level instantly or stabilize protein

to an appropriate level efficiently. When dark-grown

Synechocystis was transferred to light, the psbA mRNA

rapidly increased 2- to 3-fold, whereas D1 showed an at

least 15-fold induction during the same period of illumi-
nation [22]. (D1 protein, encoded by psbA, constitutes

part of the core of the photosystem II reaction center.)

The plant needs D1 protein urgently when performing

photosynthesis. In contrast, light affects neither the ac-

tivity of the psbA promoter nor the accumulation of

the psbA mRNA in mature chloroplasts, while the D1

synthesis is slightly regulated by light [23]. In mature

plants, cells develop another system to balance the pro-
tein abundance in a narrow range for a normal function.

Circadian oscillations of clock-controlled genes are

also controlled by four-step-expression. Simultaneous

translational induction and transcriptional repression

could narrow the peaks of clock proteins and increase

the robustness and accuracy of circadian oscillations

[24]. Variation in circadian period, phase, and amplitude
LOCK and CYC in Drosophila, WC-1 and WC-2 in Neurospora, and

transcriptional activators to induce clock gene expressions. Protein

nd mCRYs and mPERs in mice, possibly CCA-1, LHY, and TOC1 in

ts [12,13]. Proteins of clock genes include some enzymes (cystathionine

g products (methionine in Arabidopsis), and these products or their

[14]. Some unassembled proteins of clock genes (b-tubulin subunits in

otein oscillators (KaiC proteins in Synechococcus, Per and Cry in mice)

nging the structure of the chromosome [16–18].
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contributes to seasonal time measurement [25] and

changes in fitness within specific environments [26].

Studies on the relationship between transcription and

translation would help to clarify the dynamic regulation

of rhythmic expression.
Measuring four-step-expression

Transcription, translation, and degradation of

mRNA and protein are vital for sophisticated gene ex-

pressions. However, the methods for this four-step-ex-

pression are used confusedly sometimes.

Measuring initiation of transcription and translation

Run-on transcription is a standard method for tran-

scription rate determination. Another method is shot-

time transcription (constructing a plasmid containing

promoter of the selected gene and a reporter gene)

[27]. Studies on translation rate determination are rela-

tively short and the common method is protein pulse-la-
beling [4,28]. All of these methods have a common

problem which is how to decide an appropriate pulse

time. Since different mRNAs or proteins have different

half-lives, we suggest that the pulse time should be much

shorter than the minimum half-life of interested mRNAs

but also ensure that a readable expression signal can be

acquired.

Measuring degradation rate of mRNA

Relatively more methods have been used for mea-

suring the half-life of mRNA. Cells which are simply

cultured with an inhibitor and harvested at different

times is the simplest technique. 5,6-Dichloro-1-b-ribo-
furanosylbenzimidazole (DRB), cordycepin, and a-am-

anitin are usually used as inhibitors in bacteria and
animals [8]. Rifampicin [3] and tagetitoxin, a selective

inhibitor of chloroplast transcription [29–31], are used

for chloroplasts in plants. Actinomycin D is the most

frequently used and the most effective inhibitor for

all organisms. It can inhibit all transcriptions of chlo-

roplasts, mitochondria, and nuclei [3,8,32], although it

is very noxious to cells and possibly changes some

mRNA stability [33]. Noticeably, every gene has a va-
riety of reactions to different inhibitors [3] and mRNA

half-lives measured with inhibitors differ considerably

from this inhibitor to other inhibitors [8]. Therefore,

transcription inhibitors should be used cautiously to

fit different genes. Besides these, developmental stage

and many abiotic conditions (light, nutrilite, etc.)

could change mRNA stability dramatically [3,29,34].

Experimental conditions should be strictly controlled
when the inhibitors are used for measuring mRNA

stability.
The pulse-chase method (pulse-labeling with nucleo-

sides then chasing with unlabeled nucleotides) over-

comes the limitations of inhibitors, although it is often

difficult to label the mRNA of interest. The approach

to the steady-state method needs a constant transcrip-

tion rate, and the short-term promoter activation meth-
od needs a suitably inducible promoter. We should

select suitable methods according to different situations.

Determining a correct half-life for mRNA may not be

feasible using only one method, in fact, it may require

several different methods until a consensus value emerg-

es [35]. The detailed information of these methods has

been reviewed by Jeff Ross (see [8], for review).

Measuring degradation rate of protein

Translation inhibitors measure protein half-life in the

same way. However, this method is unreliable, because

the cell is clearly not in a normal physiological condi-

tion, and stability of some components of multisubunit

complexes depends on assembly with other proteins

[36]. Additionally, none of the inhibitors (lincomycin,
chloramphenicol, cycloheximide, and anisomycin) could

inhibit all proteins effectively [37,38]. Protein pulse-la-

beling is a more precise method [4,7,39–41]. After

pulse-chasing, radiolabeled proteins were usually sepa-

rated on polyacrylamide gels. However, it is difficult to

analyze these proteins, due to the large number of radi-

olabeled proteins in a sample. According to recent stud-

ies, immunoprecipitation [40–43] and sucrose gradient
centrifugation [42,44] before electrophoresis could

enhance distinguishability of labeled proteins.

Whereas, the experiments about four-step-expression

should be carefully designed and more effective and con-

venient methods should be created. We also hope for

more meticulous analyses on four-step-expression.
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