
“If you have ten thousand regulations you destroy all respect for
the law.”

Winston Churchill



Dowell Lab Overview

Transcriptomics Individual Differences



Transcriptomics: Regulation can also occur
post-transcription



CLIP-Seq: RNA binding proteins



Khd1: Refining the definition of “unique”

Wolf et. al. Genetics, 185:513-522



CLIP: The background is the transcriptome
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Peak Calling in CLIP-Seq
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Peak Characteristics: Average Width



Target list influenced by mapping method



Importance of considering mappings to repeats

levels of GFP without the repeated sequences. GFP
mRNA does not enrich in the Khd1–TAP immunopre-
cipitation when driven by either promoter in the
absence of the FLO11 repetitive element (Figure 3C).
We conclude that the repeated sequences in FLO11
mRNA are sufficient for recognition by Khd1.

Khd1 represses translation through the FLO11
repetitive element: We used the construct with GFP
fused to the FLO11 repetitive element to test the effect of
Khd1 binding to this region.Western blotting shows that
GFP protein levels from this fusion construct increase
12-fold in khd1D relative to wild type (Figure 4A,
compare lanes 1 and 2). qPCR measurements show that
Khd1 expression causes a 2-fold decrease inmRNA levels
from this construct (Figure 4B compare lanes 1 and 2).
We attribute the remaining 6-fold difference in GFP
protein levels relative to GFPmRNA levels between wild
type and khd1D to translational repression that results
from Khd1 binding the FLO11 repetitive element. Khd1
overexpression further represses the construct with the
FLO11 repeats fused toGFP, reducing the amountofGFP
protein below that seen with the empty vector, without
decreasing GFP mRNA levels (Figure 4, A and B,
compare lanes 1 and 3). Neither deletion nor over-
expression of Khd1 affects protein or mRNA levels from
constructs lacking the FLO11 repetitive element (Figure
4, A and B, lanes 5–8, and Figure S4). In addition to
repressing transcription of FLO11 by regulating ASH1
expression, Khd1 represses translation through its in-
teraction with repeated sequences in FLO11 mRNA.

Translational repression of the fusion construct is
consistent with the post-transcriptional repression of
Flo11 protein expression by Khd1. Although Khd1 does

not appear to regulate endogenous FLO11mRNA levels
independent of ASH1 (Figure 2), mRNA levels from the
construct with the FLO11 repeats fused to GFP increase
in the khd1D mutant (Figure 4B). The fusion transcript
may be subject to different regulation than FLO11
mRNA independent of Khd1. Alternatively, low levels
of FLO11 mRNA in the ash1D/ash1D mutant may
preclude detection of small changes in stability. To test
FLO11 mRNA stability, we used the ADH promoter to
transcribe full-length FLO11 mRNA and measured its
steady-state levels, similar to ourmeasurement ofmRNA
from the fusion construct. In the khd1D mutant, FLO11
mRNA levels from this construct are 63% of those in
wild type. Changes in mRNA stability alone do not
explain the differences between mRNA and protein
levels for either the fusion construct or endogenous
FLO11 in the absence of Khd1. Therefore, translational
repression through the repeats is the predominant post-
transcriptional regulation of FLO11 mRNA by Khd1.
Khd1 regulates Flo11 asymmetry: Flo11 protein

expression determines daughter cell fate during filamen-
tous growth. To determine whether the transcriptional
and translational regulation by Khd1 affects Flo11 ex-
pression between mother and daughter cells, we scored
Flo11 expression patterns using the FLO11THA allele
and fluorescence microscopy. The four possible expres-
sion patterns between mother and daughter cells were
each observed (Figure 5A). Mother cells that express
Flo11 can give rise to daughter cells that also express the
protein, or those that switch Flo11 expression off. Re-
ciprocally, mother cells that do not express Flo11 can
produce daughter cells that similarly do not express the
protein, or those that switch Flo11 expression on. We

Figure 3.—Khd1 binds repetitive sequences in
the FLO11 open reading frame. (A) Enrichment
of FLO11 mRNA following immunoprecipitation
from cells expressing either Khd1–TAP or un-
tagged Khd1. (B) Khd1 target sequences from
CLIP map to the FLO11 repetitive element. His-
togram of read mappings overlaid on a dot plot
highlighting the repetitive region of the FLO11
open reading frame from the

