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tens of thousands of mRNA levels in cells simultaneously as functions of envi-
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ronmental perturbations. In a few cases the same technique has been employed
to measure not only genome-wide transcript levels (7L) but also the associated
transcription rates (7R) simultaneously. Since 7L is determined by the balance
between two opposing processes, i.e., transcription and transcript degradation,
simple theoretical considerations indicate that it would be impossible to deter-
mine 7R based on TL data alone,Thig conclusion is supported by the finding t
TL and TR do not always vary allel. In fact, the genome-wide measure-
ments of 7L and 7R in budding yeast undergoing glucose-galactose shift indicate
that TL can decrease even though 7R increases and 7L can increase despite the
fact that 7R decreases. These counter-intuitive findings cannot be accounted for
unless transcript-degradation rates (7D) are also taken into account. One of the
main objectives of this contribution is to derive a mathematical equation relating
TL to TR and TD. Based on this equation, it was predicted that there would be 9
different mechanisms by which 7L can be altered in cells. The 7L and TR data
measured in budding yeast demonstrate that all of the 9 predicted mechanisms
are found to be activated in budding yeast during glucose-galactose shift, except
Mechanisms 5 (i.e., decreasing TL with no change in 7R) and 9 (i.e., no change
in TL nor in TR). It was also shown that the opposite changes in the mRNA levels
of glycolytic and respiratory genes observed between 5 and 360 minutes follow-
ing the glucose-galactose shift could be quantitatively accounted for in terms of
what is referred to as the transcript-degradation/transcription (D/T) ratios calcu-
lated here for the first time. Our results suggest that the predicted 9 mechanisms
of controlling 7L may be employed to cluster the genome-wide measurements of
mRNA levels as a means to characterize the functional states of both normal and
diseased cells..

11.1. Introduction

The DNA array technique allows cell biologists to measure the intracellular levels
of tens of thousands of different kinds of mRNA molecules in living cells simul-
taneously. [1, 4, 22, 28, 30, 33] When mRNA levels are measured from a cell
preparation as a function of time after some perturbation and the resulting data are
subjected to a cluster analysis, it is frequently found that the mRNA levels can be
grouped into a set of distinct clusters, each cluster exhibiting a common kinetics
or a temporal pattern of the changes in mRNA levels.

It has been an almost universal practice in the field of microarray technol-
ogy since its inception to interpret mRNA level changes in terms of transcription
(i.e., the synthesis of mRNA using DNA as template) rates only, without taking
into consideration the transcript-degradation step. [ is well known that this
transcript-degradation process can occur with rates parable to those of tran-
scription itself. [1, 28, 29] Ignoring the role of the transcript degradation step is
tantamount to equating transcript levels with transcription rates and this has led
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to the following erroneous interpretations of DNA microarray data:

(i) When mRNA levels increase, it is interpreted as an indication of in-
creased rates of transcription of the corresponding genes;
(i1)) When mRNA levels undergo no change, it is taken as the evidence for
unchanged transcription rates; and
(iii) When mRNA levels decrease, it is interpreted as an indication for de-
creased transcription rates.

For convenience, we will refer to this way of interpreting mRNA levels as the /-to-
1 interpretation. Based on this approach, it has been widely assumed that, when
a mRNA cluster was found by various clustering techniques, this fact can be used
to infer that the underlying genes are transcribed with similar rates and hence that
there exists a corresponding gene cluster. It is one of the main objectives of this
chapter to demonstrate that this way of interpreting mRNA clusters is theoretically
invalid and factually unsupported, leading to Type I and Type II errors. A Type I
error (or a false positive) can arise, for example, when an increase in mRNA level
is interpreted as indicating an increase in the associated transcription rate (which
can be true sometimes but not always), since the level of a mRNA molecule can
increase even if the associated transcription rate does not change as long
number of mRNA molecules synthesized during the time period of obser%j
is greater than the number of mRNA molecules degraded during the same time
period. Similarly, a Type Il error (or a false negative) can arise if a gene is inferred
to undergo no change in its transcription rate based on the fact that its mRNA
level did not change is is because, even if a mRNA level did not change, the
transcription rate coéave increased (or decreased) if the changes in the rate of
mRNA degradation happened to exactly counterbalance the effect of an increased
transcription rate.

