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Highlights 

 We characterized the binding sites of several important NAPs in E. coli K12 using two 

physical descriptors, intrinsic DNA curvature and flexibility. 

 The binding sites of Fis, IHF, and FNR are shown to be intrinsically curved, while H-NS and 

Dps show no preference to specific curvature. 

 The binding sites of Fis, IHF, Dps and FNR are flexible. 

 The intrinsic curvature and flexibility at the binding sites of Fis and IHF are found to be 

coupled with the sequence specificity required in their binding, while those for Dps and 

FNR are independent of sequence specificity. 
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Abstract: Nucleoid-associated proteins (NAPs) play important roles in both chromosome packaging 

and gene regulation in bacteria. The underlying mechanisms, however, remain elusive particularly for 

how NAPs contribute to chromosome packaging. We report here a characterization of the binding sites 

for several major NAPs in E. coli, namely H-NS, IHF, Fis, Dps and a non-NAP protein, FNR, in terms 

of the physical properties of their binding DNA. Our study shows that (i) as compared with flanking 

regions, the binding sites for IHF, Fis and FNR tend to have high intrinsic curvature, while no 

characterized pattern of intrinsic curvature distribution around those of H-NS and Dps; (ii) all the 

binding sites analyzed in this study except those of H-NS are characterized by high structural flexibility; 

(iii) the intrinsic curvature and flexibility at the binding sites for Fis and IHF are found to be coupled 

with the sequence specificity required in their binding, while the physical properties of the binding 

regions for both Dps and FNR are independent of sequence specificity. Our data suggest that physical 

properties of DNA sequence may contribute to binding of NAPs and mediate genome packaging and 

transcriptional regulation of the downstream genes. Our results should be informative for prediction of 

NAPs binding sites and understanding of the bacterial chromosome packaging. 

Keywords: nucleoid-associated protein; chromosome packaging; DNA intrinsic curvature; DNA 

flexibility 
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INTRODUCTION  

 Nucleoid-associated proteins (NAPs) play important roles in gene regulation and chromosome 

packaging in bacteria [1-4]. Several NAPs, such as H-NS, HU, IHF, Fis, Dps and StpA have been 

identified and studied [5]. These proteins are believed to play two types of functional roles in 

chromosomal folding: bending and bridging. HU and IHF have been found to act as DNA benders [6] 

while H-NS was shown to be, at least in some cases, involved in the formation of DNA duplex by 

bridging, resulting in DNA loops where RNA polymerase can be trapped and gene transcription is then 

interrupted [7,10]. Fis, which is an abundantly expressed protein in the exponential growth phase, can 

also bend DNA [11,12]. In addition, a stationary phase-specific protein, Dps, was shown to play a role 

in genome condensation [12,13].  

Generally, the functions of an NAP may not be limited to one type. For example, H-NS has been 

found to either stiffen or bridge DNA molecules [8,9], bringing about diverse influences on DNA 

compaction and gene regulation. In addition, H-NS is known to regulate gene expression in response to 

changes in the intra- and extracellular environment, such as pH and temperature [14,15]. It is also 

likely that the concentrations of certain NAPs, which can alter the kinetics of their binding to DNA 

target sites, affect their regulatory effects [16].  

While increasingly more data such as those collected from ChIP-seq and high-resolution imaging 

have revealed the importance of NAPs in the packaging of bacterial chromosomes [5,17-20], the 

detailed mechanisms, particularly in terms of if and how the physical properties of DNA molecules 

may play important roles in such a process, remain elusive. For example, in vivo studies have found 

that H-NS proteins form a few large compact clusters along the E. coli genomic DNA [5], which might 

be driven by oligomerization of the proteins. Specifically, the authors proposed that H-NS may act as a 

global regulator in the packing of the chromosome by linking two distant loci on the DNA. However, 

as shown in a subsequent study [17], the H-NS clustering might be the result of the added fluorescent 

proteins, whose dimerization can induce aggregation of the target proteins, although H-NS has been 

previously found to be able to oligomerize without the fluorescent protein. Furthermore, a chromosome 

conformation analysis showed no evidence of binding site clustering for NAPs such as Fis, IHF and 

