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Abbreviations
Bmax: maximum DNA fraction bound

CD: circular dichroism

CI: Clear 1

CI-CTD: Clear 1 C-terminal domain

CI-NTD: Clear 1 N-terminal domain

CI58: CI with 58 C-terminal residues truncated

Dmax: maximum particle dimension

EMSA: electrophoretic mobility shift assay

EOM: Ensemble Optimization Method

I(0): intensity at zero angle

IEF: isoelectric focusing

KD: dissociation constant

LB: lysogeny broth

MD: molecular dynamics

MOR: Modulator of repression

nDSF: nano differential scanning fluorimetry

phages: bacteriophages

p(r): pair-distance distribution

q: scattering vector

Rg: radius of gyration

SAXS: small-angle X-ray scattering

SEC: size-exclusion chromatography

TP901-1: temperate phage 901-1
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Abstract
Temperate bacteriophages can switch between two life cycles following infection of a host 

bacterium: the lytic or lysogenic life cycle. The choice between these is controlled by a bistable 

genetic switch. We investigated the genetic switch of the lactococcal temperate bacteriophage, 

TP901-1, which is controlled by two regulatory proteins, the CI repressor and MOR antirepressor. 

CI consists of a DNA-binding N-terminal domain and a C-terminal domain responsible for 

oligomerization, connected by a flexible interdomain linker. Full-length CI is hexameric, whereas 

the truncated version CI58, missing the second C-terminal subdomain, is dimeric, but binds with 

the same affinity as full-length CI to the OL operator site, responsible for lytic genes transcription 

repression. Three variants of CI58 with shorter, longer and PP substituted linkers, were produced 

and confirmed by circular dichroism spectroscopy and nano differential scanning fluorimetry to be 

well folded. With small-angle X-ray scattering, we delineated the conformational space sampled 

by the variants and wild-type in solution and found that shortening and lengthening the linker 

decreases and increases this, respectively, as also substantiated by molecular dynamics and as 

intended. Isoelectric focusing electrophoresis confirmed that all variants are able to bind to the 

MOR antirepressor. However, using electrophoretic mobility shift assays, we showed that 

shortening and lengthening the linker leads to a 94 and 17 times decrease in affinity to OL 

respectively. Thus, an appropriate linker length appears to be crucial for appropriate DNA-binding 

and subsequent TP901-1 genetic switch function.  
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Introduction

Bacteriophages (phages) are viruses that infect bacteria and can, based on their life cycle, be 

classified as either virulent or temperate. Upon infection, the virulent phage takes over the 

machinery of the host and the viral genome is transcribed, replicated and translated producing new 

phages, which leads to cell lysis and release of phage progeny. In addition to this lytic cycle, 

temperate phages also have a lysogenic cycle, in which the viral genome is silenced and 

incorporated into the host chromosome to be replicated along with the host DNA during cell 

proliferation. The choice between the two alternative life cycles is controlled by a bistable genetic 

switch consisting of a variety of promoters and regulatory proteins within the phage genome. 

The temperate phage lambda of Escherichia coli has for decades served as the most important 

model system when conducting physiological, biochemical and structural studies of genetic 

switches and has provided important insight into the molecular mechanisms that have since been 

incorporated into our common understanding of gene regulatory networks, general recombination, 

cellular decision-making and other fundamental biological processes[1–4] . The genetic switch of 

phage lambda is however only one of many and the variety in phage switches is remarkable and 

thus, investigating others is crucial. 

The temperate phage 901-1 (TP901-1) infects the Gram-positive Lactococcus lactis bacterium, 

which is used in the dairy industry, and is to this date the best characterized lactococcal phage[5]. 

The genetic switch of TP901-1 consists of two regulatory proteins, the Clear 1 (CI) repressor and 

the modulator of repression (MOR) anti-repressor, and two divergently oriented promoters, the 

lysogenic PR and the lytic PL (Fig. 1, A). Stable expression from the PR promoter leads to the 

lysogenic state in which CI is produced leading to repression of the PL promoter. In contrast, 

stable expression from the PL promoter results in MOR production and repression of the PR 

promoter leading to the lytic state[6–8]. 

The CI repressor of TP901-1 consists of a DNA-binding helix-turn-helix N-terminal domain (CI-

NTD, 1-80), a flexible linker and two C-terminal domains (CI-CTD1, 90-122, and CI-CTD2, 123-

180) responsible for the dimerization and higher oligomerization, respectively (Fig. 1, B)[9,10]. CI 

has been shown to be hexameric in solution (trimer of dimers) at higher concentrations, while a 

shorter truncated construct containing CI-NTD, the flexible linker and CI-CTD1 (CI58, 1-122) 

has been shown to be dimeric in solution, mediated by the helical hooks of the CI-CTD1 

dimerization domain[11,12]. A
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The flexible interdomain linker in phage CI repressors can play a crucial role in the way they 

function. A linkerless mutant of the phage lambda CI lost the ability to bind DNA cooperatively at 

certain distances and it was thus suggested that the presence of an interdomain linker extends the 

range of distances over which the CTDs of two CI dimers can interact with each other while their 

NTDs are bound to DNA[13]. Another role of the flexible linkers is in attenuating the requirement 

for stereospecific alignment of the DNA binding sites which further helps increasing the binding 

affinity between the NTDs and their respective DNA binding sites.