Direct experimental evidence for the concept that mRNA levels, also known as
transcript levels (TL), is determined by a dynamic balance between transcription
and transcript degradation been obtained only recently when 7L and tran-
scription rates (7R) were red simultaneously from human lung carcinoma
cells [8], tobacco plant cells [19] and the budding yeast Sacharomyces cerevisiae
(S. cerevisiae) subjected to glucose-galactose shift. [10] Here we present the re-
sults of a genome-wide analysis of the yeast 7L and TR data reported in Garcia-
Martinez et al. [10] based on a kinetic equation relating 7L to TR and transcription
degradation rates (7D), demonstrating the following points:

e TL and TR increase together (see Mechanism 2 in C%j 1 and Fig. 11.3)
in 51% of the time and decrease together (see Me sm 6) 40% of the
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time.
e The opposite changes in glycolytic and respiratory 7L (See F=—J1.4)
induced by glucose-derepression are due to site changes in¥DJ, thus

establishing an instance of degradational coiffrol in contrast to the well-
known transcriptional control.
e There are 9 mechanisms underlying C;%rlying the changes in 7L (See

%11.3).

11.2. Materials and Data Acquisition

11.2.1. Glucose-galactose shift experiments

The S. cerevisiae yeast strain BQS252 was grown overnight at 28 degrees Cel-
sius in YPD medium (2% glucose, 2% peptone, 1% yeast extract) to exponential
growth phase (ODggg = 0.5). [10] Cells were recovered by centrifugation, re-
suspended in g:%’lal medium (2% galactose, 2% peptone, 1% yeast extract), and
allowed to gr YP Gal medium for 14-15 hours after the glucose-galactose
shift. Cell samples were taken at O (denoted as tp), 5 (t1), 120 (t2), 360 (t3), 450
(t4) and 850 (t5) minutes after the glucose-galactose shift. The ¢5 sampling time
corresponds to the exponential growth phase in al medium. Two different
aliquots were taken from the cell culture at each g%gling time. One aliquot was
processed to measure TR according to the genomic run-on protocol (see the next
section), and the other was processed to measure 7L using the same DNA arrays
recovered after TR measurements.

11.2.2. Measuring transcription rates (TR) using the genomic run-on
(GRO) method

The experimental details of the genomic run-on procedures are given in Garcia-
Martinez et al. [10]. This technique is a scaled-up version of the usual nuclear
run-on method. [13] Lysed cells contain transcription complexes stalled on the
DNA template due to lack of ribonucleotides. Transcription is re-initiated in vitro
by adding new nucleotides, one of which is radiolabled (e.g., [«—33P]UTP). After
allowing transcription to finish, one can determine via autoradiography the den-
sity of RNA polymerases for each gene. Assuming a constant speed for RNA
polymerase II molecules this density allows us to estimate the transcription rates
in the cells of interest. By comparing the amount of gene-specific radiolabeled
RNA synthesized in one nuclei preparation with another, it is possible to estimate
the extent of the RNA polymerase densities and, therefore, transcription rates in
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the cells of interest. The 7R data utilized in the TL-TR plots shown in Fig. 11.1
are available at http.'//scsie.uv.es/chipsdna/chipsdna-e.htmlt':js.
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Fig. 11.1.  Plots of the fold changes in transcription rates (7R) against those of transcript levels (TL)
measured in budding yeast at 6 time points (1 = 0 min, 2 = 5 min, 3 = 120 min, 4 = 360 min, 5 = 450
min, and 6 = 850 min) after the glucose-galactose shift.

11.2.3. Measuring mRNA or transcript levels (TL)

The total RNA isolated from the same cell culture used in the previous section was
reverse-transcribed into cDNA in the presence of [a—33P]dCTP. [10] The labeled
cDNAs were purified and hybridized under the same conditions as described for
GRO in order to minimize the variability due to artifacts of DNA membrane ar-
rays. Again, the raw TL data in arbitrary units measured in triplicates at 6 time
points are available at http://evalga.uv.es/scsie-docs/chipsdna/chipsdna-e.html.