H-NS [21]. The authors of the study proposed that the folded chromosome of E. coli is determined by 

DNA replication and transcription machineries [21] rather than NAPs such as H-NS. Based on 

co-expression analyses at a genome scale, Ma et al. proposed that the folded structure of the 
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chromosome may adopt a few distinct conformations consistent with a few general physiological 

conditions; and for each such condition, the folded conformation is driven by minimization of the total 

energy needed to unfold the chromosome structure to enable transcription of genes that need to be 

activated under the current condition, presumably assisted by NAPs [22]. Liu et al. has recently 

proposed a model for circular genome packaging based on a uniform dualtoroidal-spool conformation 

formed by circular plasmid DNA and claimed that the formation of H-NS clusters in E. coli cells 

during cell cycle is in close agreement with their model [23]. 

Knowing the possible roles of NAPs in chromosome packaging and gene regulation, it is imperative 

to take a deeper look at how NAPs bind with DNA in general. It has been established that multiple 

factors affect NAPs-DNA binding. One is the cis factors of DNA, such as DNA intrinsic curvature and 

sequence-specificity. For example, it is possible that some NAPs prefer to bind genomic regions with 

high curvature [24], which provides a structural scaffold for NAP binding. In addition, some studies 

suggested that NAPs binding sites have conserved motifs [25,26], suggesting sequence-level specificity 

in NAPs binding. Another is the trans factors, such as the binding competency of the proteins (e.g. 

transcription factors and DNA polymerases) to the DNA. While substantial progress has been made in 

term of our knowledge of the NAPs binding mechanism, a comprehensive re-evaluation of their 

binding sites in terms of sequence specificity and physical properties is required for improved 

understanding of NAP-DNA binding.  

In this report, we present two physical descriptors, intrinsic DNA curvature and flexibility, to 

characterize the binding sites for several important NAPs in E. coli K12, and discuss their roles in 

NAPs binding to DNA. 

DATA AND METHODS 

Data 

We have analyzed all the DNA binding sites of three NAPs (H-NS, Fis and IHF) and one non-NAP 

DNA-binding protein FNR given in the RegulonDB database [27]. Among the known NAPs, HU and 

StpA are not analyzed here due to the small sample sizes (<10) of their binding sites in RegulonDB. 

FNR is a transcription factor with no known functional role in genome packaging, and hence included 

in this study as a comparison. In addition to their binding sites in RegulonDB, we have also analyzed 

the binding regions for H-NS, Fis, IHF, Dps and FNR derived from relevant ChIP-chip and ChIP-seq 

data [16,25,28], which are classified into two equal-sized groups: strong vs. weak binding sites 
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according to the binding intensities measured by peak heights in the ChIP data. Table 1 lists the 

proteins along with the numbers of their binding sites. Two versions of the complete genome of E. coli 

K-12 MG1655 (version U00096.2 and U00096.3) available at Genbank (http://www.ncbi.nlm.nih.gov/) 

have been used to retrieve sequences of the binding sites. The current version (U00096.3) differs from 

U00096.2 in genome size and coordinates of genomic elements, and therefore one should be cautious 

when retrieving sequences of binding sites from the genome according to their coordinates. The 

genomic coordinates of Dps-binding regions [28] used in this study correspond to the genome version 

U00096.3, and all other coordinates refer to U00096.2. 

Intrinsic curvature of DNA 

DNA curvature is sequence-dependent and changes with the thermal energy of the environment. 

The ensemble average of the curvature of a DNA segment is given as [29]: 

                       0C C                                   (1) 

where 0C  represents the intrinsic curvature and 𝜒 is for the dynamic fluctuation, with < 𝜒 > = 0. 