P
1278b genome

(http://www.vivo.colostate.edu/molkit/dnadot/,
window size ! 11, mismatch limit ! 1). (C) En-
richment of constructs following immunoprecip-
itation of Khd1–TAP. Enrichments expressed as
the level of the transcript relative to ACT1mRNA
in the immunoprecipitate divided by the level of
the transcript relative to ACT1 mRNA in the
input. Values are average of four independent
experiments. Error reported as standard devia-
tion.
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Importance of considering mappings to repeats

calculated probabilities for daughter cell Flo11 expres-
sion given the Flo11 expression of the mother cell based
on the frequencies of these expression patterns

Repression by Khd1 reduces the frequency of Flo11
expression in daughter cells. Compared to wild-type
daughter cells, khd1D/khd1D daughter cells are more
likely to express Flo11 protein whether or not it is
expressed in the mother (Figure 5B). These increases
result from the loss of the combined transcriptional and
translational repression of FLO11 by Khd1.More khd1D/
khd1D ash1D/ash1D daughter cells than ash1D/ash1D
daughter cells also express Flo11 protein whether or not
it is expressed in the mother (Figure 5B). These in-
creases result solely from the loss of translational re-
pression by Khd1, since the deletion of ASH1 inactivates
the transcriptional regulation. Although the loss ofKhd1-
mediated translational repression of FLO11 mRNA in-
creases the expression of Flo11 protein in daughter cells,
maximal induction of Flo11 expression in daughter cells,
seen in the khd1D/khd1Dmutant, requires the dual relief
ofboth the transcriptional and translational repressionof
FLO11 by Khd1.

Khd1 binds many mRNAs that encode cell wall
proteins: Khd1 binds a number ofmRNAs encoding cell
wall proteins in addition to FLO11 mRNA. Fifty-four of
the Khd1 target mRNAs we identify using CLIP (Table
S4) encode proteins that play a role in cell wall function,

nearly half of the 114 genes with this annotation (p !
5.85 3 10"15) (Beissbarth and Speed 2004). Similar to
FLO11 mRNA, many of the Khd1 targets that encode
cell surface proteins contain repeated sequences. When
target genes are sorted by the number of sequences that
map to their binding sites, 9 of the top 10—FLO11,
SED1, YIL169C, AGA1, SCW10,MSB2, RPO21, CRH1, and
YNL190W—contain repeats (reported in Verstrepen
et al. 2005 or determined by visual inspection) and 8 of
these 9 encode cell surface proteins, with the lone
exception being RPO21. With the exception of CRH1
mRNA, Khd1 binds these nine transcripts through their
repetitive elements (Figure S5 and Figure 3B), implying
that Khd1 frequently binds repeated sequences. Khd1
appears to have a bias for messages with repeated
sequences as it binds mRNAs transcribed from 32 of
the 44 S. cerevisiae genes previously reported to contain
intragenic repeats (Verstrepen et al. 2005).

However, the presence of repeats is not the only
determinant of Khd1 binding. First, not all mRNAs
bound by Khd1 have repeated sequences. Second, in
some cases where Khd1 binds tomessages with repeated
sequences, the binding is not in the region of repeats
(Figure S3, CRH1). Third, Khd1 does not bind all
mRNAs that contain repeated sequences.

To understand the determinants of recognition by
Khd1, we analyzed the sequences within its binding
sites. MEME analysis (Bailey and Elkan 1994) produ-
ces a degenerate octamermotif (Figure 6) that occurs in
12% of the Khd1 binding sites. This result is consistent
with the CNN repeats found to mediate Khd1 binding
in a previous study (Hasegawa et al. 2008). Examina-
tion of our motif reveals additional features that
may contribute to the interaction between Khd1 and
its target RNAs. The repeating CA pattern is similar
to the one found in RNAs recognized by the mammali-
an RNA-binding protein Nova (Buckanovich and
Darnell 1997; Jensen et al. 2000; Ule et al. 2003;
Licatalosi et al. 2008). Khd1 and Nova both contain
three K-homology RNA-binding domains (Currie and
Brown 1999; Buckanovich et al. 1993), and structural
studies indicate that the third KH domain in Nova
makes specific contacts with the internal CA in a YCAY
(where Y indicates a pyrimidine, U or C) tetramer
(Lewis et al. 2000). CA is the most enriched dinucleo-
tide (1.8-fold relative to background) in the Khd1
binding sites. Two of the four tetranucleotides with
the highest enrichments relative to background—-
CAAC, CUCC, CAUC, and CUAC are enriched 3.3-,
3.0-, 2.9-, and 2.6-fold, respectively—contain CA in the
first and second position, but not internally as in the
YCAY motif. All four contain C in the first and last
position. This analysis identifies new possible determi-
nants of recognition by Khd1, but despite our high-
resolution detection of in vivo binding sites, we do not
find amotif to explain the specificity of Khd1 for all of its
RNA targets.