11.2.4. The TL-TR Plots

The TL and TR data measured as described in the previous sections can be visu-
alized in a 2-dimensional plane as shown in Fig. 11.1. The genes depicted in this
figure were randomly chosen out of the 5,725 genes showing no missing values in
their triplicate measurements of 7L and 7R. The notation given on the top of each
figure is the name of the open reading frame (ORF) whose TL and TR values were
measured. The trajectory of each plot can be divided into 5 segments or vectors
bounded by two time points (e.g., vector 1-2 between 0 to 5 min after the glucose-
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galactose shift and vector 2-3 between 5 to 120 min, etc.). Each vector can be
characterized in terms of the angle measured counterclockwise starting from the
positive z-axis (see Fig. 11.2). For example, vector 5-6 in Fig. 11.1a is approxi-
mately 45° and vector 1-2 in Fig. 11.1b is approximately 225°. Thus, the angle o
determining the direction of the vector from the i* point to the (i + 1)** point in
a TL versus TR plot with coordinates (z;,y;) and (2;41,y;+1), respectively, can
be calculated from the relation o = tan—! [%] + O, where © = 0° if both
the numerator and the denominator are positive, © = 180° if either the numerator
is positive and the denominator is negative or both the numerator and the denom-
inator are negative, © = 360° if the numerator is negative but the denominator is
positive.

ATR

ATL

Fig. 11.2.  The “unit” circle whose x-axis indicates the changes in 7L and y-axis those in 7R values
of a trajectory in the TL-TR plot. The direction of the radius of the circle coincides with the direction
of the component vector of a TL-TR trajectory. For convenience, each direction is defined by the
following values of angle a: a1 =357 — 3; g =3 — 87; a3 =87 — 93; g =93 — 177; a5 =
177 — 183; ag = 183 — 267; oy =267 — 273; ag = 273 — 357. The center of the circle denoted as
9 indicates that there is no change in 7R nor in 7L between two time points.

11.3. Statistical analysis

The total number of genes whose 7L and TR values were measured 913, of
which 5,725 genes were successfully measured in triplicates witho missing
values. The rest of the genes were measured in less than triplicates tatistical
analysis for the comparison between the “expected” and the “obseréjdistribu-
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tions of genes over 8 possible mechanisms (excluding Mechanism 9) of control-
ling mRNA level in cells(defined in the previous section) was performed using the
binomial test to make inferences about a proportion for response rate based on a
series of independent observations. A hypothesis test was performed to compare
the average trajectories (also called sequences, time series, or profiles) of two
groups of genes coding for glycolytic and respiratory mRNA molecules. Each
group generates two average profiles, labeled 7L and TR (See Fig. 11.3a). Thus,
the null hypothesis states that “there is no difference between the two profiles as-
sociated with glycolysis and respiration”, and the alternative hypothesis states that
“There exists a significant difference between the two profiles”. In order to test
these hypotheses, a multivariate approach for repeated measures analysis was used
to calculate p-values. The p-value for the two trajectories shown in Fig. 11.3a is
less than 0.0001, indicating that there are significant differences between the av-
erage glycolytic and respiratory mRNA level trajectories. The p-value for the two
curves shown in Fig. 11.3b is 0.2292, indicating that there is no significant dif-
ference between the average trajectories of the glycolytic and respiratory mRNA
synthesis rates.

11.3.1. Calibration of TL data

To convert the TL data expressed in arbitrary unit to the corresponding values
in absolute unit (mRNA molecules per cell), we utilized the reference mRNA
abundance data complied by Beyer et al. [5] based on 36 datasets reported in the
literature. Out of about 5,700 mRNA abundance data that these authors collected,
we selected a total of 59 glycolytic and respiratory mRNA abundance values and
plotted them against the corresponding 7L data, leading to a linear regression line
satisfying the relation, n = 0.11147T Ly — 7.220, where n is the number of mRNA
molecules per cell, and T' Ly is the mRNA level measured in arbitrary unit at
t = 0. The correlation coefficient of the straight line was 0.94245. This equation
was used to convert all the 7L data (measured at five different time stamps) in
arbitrary unit into the corresponding values in absolute unit.

Examples of the time courses of the average changes in 7L, TR, and the
transcript-degradation/transcription (D/T) ratios of glycolytic and respiratory
genes are shown in Fig. 11.3 and 11.4. The glycolytic genes idered here
include PDC2, PFKI1, PFK2, ADHS5, PDC6, LATI, PDAI, ADH. 1, PGM1,
ADH3, TPII, GCRI, and PDBI and the respiratory genes include QCR6, COX13,
COX9, NDII, CYT1, COXS8, COX12, SDH4, COX5A, COX4, CYCI, QCR2, QCRS,
and CORI.
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Fig. 11.3. The time courses of the average changes in the transcript level (7L) and transcription rate
(TR) of 12-15 glycolytic () and 14 respiratory genes (H).