Studies of TP901-1 CI where five additional residues (CLNTV) were introduced by site-specific 

mutagenesis in the linker region (position P78 and S89) resulted in a loss in bi-stability as PL was 

found continuously open suggesting that the length of the linker plays a crucial role in the ability 

of the repressor to interact with both promoters[14]. Furthermore, small-angle scattering studies of 

CI58 with and without DNA illustrated how the flexibility of the linker enables the repressor to 

bind the two adjacent major grooves of the DNA from opposing sides[12]. Recently, the crystal 

structure of CI-NTD in complex with MOR was determined using X-ray crystallography, 

suggesting the mechanism by which MOR relieves repression of PL through binding to one CI-

NTD and preventing interaction of the other CI-NTD with DNA on the OL site. As differences in 

KD for MOR binding to CI-NTD or CI58 are insignificant (672 +- 43 and 633 +- 38 nM, 

respectively), the additional linker and CI-CTD1 do not seem to play a role in the CI/MOR 

interaction, also supported by NMR titration using MOR and isotope label CI-NTD or CI∆58 [15]. 

In this work, we investigate more in detail the flexible interdomain linker in TP901-1 CI, precisely 

determined by NMR relaxation studies[10], and its role in DNA and MOR binding. This is done 

by characterizing the wild-type CI58 and three linker-region variants using a variety of 

biochemical, biophysical and computational techniques to investigate their structure, dynamics 

and macromolecular interactions. The rationale behind the variants’ design was to study the effect 

of the length and flexibility of the linker. Thus, we created variants where we hypothesized the 

linker to be equal in length but less flexible (variant PP, where two Ser are substituted to Pro, 

S82P and S83P), shorter (variant GG, where the linker is deleted and two Gly inserted instead, 

E81_S89del, 80V_E81insGG) and longer and more flexible (variant 5A, where five additional Ala 

are inserted, S89_E90insAAAAA)(Fig. 1, B and C). 
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Results and Discussion

All linker variants can be expressed and purified as putative dimers 

The recombinant variants of CI58 were separately purified by affinity chromatography and 

eluted from the column as a single peak, which was collected and analyzed using SEC. Figure 2 

reveals that all variants yielded two peaks. The first peaks seen right around the void volume 

(108.77 ml) were most likely the elution of a mixture of DNA contaminants and aggregated 

protein, as the absorbance at 260 nm exceeded that of 280 nm. The succeeding individual peaks 

were from the elution of the respective proteins with 260 nm/280 nm ratios of 0.57, 0.52, 0.52, and 

0.51 for CI58-WT, CI58-PP, CI58-GG, and CI58-5A, respectively, consistent with proteins 

free of nucleic acids. The heights and widths of the peaks reveal a substantial variation in the 

amount of expressed and purified protein. CI58-GG yielded around 4 mg protein/L medium, 

while CI58-WT and CI58-PP yielded around 25 mg protein/L medium each and CI58-5A 

topped with around 40 mg protein/L medium. 

Using the elution profiles of standard proteins, we created a calibration curve (Fig. 2), which we 

used to estimate the apparent molecular mass of each variant (Table 1) from the elution volume. 

As the elution volume is also affected by shape and possible interactions between the examined 

protein and the column material, the SEC-estimated mass can only be taken as indicative. 

Based on a combination of techniques, CIΔ58-WT has previously been reported unequivocally as 

a dimeric protein in solution, also confirmed here[10,12], with an elution volume corresponding to 

2.2 monomers. The CI58-PP construct has a slightly smaller elution volume than WT, which 

correlates well with the fact that it is only 20 Da larger than CI58-WT. Its oligomeric state was 

estimated as 2.3, similarly confirming dimerization.

The SEC-estimated oligomeric states of the CI58-5A and CI58-GG constructs, however, did 

vary slightly more, corresponding to 2.6 and 1.7 monomers, respectively. The relatively early 

elution of CI58-5A and late elution of CI58-GG could be a result of a more extended and 

compact conformation, respectively, as compared to wild-type, thus we maintained the hypothesis 

that all linker variants are dimers. 
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CD spectroscopy and thermal unfolding reveals the GG variant to be more ordered and compact

To estimate the secondary structure of the variants, the far-UV CD spectra of these were collected. 

The spectra for all variants display a characteristic α-helical profile and look similar in respect to 

the position of the maximum and minima (Fig. 3). 

Analysis of the spectra (Table 2) revealed that CI58-WT and CI58-PP are almost identical, 

while the results for CI58-5A look similar to wild-type. The only clear difference is seen in the 

results from the CI58-GG construct, suggesting that removal of the linker has made the 

secondary structure of the construct more ordered, which is expected as the flexible linker 

contributes to the disorder.