Figure 4.—Khd1 represses translation through the FLO11
repeats. (A) Western blot analysis of GFP protein levels from
constructs expressing GFP alone, or GFP fused to the FLO11
repetitive sequences. PTEF –KHD1 is an overexpression con-
struct. The only visible band detected from wild type, and
the predominant band from khd1D, migrate at the same mo-
lecular weight as GFP alone, suggesting that translation initi-
ated at the GFP start codon. The higher migrating band from
khd1D may result from low levels of translation initiation in-
side the repetitive element that become visible after derepres-
sion. (B) GFP mRNA levels normalized to TUB1 mRNA levels
for the strains shown in A. Values are average of four indepen-
dent experiments. Error reported as standard deviation.
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What does Khd1 recognize? (Motif Discovery)

But how do we know it recognizes single stranded region?

Michal Rabani



Multiple domains: Cooperation or Independence?

Li Wang



Dowell Lab Overview

Transcriptomics Individual Differences



“Always remember that you are absolutely unique. Just like
everyone else.”

– Margaret Mead









Small genomic differences result in appreciable phenotypic
differences



Cost of sequencing an individual just keeps dropping



Will cheap genome sequence = personalized medicine?



Personal Genomics



High quality sequence is essential for accurate comparison

An Jansen, Doug Bernstein, Alex Rolfe
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Is resequencing an alternative to assembly?



Strains are approximately as different as two humans

36,000 SNPs (0.3% SNP frequency)
65% ORFs are absolutely identical
95.7% of reference bases identified



One third of chromosomal ends show structural differences



Subtelomeric differences implicated in human disease



Subtelomeric gene loss predicts Arsenic sensitivity
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Case Study: Yeast Comparative Functional Genomics

Owen Ryan



Identify Essential Genes: Two Methods



Tetrad Confirmation of Conditional Essential Genes

Dowell, Ryan, et. al. Science 328:469 (2010)



Tetrad Confirmation of Conditional Essential Genes

Dowell, Ryan, et. al. Science 328:469 (2010)



Subtelomeric gene gain predicts biotin synthesis capacity
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Subtelomeric gene gain predicts biotin synthesis capacity



Susceptibility to gene loss is complex:



Susceptibility to gene loss is complex:



WHY?

Biological networks are immensely complex!



Leverage hybrids to find suppressors

Alex Poole



Leverage hybrids to find suppressors

Alex Poole



Functional information often represented as a graph



Studying changes through evolution
Principal Investigator:  Selmecki, Anna 6.7 

Postdoctoral Fellowship Application 
2008-2009 
 

CFP:YFP cells is determined daily using flow cytometry and beneficial 
mutations are observed when the ratio deviates from 1:1 (Figure 1A). 
When a single beneficial mutation spreads through the population, the 
slope of the growth curve gives the strength of the mutation, or 
selection coefficient, after the mutation occurred (Figure 1B).  
Typically, however, due to the large sizes of these microbial 
populations, multiple beneficial mutations are simultaneously present 
in the population (clonal interference). Under these conditions the 
dynamics of the population are dominated by a set of successful 
mutations that are not so weak that they are outcompeted 
immediately, nor so strong that they are too rare. The resulting 
‘window of opportunity’ for beneficial mutations can be described by 
two effective parameters: the effective selection coefficient that 
describes the magnitude of these successful mutations, and the 
effective mutation rate at which they occur. 