. Calibration of TR data

Transcription rates of yeast genes at ¢ty were estimated by utilizing the genome-
wide mRNA decay half-lives reported by Wang et al. [32] The half-life data were
down-loaded from their web site (http://www-genome.stanford.edu/turnover).
The mathematical relation between transcription rate, dn ;/dt, where n ; is the
number of the i*» mRNA molecules synthesized per cell during the time interval
dt, and the mRN A; decay half-life, denoted by t% > can be derived based on the
following assumptions.

(1) Attp, budding yeast cells are at a steady state with respect to transcription
and transcript degradation. In other words, at ¢y, dng;/dt = dnp ;/dt,
where np ; is the number of the i** mRNA molecules per cell degraded
during the time interval dt.

(ii) The decay of the i** mRNA molecules obeys a first-order rate law given
by
—dni/dt:an,i/dt: kD’i[mRNAiL (111)

where kp ; is the first-order degradation rate constant and [mRN A;] is
the concentration of the i*” mRNA in the cell. Integrating Eq. (11.1) with
respect to time leads to

[MRN A;] = [mRN A;]ge™Fp-it, (11.2)

where [mRN A;]o is the mRN A; abundance at ;. Substituting the val-
ues, [mRNAl] = [mRNAz]O/Q att = t%
equation for kp ; yields

.;» and solving the resulting

In2  0.693
kp = 2 — . (11.3)
AT T

1
27 PR
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Using this relation, it is possible to convert mRNA decay half-lives mea-
sured by Wang et al. [32] into the corresponding transcript decay rate
constants.

(iii) Since budding yeast cells are assumed to be at steady states at ¢y with
respect to transcription and transcript decay (previously mentioned in
the first assumption), it would follow that

dnsﬂ'/dt = an7i/dt = kDJ'[mRNAi]O = ;

. (11.4)
1.

3

Thus Eq. (11.4) allows us to estimate the transcription rate, dng ;/dt, at
to from the [mRN A;]o and ¢, ; values.

(iv) The conversion factor, defined as a; = (dng;/dt)/TR; calculated at g
is assumed to apply to all the other T'R; values measured at ¢1, t2, t3, 14,
and t5, where T'R; denoting the TR values associated with the i*" gene.

(v) Since the mRN A; decay measurements were made at 37° Celsius (C)
[32], whereas the T'R; measurements were carried out at 28° C [10], the
absolute rate values for dng ; /dt calculated in (iii) were corrected for the
temperature difference by dividing dng ;/dt by the factor 2 x (9/10) =
1.9, which results from the assumption that the Q10 value (i.e., the factor
by which the rate increases due to a 10° C increase in temperature) was
2.

11.3.3. Kinetic analysis of the changes in mRNA levels

In the absence of any exchange of mRNA molecules between budding yeast cells
and their environment, it is possible to equate the rate of change of the i** mRNA
molecules per cell, dn;/dt, with the balance between the rate of m RN A; synthe-
sis, dng ;/dt, and the rate of its degradation, dnp ;/dt given by

dni/dt:dn&i/dt—dn[),i/dt (115)

In general, the rate of synthesis of the i mRNA, dng ;/dt, would be a function
of many variables including the levels (or concentrations) of RNA polymerase II,
various transcription factors (encoded by the j* gene, where j # i, except when
the j" gene happens to code for a transcription factor that acts on the j** gene
itself), and small molecules such as AT P, ADP, AMP,Mqg*t+,H™, etc. The
same would hold true for the rate of the degradation of the it mRNA, dn p.i/dt.
A system of ordinary differential equations describing the dynamics of mRNA
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levels in a cell taking into account all the variables mentioned above has been
derived in several previous studies. [6, 26, 27] Our model in Eq. (11.5) is similar
to (but not identical with) Eq. (1) in the studies by Savageau [26, 27].