The intrinsic curvature is the statistical average of the curvature for a given sequence or alternatively, 

the time average of the DNA superstructure. 

   DNA bending is caused largely by base-step parameters roll and tilt, the contributions of which to 

global curvature of the sequence are modulated by cumulative twist [30]. For example, as illustrated in 

Figure S1, in case of DNA bending in the xz plane toward minor groove at the central base-pair, 

opening of the roll defined between the central base-pair and its neighbors toward the major groove 

would facilitate the bending. The contribution of roll to the curvature can readily be seen, assuming 

twist is zero (Figure S1B). The intrinsic curvature of a DNA segment, L bps in size, centered at position 

i in the sequence is defined as previously formulated [30-32]: 
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                      (2) 

where i and i are, respectively, the roll and tilt angles at equilibrium and i is the cumulative helical 

twist at dinucleotide step i relative to the center of the sequence [30-32]. Average intrinsic curvature of 

the (naked) DNA sequence per base-pair step is                                       
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   The equilibrium roll and tilt values used in Eq.(2) are taken from literature [29] and a constant twist 

value of 34.8° for all dinucleotide steps, which is the mean of twists for naked DNA [30], is used in 

cumulative twist calculation. This set of roll and tilt values were first obtained by minimizing the 

conformational energy of the different dinucleotide steps and later refined to optimize the agreement 

with experimental data [33]. Successful applications of the set of roll and tilt values, as well as DNA 

rigidity parameters described later in this work in many areas (e.g. predicting 

experimentally-determined curvature of DNA tracts, gel electrophoretic retardations of duplex 

oligonucleotides, etc) confirmed their reliability [33]. 

   It is noteworthy that the intrinsic curvature denoted by Eq.(2) is similar to the real part of the 

complex number previously used to calculate the intrinsic curvature [29], but differs in the cumulative 

helical twist calculation. We calculated the cumulative twist from sequence center toward both ends of 

the sequence, and therefore the Eq.(2) measures the curvature of DNA sequence in a plane (e.g. the xz 

plane in Figure S1), which is determined jointly by helical axis and one being orthogonal to the helical 

axis pointing in the direction of major groove at the central base-pair (see Ref. [30,32] for details). As a 

result, Eq.(2) may not necessarily capture the maximum intrinsic curvature of the sequence in 

3-dimensional space. To approximate the maximum intrinsic curvature, we have used the following 

procedure: (1) calculate the intrinsic curvature at each position in the sequence using a sliding window 

of 31 bps; (2) select local maximal values using a second sliding window of 14 bps within the first; (3) 

fit the local maxima along the sequence using a cubic spline, and then calculate the maximum intrinsic 

curvature at each nucleotide position using the spline. The first window size, 31, is selected based on 

following consideration: a window size larger than 31 tends to lose the local intrinsic curvature 

information for proteins whose binding sites are about 20 bps long, and a size much smaller than 31 

tends to make the data too noisy. The second window size is so selected to capture one local maximum 

within each cycle (~10 bps) of the double helical structure. Both numbers are selected through trial and 

errors guided by the above consideration, to give the best estimation.  
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DNA flexibility 

DNA flexibility is also a sequence-dependent property and inversely correlated with the sequence 

rigidity, where the rigidity parameters were retrieved from [29], which measure the normalized melting 

temperatures for dinucleotides. The average flexibility of a DNA segment can be assessed by using the 

inverse of the rigidity averaged over all dinucleotides in the sequence. 

Binding motif identification 

For a particular set of binding regions, binding motifs were identified using MEME [34]. In the 

implementation of MEME, motif discovery mode is "Discriminative mode", in which the complete 

genome of E. coli is used as a control, and each input sequence is expected to contain at most one 

occurrence of each motif; The most enriched motif is identified by setting the number of motifs 

expected to find to 1; All other options are used as default.  

