
  
A biophysical understanding of how protein-DNA and 

protein-protein interactions allow cells to regulate transcription 
has been limited by the lack of methods for measuring these 
interactions at specific promoters and enhancers in vivo. Here 
we show how a simple experiment, in which a library of 
partially mutated regulatory sequences are partitioned 
according to their transcriptional activities and then sequenced 
en masse, can reveal quantitative information about the 
biophysical interactions that allow a specific regulatory 
sequence to function. Our approach [1] provides a generally 
applicable method for characterizing biophysical mechanisms 
of transcriptional regulation in living cells. 
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I. BACKGROUND 
NDERSTANDING how transcriptional regulatory 
sequences (TRSs) use different arrangements of protein 

binding sites to encode regulatory programs remains a major 
challenge for molecular biology.  High-throughput methods 
have spurred great progress in cataloging the genome-wide 
distribution of binding sites and the sequence-specificities of 
individual regulatory proteins. However, determining how a 
specific TRS integrates information from multiple DNA-
bound proteins still requires a laborious series of 
biochemical experiments that typically provide only 
qualitative information [2]. A biophysical understanding of 
the transcriptional regulatory code will therefore require new 
quantitative experimental techniques for characterizing how 
individual TRSs function in vivo.  

II. EXPERIMENTAL DESIGN AND ANALYSIS RESULTS 
We hypothesized that, by measuring the activities of a 

large number of TRSs containing scattered point mutations, 
we would be able to characterize the protein-DNA and 
protein-protein interactions that allow a specific TRS to 
function in vivo. Our reasoning was that point substitution 
mutations tend to alter protein-DNA binding energies while 
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maintaining the spatial arrangement of binding sites. By 
quantitatively modeling how mutation-induced changes in 
the DNA-binding energies of different proteins affect 
transcription, we would therefore be able to characterize the 
protein-DNA and protein-protein interactions through which 
a specific TRS regulates transcription. 

We applied this mutagenesis-based approach to the 
Escherichia coli lac promoter. Fluorescence-activated cell 
sorting and 454 pyrosequencing was used to characterize the 
activities of ~200,000 lac promoters mutagenized in a 75 bp 
region that contains binding sites for RNA polymerase 
(RNAP) and the transcription factor CRP. A thermodynamic 
model of how the DNA sequence of this region affects 
transcription was then fit to the resulting sequence data. In 
this way, we determined the sequence-dependent binding 
energy of both CRP and RNAP de novo. We also inferred 
the in vivo interaction energy between these two proteins, 
achieving near agreement with a previous measurement [3]. 

A recently identified relationship between likelihood and 
mutual information [4] allowed us to do this inference 
without assuming a quantitative model of experimental 
noise. Freedom from having to independently characterize 
experimental noise was critically important: it enabled us to 
learn much more about in vivo biophysics from a large 
number of noisy measurements (obtained using deep 
sequencing) than would have been possible using a 
necessarily much smaller number of precise measurements. 

III. CONCLUSION 
Deep sequencing can be used to measure protein-DNA 

and protein-protein interaction energies in living cells. This 
ability should be useful for addressing many different 
questions in molecular biology.  
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