The change in the number of mRN A; molecules per cell, An;, during the
time interval, At, between two time points, ¢; and ¢, can be expressed as

=int(d)n; = int(d)ng,; —int(d)np; = Ang; — Anp, (11.6)

where ‘the integration is from ¢y to txy;. The resulting equation, An; =
Ang; — Anp ;, simply states that the change in the number of the i** mRNA
molecules in a cell during the time interval, At = t;1 — g, is determined by the
balance between the number of m RN A; molecules synthesized and the number
of mRN A; molecules degraded during that time interval. It should be noted here
that the variables in Eq. (11.6) are in absolute units. We can estimate the variables
in Eq. (11.6) as follows:

A’I’Li =MN; —N;j—1 (117)
Ang; = AUCg (11.8)
Anp,i = AUCS — (ni — ni,l), (] ]9)

where the subscript i refers to the i** mRNA molecule AUCJg is the area
under the curve of the TR-time plots.

11.3.4. Transcript-degradation to transcription (D/T) ratios

The transcript-degradation/transcription (D/T) ratio for the i mRNA molecule
can be defined by

Anp,;

D/T = (11.10)

Ansyi '

Note that the subscript 7 is omitted from the term, D/T, for simplicity. Combining
Egs. (11.6) and (11.10) results in

An; = Ang (1 — D/T). (11.11)

We observe that the sign of An; is determined solely by the magnitude of the D/T
ratio relative to 1. The relationship can be described by

An; > 0if D/T < 1 (11.12)
An; =0if D/T =1 (11.13)
An; < 0if D/T > 1. (11.14)

The time-dependent variations of the D/T ratios of the glycolytic and respiratory
genes were calculated as explained in the previous section. Fig. 11.4 illustrates
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the temporal evolution of D/T ratios of the glycolytic and respiratory genes

in Fig. 11.3. It should be pointed out that are 2 less respiratory genes%l
the one given in Fig. 11.3b due to missingi;%;les in the degradation rates. The
D/T ratio for the i mRNA molecule (DT R;) is defined as ﬁ’:f; £ where n; is the

number of the i* mRNA molecules synthesized (S) or degraded (D) per cell over
a given time period (see the previous section for more details). The calculation
of Ang,; requires integrating the T'R; versus time curves between two sampling
time points, say ¢; and ¢o. This is why there are only 5 DT R’s, each of which
was plotted at the mid-point of the two time points involved.

Degradation/Transacription (D/T) Ratios vs Time
4@ =Glycolysis; W = Oxphos

0.0 T T T T

0 200 400 600 800 1000
Time (minute)

Fig. 11.4. The temporal variations of the transcript-degradation/transcription (D/T) ratios of the 15
glycolytic (#) and 12 respiratory genes () given in Figure 11.3.

11.4. Experimental Results

In our previous publication [10], we reported that, when yeast cells were grown
in a glucose-containing medium to exponential growth phase, harvested by cen-
trifugation, and resuspended in a galactose-containing medium replacing glucose,
extensive metabolic changes were found to occur as reflected in 7L and TR values
for almost all of the 6,400 genes in the yeast genome. The 7L trace averaged over
5,753-5,829 genes decreased by about 65% during the first 5 minutes following
the glucose-galactose shift and continued to decline until 360 minutes by further
20%. There was a slight increase (17%) in TL between 360 and 450 minutes,
which was followed by a smaller decrease (12%) between 450 and 850 minutes.
In contrast, the TR values averaged over 5,753-5,829 genes exhibited very differ-
ent kinetic behaviors: A rapid increase by about 60% during the first 5 minutes
followed by a 150% decrease to the 10% level of the control by 120 minutes.
This low level of TR was maintained until 360 minutes when it started to increase
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linearly up to the 45% level of the control by 850 minutes. The 7L and TR val-
ues were normalized with respect to their values at t = 0, and corrected for the
increasing number of cells during the observational period.

These observations clearly indicate that the average 7L and 7R values do not
change in parallel (as would have been expected if 7L reflected the rates of gene
expression, namely 7R) but exhibit seemingly independent kinetic behaviors, es-
pecially during the first (0-5 minutes) and the last (450 - 850 minutes) periods of
observation. The relation between TL and TR can be visualized by plotting 7L
against 7R on a 2-dimensional plane as shown in Fig. 11.1a through 11.1d. A
trajectory in the TR versus TL plane consists of a set of 5 vectors, each represent-
ing the change in 7L and 7R over a time interval which varies from 5 minutes to
400 minutes. The trajectory associated with the gene YBL0O91C-A consists of a
series of five connected vectors starting from time point 1 (O minute) and ending
at time point 6 (850 minutes) having approximate angles of 315°,270°, 135°,45°,
and 45°. A given vector is associated with a mechanism of RNA metabolism ex-
pressed in terms of TL and TR. Specifically, when o = 315°, it indicates that,
during the first time interval (i.e., from O to 5 minutes), the transcript level 7L
of gene TBLO91C-A is increased but its transcription rate 7R is decreased; when
a = 270°, it indicates that the same gene experienced no change in 7L but a de-
crease in TR, etc. It is important to note that this gene experienced an increase in
both TL and TR only during the last two time intervals, since their associated «
values are approximately 45°. The 9 mechanisms of RNA metabolism depicted
in Fig. 11.2 are defined as follows:

(1) Mechanism 1 is defined by the « values ranging from 357° (or —3°) to
3° and indicates that 7L increases without any change in TR;

(2) Mechanism 2 is defined by the a values ranging from 3° to 87° and
indicates that both 7L and TR increase;

(3) Mechanism 3 is defined by the o values ranging from 87° to 93° and
indicates that 7L does not change although 7R increases;

(4) Mechanism 4 is defined by the « values ranging from 93° to 177° and
indicates that 7L decreases even though TR increases;

(5) Mechanism 5 is defined by the « values ranging from 177° to 183° and
indicates that TL decreases without any change in 7TR;

(6) Mechanism 6 is defined by the « values ranging from 183° to 267° and
indicates that both 7L and TR decreases;

(7) Mechanism 7 is defined by the « values ranging from 267° to 273° and
indicates that TL does not change although TR decreases; and

(8) Mechanism 8 is defined by the « values ranging from 273° to 357° and
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indicates that TL increases even though TR decreases.

Note that Mechanisms 9 is not shown above because it is defined not by « but by
the values of AT'L and AT R both being zero.

Since there are 5 vectors per TL-TR trajectory, there are a total of 5 x 5, 725 =
28, 625 values of « to be calculated. These values are calculated using the formula
given in the previous section and displayed in Table 11.1. The rows numbered 1
through 5 refer to the 5 time intervals and the columns numbered 1 through 8 refer
to the mechanisms of controlling mRNA levels. Due to a large number of genes
involved, we used the normal approximation approach, leading to the results that
the observed proportions for Mechanisms 1, 2, 3, 4, 6, 7, and 8 are significantly
different from the expected except for Mechanism 5. In other words, all of the 8
mechanisms are observed to occur in budding yeast cells under the experimental
conditions employed, except Mechanisms 5 and 9.

Table 11.1. The frequency distributions of the 8 modules of RNA metabolism (defined in the leg-
end to Fig. 11.2) as the functions of the 5 time periods following the glucose-galactose shift.If the
angles are randomly distributed over 360°, the expected distributions can be calculated as shown
in the @w. The p-values for the difference between the observed and the expected distri-

butions iven in the last row. The differences are all significant, except for Mechanism 5.
Mechanism

Vector 1 2 3 4 5 6 7 8 Total

1 0 142 234 3470 96 1732 12 39 5725

2 14 18 3 37 S 3729 617 1302 5725

3 340 1914 52 638 314 1471 28 968 5725

4 477 4237 21 151 61 143 19 616 5725

5 12 1151 238 4213 38 36 4 13 5725

Total Observed 843 7462 548 8509 514 7131 680 2938 28625

Total Expected 477 6678 477 6678 477 6678 477 6678 28625
p-value < 0.0001 | <0.0001 | 0.001 | <0.0001 | 0.092 | <0.0001 | <0.0001 | < 0.0001

The numbers in Table 11.1 represent the frequencies of the different mech-
anisms that occur in budding yeast during one of the five time intervals. Thus,
during the first time interval (i.e., from O to 5 minutes), no gene experienced (or ex-
hibited) Mechanism 1; 142 genes experienced Mechanism 2; 234 genes exhibited
Mechanism 3; 3,470 genes experienced Mechanism 4; 96 experienced Mecha-
nism 5; 1,732 genes experienced Mechanism 6; 12 genes experienced Mechanism
7; and 39 experienced Mechanism 8. If the various mechanisms occur randomly
during this time interval, their frequency of distribution would be expected to be
proportional to the magnitude of the angle o associated with the vector spanning
the time intervals involved, i.e., 6° for Mechanisms 1, 3, 5, and 7, and 84° for
Mechanisms 2, 4, 6 and 8. The theoretically predicted distributions of the mecha-
nisms based on the angular sizes are given in the 9" row in Table 11.1. Compar-
ing Rows 8 and 9, it is clear that all of the 8 mechanisms occur with frequencies
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different from those expected on the basis of random distributions, except Mecha-
nism 5, as evidenced by the fact that the associated p-values are all less than 0.001
except that associated with Mechanism 5.