RESULTS AND DISCUSSION 

Intrinsic curvature of NAP binding sites 

 To test whether NAPs tend to bind with genomic regions having a specific range of curvature 

levels, e.g., high intrinsic curvature, we have aligned the binding sites for each NAP (Table 1) at their 

central positions, and obtained intrinsic curvature profiles for the regions encompassing the binding 

sites (Figure 1). It is obvious from the figure that all the four target proteins analyzed here prefer to 

bind to intrinsically curved DNA regions, regardless whether they need sequence specificity in their 

binding. In addition, some differences can be seen from the data: (1) Fis appears to prefer high 

curvature with very little fluctuation at the binding regions; (2) the preference of H-NS for high 

intrinsic curvature is not as clear as the other DNA-binding proteins. 

We have also analyzed the binding regions for H-NS, Fis, IHF, Dps and FNR as revealed by 

genome-scale ChIP-chip and ChIP-seq data (Table 1). Our results are consistent with those observed 

above: the binding regions for IHF, Fis and FNR have high intrinsic curvature compared with the 

flanking regions (Figure 2) while H-NS and Dps shows little preference for high intrinsic curvature at 

its binding sites. Interestingly, the binding regions for FNR show higher levels of intrinsic curvature 

compared with those of the NAPs. 

To further test whether the binding of these proteins to DNA may be directed by intrinsic curvature, 

we then compared the intrinsic curvature between the binding regions with high binding affinity 

(strong binding sites) and those with low binding affinity (weak binding sites). For Fis, the intrinsic 
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curvature at the central binding regions, 101 bps in size, is significantly higher for strong binding sites 

than weak ones (t-test: p-value < 0.0001) (Figure 3A), indicating that the intrinsic curvature may 

positively contribute to Fis’ binding affinity. In contrast, the binding affinity for H-NS, IHF, Dps and 

FNR does not seem to depend on the level of intrinsic curvature (Figure 3B-E), suggesting that other 

factors may play a role in determining their binding affinity (see next section).  

Is there any relationship between intrinsic curvature and binding motif enrichment in the binding 

sites? To test this, we have identified the most enriched binding motif (or best motif) in the 101-bp 

regions aligned at their summits as described in [25] using MEME (see Methods for implementation 

details), and then examined the curvature change once we remove the motif from the binding regions, 

the two flanking regions surrounding the motif being concatenated. For Fis, a highly conserved motif 

has been found to occur in the majority (93% for early exponential phase and 98% for mid exponential 

phase) of their binding sites, and the removal of such binding motifs indeed leads to a remarkable 

decrease in the intrinsic curvature (Figure 4 A-B), suggesting that the high intrinsic curvature at the Fis 

binding sites is largely attributable to the highly enriched binding motifs. For IHF, 37% of their binding 

sites are enriched with a motif and a slight decrease in intrinsic curvature is observed when the binding 

motif is removed. One exception is FNR, where the intrinsic curvature of binding sites is independent 

of the sequence-level conservation (Figure 4D).  

To further test if the difference in peak height of ChIP-seq data results from the relative binding 

affinities of Fis to individual motifs, we have calculated the correlation between the peak height of 

ChIP-seq data of Fis and the similarity between individual binding motifs and their consensus sequence, 

where the consensus sequence has been derived as described in [16] from a position weight matrix, 

which has been constructed from an alignment among the binding motifs of Fis. The similarity is 

computed using PatSer [35]. We noted that the similarity level positively correlates with the peak 

height (Figure 5), suggesting that intrinsic curvature coupled with sequence specificity plays a positive 

role in the binding of Fis.  

DNA flexibility at NAP binding sites 

Flexibility is another physical property of DNA sequence that may affect the binding affinity with 

proteins. Generally, more flexible regions tend to wrap more easily around binding proteins. To see 

how DNA flexibility affects the binding of proteins of interest, we plotted the DNA rigidity profile 

around the protein-binding sites in the Figure 6. We can see: the binding sites for H-NS, Fis, IHF and 
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FNR, retrieved from regulonDB, show a remarkable reduction in structural rigidity at the binding sites, 

regardless if they are involved in genome packing or not. However, a more detailed analysis of the 

binding regions derived from ChIP-seq data reveals rather complex relations between the flexibility of 

the binding sites and binding affinity (Figure 7). 