A preliminary evolution experiment was conducted for 220 
generations in raffinose medium, a poor carbon source, using the 
isogenic progenitor strains (Figure 1C-E). Each progenitor was 
competed with a progenitor of the same ploidy, but carrying the 
different fluorescent protein, and the mixture was passaged by serial 
dilution in 96-well plates. We used these CFP:YFP trajectory data to 
determine the effective parameters of the evolving populations. This 
was done by comparing the empirical data to predictions from a 
population dynamics model described in Hegreness et al (2006)8. 
Different values of the model parameters yield different predictions 
regarding the marker-ratio trajectories, and the parameter values for 
which these theoretical predictions most closely match the empirical 
findings, are used as estimates of the effective parameters. Applying this procedure to the data we 
estimated that the effective selection coefficient for the 1N populations is seff=0.08 +/- 0.02, with an 
effective mutation rate of mueff=10^(-6 +/- 0.5). Similarly, the 2N populations were best described by 
seff=0.11 +/- 0.02 and mueff=10^(-6 +/- 0.5), whereas the 4N populations were best fit to parameters of 
seff=0.2 +/- 0.03 and again mueff=10^(-6 +/- 0.5). 

While the effective selection coefficient characterizes the mutations that are expected to initially 
spread in each of the evolving populations, the model also provides predictions for the expected average 
fitness of the populations at the end of the experiment. For the 1N and 2N populations, due to the lower 
selection coefficient, and the consequential slower rate of spreading of the beneficial mutations, the 
model predicted that by generation 220 each population will be mostly made up of cells carrying a single 
mutation. Thus, the expected fitness of evolved cells from the 1N and 2N populations was predicted to 
match the effective selection coefficient. In contrast, the faster spread of mutations in the 4N population 
indicated that after 220 generations each evolving population will have turned over several times, and 
evolved cells would typically carry several beneficial mutations, conferring to them a fitness advantage 
that could be ~3 times greater than the effective selection coefficient.  

To test these predictions, I performed competition experiments in raffinose to determine the 
fitness of evolved clones (single colonies derived from an evolved population) compared to the 
progenitor strain. I found that the average selection coefficient of 4N evolved clones (s=0.6 +/- 0.2) was 
significantly higher than that predicted by the model, whereas the average selection coefficient observed 
for 1N (s=0.08 +/- 0.02) and 2N (s=0.13 +/- 0.03) evolved clones was nearly identical to the predicted 
values. These results are in remarkable agreement with the model expectations, and suggest that 
the evolution of the 4N clones is best described by a rapid succession of several selective 
sweeps, while it is likely that only single mutants (cells carrying a single beneficial mutation) had 
sufficient time to replace the ancestral population during the 220 generations of evolution of the 

Figure 1: Diagram of the evolution 
experiment

8
: Equal numbers of 

genetically identical YFP or CFP cells 
are grown by serial dilution. A 
beneficial mutation arises (A, red 
arrow) and takes over the population 
with a slope of “s” (B). Preliminary 
trajectories in raffinose medium for 
isogenic 1N (C), 2N (D), and 4N (E) 
strains during adaptation to raffinose. 

 

 



Studying changes through evolution
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(L. Xu, PhD thesis, University of
Colorado, 1999), and the ability of PCP
hydroxylase to hydroxylate 2,6-
dichlorophenol17 suggest that the orig-
inal function of this set of enzymes might
have been to accomplish the ring cleav-
age of naturally occurring compounds
such as 2,6-dichlorophenol (see reac-
tions enclosed in the blue box in Fig. 4).
Chlorophenols, particularly those with
one or two chlorines, are produced natu-
rally by certain fungi and insects29,30, so it
is to be expected that some soil bacteria
will be able to degrade these compounds
through typical hydroxylation and ring
cleavage reactions.

The model shown in Fig. 4 proposes
that the pathway for PCP degradation
arose by the combination of genes for
degradation of compounds like
dichlorophenol with the gene for MAA
isomerase (or a reductive dehalogenase
derived from an MAA isomerase). The 
assembly of a functional pathway would
require recruitment of two proteins 
to serve novel functions. First, a
dichlorophenol hydroxylase would be 
recruited to convert PCP to TCHQ.
Second, an MAA isomerase would be re-
cruited to convert TCHQ to TriCHQ and
then to DCHQ. Finally, the existing DCHQ
dioxygenase encoded by pcpA would ful-
fill its normal function by cleaving DCHQ.