In 2002, Gorospe and her group measured for the first time the 7L and 7R data
for about 2,000 genes from non-small cell human lung carcinoma H1299 [8] and
found that TL could increase or decrease without any changes in 7R (see Groups
IV and V in Table 1 [8]), from which they concluded that transcript degradation
played a critical role in determining mRNA levels. The first genome-wide mea-
surements of 7L and 7R in budding yeast S. cerevisiae were reported by Garcia-
Martinez et al. [10], whose results also indicated that there were no I/-to-1 cor-
relation between 7L and TR. However, neither of these publications included any
mathematical equation relating 7L, TR, and TD. One of the main objectives of
this paper is to fill this gap in our knowledge and use the derived equation to an-
alyze the TL and TR data of functionally well-defined groups of mRNAs in order
to investigate the possible functional roles of mRNA levels in cell biology. For
this purpose, we chose the glycolytic and respiratory mRNA molecules for a de-
tailed analysis because the biochemistry of glycolysis and respiration (leading to
oxidative phosphorylation) and their antagonistic interactions are well known in
S. cerevisiae during glucose-galsctose shift. [2, 7, 15, 16, 18]

The unicellular organism S. cerevisiae (also known as budding yeast, baker’s
yeast, or wine yeast) has the capacity to metabolize glucose and galactose but
prefers the former as the carbon and energy sources when both nutrients are
present in its environment. In the presence of glucose, the organism turns on
those genes coding for the enzymes needed to convert glucose to ethanol (which
phenomenon is known as glucose induction) and turns off those genes needed for
galactose metabolism (which phenomenon is known as glucose repression). [2,
7, 15, 16, 18] The detailed molecular mechanisms underlying these phenomena
(called diauxic shift) are incompletely understood at present and are under inten-
sive studies. [11, 25, 31] When glucose is depleted, S. cerevisiae increases its rate
of metabolism of ethanol to produce ATP via the Krebs cycle and mitochondrial
respiration. [11, 25] This metabolic control is exerted by reversing the glucose re-
pression of the genes encoding the enzymes required for respiration (i.e., oxidative
phosphorylation) — the process referred to as glucose de-repression. [11]

11.5. Conclusio@ Discussion

Fig. 11.3a shows the time courses of the average levels of 14 each of the glycolytic
and respiratory mRNA molecules during the 850 minutes of observation after
shifting glucose to galactose. The time course of the average transcription rates of
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the same sets of glycolytic and respiratory genes are displayed in Fig. 11.3b. The
most striking feature of these figures is that, despite the similarity between the
time courses of the transcription rates (TR) of glycolytic and respiratory genes,
those of the corresponding transcript levels (7L) are quite different. In fact, the 7L
trajectories of glycolytic and respiratory genes change in opposite directions dur-
ing the period between 5 and 360 minutes after glucose-galactose shift, whereas
the corresponding TR trajectories almost coincide. As shown in Fig. 11.4, these
opposite changes in 7L appear to be the consequences of the opposite changes in
the degradation rates of glycolytic and respiratory mRNA molecules.