 Specifically, we noted: (i) strong binding regions for Fis tend to have reduced rigidity, while weak 

binding regions have no clear preference to a specific range of DNA flexibility (Figure 7A); (ii) H-NS 

the overall level of DNA rigidity around H-NS binding sites is as low as that for other proteins, but the 

rigidity is slightly elevated at the summit with highest binding intensity compared to flanking regions 

(Figure 7B); (iii) there seems to be no substantial difference in DNA rigidity between the strong and 

weak binding regions for H-NS (Figure 7B); and (iv) IHF, Dps and FNR prefer binding regions with 

high degree of flexibility and this preference is stronger in strong binding sites than in weak ones 

(Figure 7 C-E). By removing the most enriched binding motifs for Fis and IHF from the central binding 

regions of 101 bps, we found a sharp increase in DNA rigidity, suggesting the motif-dependent high 

flexibility (or low rigidity) (Figure 8). In comparison, the low level of DNA rigidity at the binding sites 

for FNR remains remarkable when the most enriched binding motifs were removed. Given that an 

identified motif for Dps-binding sites occurs only in a small fraction of the binding sites (29/451) and 

the binding sites containing the motif have a relatively high level of rigidity (Figure 8D), it is evident 

that the reduced rigidity at the Dps-binding sites shown in Figure 7D is not caused by this motif.  

DISCUSSION 

How do the DNA properties like intrinsic curvature and flexibility revealed in this study affect the 

binding of NAPs and favor a particular type of DNA-binding mode of NAPs ? Single-molecule 

experiments have shown that Fis are able to bend DNA and condense the genome by juxtaposition of 

remotes DNA sites together [11,12]; IHF was reported to non-specifically binds to DNA and is able to 

result in various organizations of DNA such as local bending and global DNA condensation [36,37], 

depending on its multiple distinct binding modes in response to solution conditions. Therefore, the 

preference of Fis and IHF for intrinsically curved and flexible DNA discovered in this study is 

suggestive of its positive role in bending the DNA, as genomic regions with higher curvature and 

flexibility are generally easy to bend.  

The results for H-NS in this study are probably related to its DNA-binding modes. H-NS has two 

distinct DNA-binding modes: DNA-stiffening mode and DNA-bridging mode [7-9]. In DNA-stiffening 
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mode, H-NS polymerizes along DNA to form an extended rigid nucleoprotein filament [9,38]. In 

addition to the polymerization effect, a tight binding between H-NS and DNA via strong interaction 

bonds may also be required to form a rigid nucleoprotein filament. Despite a slight increase in DNA 

rigidity at the summits of binding regions for H-NS, the overall flexibility of binding sites for H-NS is 

high (e.g. average of the rigidity values at position -200 to 200 in Figure 7B is as low as the minima for 

other proteins), which might assist the tight binding. The little dependence of H-NS binding on the 

intrinsic curvature of DNA suggests that curvature does not play an important role in the binding of 

H-NS to DNA, regardless of its two DNA-binding modes. Because of the presence of H-NS 

polymerization along the packaged genome of E.coli, we think that at least a part of the binding regions 

for H-NS may be the result of H-NS polymerization and cannot represent true binding preference. 

Moreover, another binding mode of H-NS, DNA-bridging mode, may also need different physical 

properties at the binding sites for H-NS. Therefore, we believe that discriminated identification and 

analysis of binding sites for the two binding modes in future are able to provide a deeper insight into 

how DNA physical properties facilitate the binding of H-NS.  