Regulation
An important aspect of the evolution

of a new metabolic pathway is the devel-
opment of appropriate mechanisms for
regulating expression of the recruited
enzymes. Expression of both PCP hy-
droxylase31 and DCHQ dioxygenase16,32

is induced by PCP. It is not known
whether the regulatory protein for these
enzymes was designed originally to re-
spond to a specific phenol or to multiple
phenols, and to what extent it has been
modified during the development of the
PCP degradation pathway.

The expression of TCHQ dehalogen-
ase is a different story. MAA isomerase
should be induced by compounds such
as phenylalanine, tyrosine and phenyl-
acetate (see Fig. 2)33. However, in S.
chlorophenolica, TCHQ dehalogenase is
expressed constitutively when cells are
grown on glutamate, and addition of
PCP does not enhance expression34.
This observation suggests that the nor-
mal transcriptional regulation might
have been relaxed to allow expression
under conditions in which the isom-
erase activity would normally not be
needed. Constitutive expression is a
rather primitive and wasteful approach
to ensuring that the enzyme is present
to participate in the degradation of PCP.
However, this alteration must have been

an essential step in the development of
the pathway, and it is certainly simpler
to allow constitutive expression of an
MAA isomerase gene than to modify the
existing regulatory system to respond to
PCP as well as phenylalanine, tyrosine
and/or phenylacetate. Other cases are
known in which alteration of a regulat-
ory protein has played an important
role in development of the ability to uti-
lize a new carbon source35–37. For exam-
ple, mutants of Aerobacter aerogenes ca-
pable of growth on xylitol as a novel
carbon source were shown to constitu-
tively express ribitol dehydrogenase, for
which xylitol is a substrate but not an in-
ducer36. Mutants of Pseudomonas aerugi-
nosa capable of growth on butyramide
arose by alteration of a regulatory pro-
tein to permit constitutive expression of
an amidase that had poor activity using
butyramide as a substrate35.

How well does the pathway function?
Because PCP is a xenobiotic com-

pound, it is likely that the PCP degra-
dation pathway has been assembled
during the past few decades since the
introduction of PCP into the environ-
ment. (The alternative is that an older
pathway for degradation of some
unidentified natural product has been
recruited wholesale to degrade PCP.) If
this is the case, then the pathway is at a
very early stage of development. It is in-
triguing, therefore, to consider how well
this ‘juvenile’ pathway is performing.
We have identified three aspects of the
pathway that are clearly not optimal.

The first deficit is the poor catalytic
effectiveness of PCP hydroxylase, which
appears to limit the ability of the bac-
terium to funnel carbon through the
pathway18. The slow rate of catalysis is
undoubtedly related to the broad sub-
strate specificity of this enzyme. A sig-
nificant part of the rate acceleration
achieved by many enzymes is due to the
reduction of the entropy of activation by
restriction of movement in the active
site. A non-specific enzyme with a capa-
cious active site may not orient sub-
strates optimally and therefore catalysis
may be less effective. In addition, hy-
droxylation of PCP might be slow be-
cause the five electron-withdrawing
chlorine substituents on the ring im-
pede nucleophilic attack of PCP upon
the C(4a)hydroperoxyflavin (the hy-
droxylating intermediate) at the active
site of the hydroxylase.

The second problem we have identi-
fied is the inhibition of TCHQ dehalogen-
ase by its aromatic substrates, TCHQ
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Figure 4
Model for the ‘patchwork’ assembly of the pentachlorophenol (PCP) degradation pathway by
combination of enzymes involved in catabolism of dichlorophenols (shown in blue) and in
catabolism of phenylalanine and tyrosine (shown in red). The blue box encloses a possible
pathway for degradation of 2,6-dichlorophenol that might have provided both PcpA and the
progenitor of PcpB.
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Open Questions – Future Directions

• Post-transcriptional networks

• RBP binding recognition motifs (primary or secondary)

• How leverage network knowledge for phenotype/mechanism
inference?

• Models of transcription evolution



Dowell Lab: Biological Summary



Dowell Lab: Computational Summary
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