The qualitative features of the temporal behaviors of TL and TR changes dis-
played in Fig. 11.3a and 11.4b are summarized in Table 11.2. As indicated in the
first two rows, the total observational period of 850 minutes are broken down to
5 phases, labeled I through V. During Phase I, the transcript levels of both gly-
colytic and respiratory genes decrease precipitously although the corresponding
transcription rates increase, most likely because the stress induced by glucose-
galactose shift increase transcript degradation rates more than can be compensated
for by increased transcription. This interpretation is supported by the transcrip-
tion/degradation ratio of 0.5 calculated for Phase I (see Fig. 11.4). During Phases
IT and III, the glycolytic transcript levels decrease by 2 fold, whereas the respi-
ratory transcript levels increase by 4 fold. Since the corresponding transcription
rates of both the glycolytic and respiratory genes decline rapidly followed by a
plateau, the increased respiratory mRINA levels cannot be accounted for in terms
of transcriptional control but must implicate degradational control. That is, just
as the removal of glucose “de-induces” glycolytic mRNA molecules (leading to
the declining 7L and 7R trajectories for glycolysis in Fig. 11.3a and 11.3b), so it
might repress the degradation of respiratory mRNA molecules, leading to a rise in
respiratory mRNA levels as seen in Fig. 11.3a between the second and fourth time
points. This phenomenon may be referred to as “glucose de-induction” in analogy
to glucose induction. [7, 18, 20] If this interpretation is correct, one intriguing hy-
pothesis suggests itself that glucose normally keeps the respiratory mRNA levels
low by both enhancing the degradation and repressing the synthesis of respiratory
mRNA molecules. During Phase IV, both 7L and TR for glycolytic and respira-
tory genes increase, and this may be attributed to galactose induction. [11, 18, 34]
In support of this interpretation, it was found that glucose-galactose shift induced
an increase in both TL and TR of the Leloir genes (GAL 1, 2, 3, 7 and 10) be-
tween 120 and 450 minutes by more than 10 folds (data not shown). The Leloir
genes code for the enzymes and transport proteins that are involved in convert-
ing extracellular galactose to intracellular glucose-1-phosphate [9], which is then
metabolized via the glycolytic and respiratory pathways. Finally, during Phase
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V, the glycolytic mRNA levels remain constant while the respiratory mRNA lev-
els decline slightly, the latter probably due to galactose repression (in analogy
to the well-known glucose repression [18]) of respiration following the forma-
tion of glucose-1-phosphate via the Leloir pathway. [9] The transcription rate of
glycolytic genes continue to increase during Phase V probably due to galactose in-
duction [21, 25], although the corresponding transcript levels remain unchanged,
which may also indicate the degradational control of glycolytic mRNA molecules
during this time period. That is, budding yeast seems able to keep glycolytic 7L
constant in the face of increasing TR, by increasing TD - the transcript degradation
rate. The TR trajectory of respiratory genes also continue to increase during Phase
V despite the fact that their TL trajectory decline, which can be best explained
in terms of the hypothesis that that respiratory mRNA levels are controlled by
transcript degradation. It is quite evident that the 7L and TR data presented in
Fig. 11.3a and 11.3b cannot be accounted for in terms of 7R alone but requires
taking into account both TR and 7D on an equal footing for their logically consis-
tent explications, which is tantamount to the conclusion that 7L is determined by
the D/T ratio (see Fig. 11.3a and 11.4).

Table 11.2. A summary of the kinetics of the 7L and TR changes depicted in Fig. 11.3a
and 11.4b. The upward and downward arrows indicate an increase and decrease, respectively.

Time (min) 0-5 [ 5-120 [ 120-360 | 360-450 450-850
Phase (or Time Period) T I TIT v \4
Transcript Glycolysis ) 1 1 T No Change

Level (TL) Oxidative T T T T T
Phosphorylation

Transcription Glycolysis T 1 ) T T

Rate (TR) Oxidative T T T T T
Phosphorylation

In conclusion, the genome-wide TL and TR data of S. cerevisiae measured by
Garcia-Martinez et al. [10] have provided us with a concrete experimental basis
to establish the concept that mRNA levels measured with cDNA arrays cannot be
interpreted in terms other than what is here called the transcription/degradation
(D/T) ratios. These ratios have been found useful in characterizing the temporal
evolution of the molecular mechanisms underlying mRNA level changes induced
by glucose-galactose shift in this microorganism, which may be extended to other
cellular systems for similar determinations. Since these mRNA level changes re-
flect the dynamic metabolic states of cells (i.e., cell states) supported by dissipa-
tion of free energy, they qualify as examples of what was referred to as intracel-
lular dissipative structures (IDSs), an example of the application of Prigogine’s
dissipative structure concept olecular cell biology. , 17] It was postu-
lated %DSS serve as the %diate driving forces 1 cell functions and
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reflect the functional states of the cell. If this interpretation turns out to be correct
upon further investigations, the DNA array technique, due to its ability to measure
D/T ratios as demonstrated here, may prove to be an invaluable experimental
tool to characterize and investigate IDSs and their biological functions, leading to

rous applications in basic cell biology, biotechnology, and medicine, includ-
E%jevelopments of diagnostic procedures to recognize cancer cells in their early
developmental stages and testing drug candidates for their ability to reverse such
pathological cell states.
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