Dps is the most abundant NAP during the early stationary growth phase and was shown to 

participate in genome condensation and gene regulation, presumably in a cross-talk manner with other 

proteins like IHF [39]. Previous studies have shown that Dps binds to DNA without apparent sequence 

specificity [39,40]. A recent work based on ChIP-seq experiments have reported a non-random 

distribution of Dps binding sites across the E.coli genome in exponentially growing cells [28]. Our 

results based on this ChIP-seq data show that there is no extensively expressed motif in the 101-bp core 

regions centered at the summits of the binding sites for Dps, supporting the notion of sequence 

non-specificity in Dps binding. However, we found that the binding regions are more flexible 

compared with their flanking regions and the high level of flexibility has nothing to do with sequence 

motif. FNR shows a similar pattern in this regard. These suggest that high DNA flexibility is likely to 

be a target that acts as a "structure-specificity" in the binding of the proteins.  

Overall, our main findings on how DNA intrinsic curvature and flexibility affect binding of 

nucleoid-associated proteins are consistent with expectations from the DNA-binding modes revealed in 

previous experiments. 

To conclude, we investigated the intrinsic curvature and flexibility of binding sites for three NAPs: 

H-NS, Fis, IHF, Dps and one non-NAP protein, FNR in E. coli, and found that the binding sites for Fis, 
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IHF and FNR show high intrinsic curvature while H-NS and Dps show no preference to specific 

curvature level. The binding sites for all the proteins, except for H-NS, tend to be more flexible 

compared to the flanking regions. Overall, the intrinsic curvature and flexibility of the binding sites 

may represent key physical properties needed to facilitate high-affinity binding with proteins, in 

addition to sequence specificity. 
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Figure 1. Intrinsic curvature around the binding sites from the RegulonDB database [27]. 
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Figure 2. Intrinsic curvature around the binding sites derived from ChIP-chip and ChIP-seq 

data, where the summit is the position with the highest binding intensity from the ChIP-seq 

reads or ChIP-chip signal in each binding region [16,25,28]. EE, ME, S and TS are defined as 

in Table 1. 
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Figure 3. Intrinsic curvature around the binding sites, which are classified into two groups: 

those with high vs. low binding signals. For Fis and H-NS, results for the mid-exponential 

phase (ME) are shown in this plot, and similar results for other growth phases are shown in 

Figure S2. 
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Figure 4. Change in intrinsic curvature after removal of the enriched binding motifs from the 

101-bp binding regions aligned around their summits. Growth phases: (A) early exponential 

phase, and (B) mid-exponential phase. 

 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

 19 

 

 

Figure 5. The peak heights of Fis’s binding intensities positively correlate with the motif 

similarities to the consensus sequence. The binding motifs were identified in 101-bp regions 

aligned around the summits using MEME [34]. Growth phases: (A) early exponential phase, 

and (B) mid-exponential phase. 
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Figure 6. DNA rigidity around the binding sites from the RegulonDB database [27]. 
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Figure 7. DNA rigidity around binding sites derived from ChIP data. ME denotes 

mid-exponential phase. For Fis and H-NS, similar results for other growth phases are shown 

in Figure S3. 
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Figure 8. Change in DNA flexibility after exclusion of the most enriched binding motifs from 

the 101-bp regions aligned around the summits of the binding regions. (A) Early exponential 

phase. (B) Mid-exponential phase. 
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Table 1. Proteins and their binding sites analyzed. 

Name Type 
Number of binding sites in 

RegulonDB
27 

Number of binding regions derived 

from ChIP data
 

H-NS NAP 51 444 (EE), 458 (ME), 547 (TS), 537 (S)  

Fis NAP 222 1246 (EE), 1464 (ME)  

IHF 

Dps 

NAP 

NAP 

98 

 

1,020  

451 

FNR non-NAP 87 208 

Note: EE, ME, S and TS denote early, mid-exponential growth phase, stationary and 

transition-to-stationary phase, respectively; ChIP data for H-NS and Fis is from [25], for Dps 

is from [28], and for IHF and FNR is from [16]. 

 