Unfolding measurements of CI58-WT have been conducted previously and found that the protein 

aggregated at 90 °C and thus no attempts to check the variants for reversible folding was 

made[10].  

These results also showed that CI58-WT clearly displays a three-state unfolding as measured by 

CD spectroscopy, with two melting temperatures, TM1 = 42.7 °C and TM2 = 64.2 °C. The same 

measurements performed on CI-NTD and CI-CTD1 resulted in two-state unfolding with TM = 58.1 

°C and TM = 39.3 °C, respectively[10]. A straightforward interpretation is that the dimerization 

region is less stable compared to CI-NTD and unfolds first, while the increased thermal stability of 

CI58-WT suggests that the two domains might interact and stabilize each other in some way. Our 

measurements (Fig. 4) were consistent with those and also showed a three-state unfolding with 

two melting temperatures for the wild-type, TM1 = 46.5 °C and TM2 = 63.0 °C. The unfolding 

curves of the three variants show similar tendencies as the wild-type but with some variation in the 

TM values. The biggest difference is between CI58-WT and CI58-GG as the three-state 

unfolding of the latter is not clearly seen. A possible explanation is that the removal of the linker 

has diminished the clear distinction between the two separate domains, and they consequently 

appear more as a single domain.

The stability of each variant was also measured with nDSF, which is based on intrinsic 

fluorescence of aromatic residues, and thus represents a complementary way to monitor thermal 

unfolding to CD spectroscopy, where secondary structure in monitored instead. As the linker and 

CI-CTD1 do not contain any aromatic residues, the inflection temperatures measured in nDSF are 

thus primarily a representation of the stability of the CI-NTDs. The result for CI58-WT gave an 

inflection temperature, Ti=55.0 °C (Fig. 5), not far from the TM value estimated for CI-NTD using A
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CD spectroscopy. All three mutants have a slightly lower Ti than wild-type (53.6, 53.5 and 53.1 °C 

for CI58-PP, CI58-GG and CI58-5A, respectively), but they do however all show a proper 

unfolding curve and the variant NTDs must consequently be considered well and equally folded. 

SAXS reveals differences in size, flexibility and conformational polydispersity between the linker 

variants and confirms their dimeric state

SAXS studies were performed to obtain structural information on the size and flexibility of the 

variants.  

From the Guinier region (Fig. 6, A) it was found that the samples showed neither attractive, 

repulsive nor aggregative tendencies in the measured concentration range. Thus, the highest 

concentration for each scattering particle was used for analysis. The Rg value of 2.73-2.79 nm for 

CI58-WT (Table 3) is similar to the 2.82 nm found previously[12]. The Rg and Dmax values of 

CI58-PP is comparable to those of CI58-WT, while the values for CI58-GG and CI58-5A 

are significantly smaller and larger, respectively. The pair-distance distribution (p(r)) function 

(Fig. 6, B) shows similar traits between CI58-WT, CI58-PP and CI58-5A each having two 

maxima indicating a multi-domain protein, while CI58-GG is more bell-shaped with one 

maximum and thus appears more globular, correlating well with the CD thermal unfolding results. 

The Dmax of CI58-WT and CI58-5A differ by approximately 2 nm, corresponding well to the 

length of 5 Ala in extended conformation. The different mutations in the linker thus appear to have 

had the intended effect on the size of the variants. The molecular weights estimated from the 

scattering at zero angle and Porod volumes are corresponding very well with the theoretical values 

for dimers (max deviation of less than 20%), thus confirming the SEC results. 

The Kratky plots of CI58-WT, CI58-PP and CI58-5A (Fig. 6, C) all show a peak with an 

additional shoulder at low q while CI58-GG shows a bell-shaped peak. This indicates that the 

former are multi-domain proteins, while the latter is a more globular protein. The flexibility of the 

variants can be assessed by looking at the Kratky plot at high q, but the data is too noisy to 

establish anything significant. Instead, the flexibility and conformational polydispersity of the 

variants were studied using EOM. The results were analyzed by looking at the Rg distributions and 

resulting structures of the best fitting ensembles for each run. The Rg distributions of CI58-WT 

and CI58-PP (Fig. 7) are very similar each with a single population with a peak around 28 Å. A
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The width of the peaks being more than a couple of angstroms, does however indicate the 

presence of some flexibility. When comparing the different conformers of the best fitting 

ensembles for the two variants, the conformational space to operate appears larger for CI58-WT, 

while the mutations in CI58-PP indeed appears to have limited the maneuverability as was 

intended by inserting the more rigid proline residues in the linker. The Rg distribution of CI58-

GG appears similar in shape to wild-type but with a peak around 22 Å, thus more compact 

compared to the random pool as well as more compact compared to CI∆58-WT random pool. The 

selected conformers reveal that the removal of the linker has decreased the degree of freedom to 

operate for the CI-NTDs when compared to wild-type. The Rg distribution of CI58-5A is much 

broader than the rest with a width of >15 Å, close to the one of the random pool, and a peak 

around 31 Å, suggesting that the flexibility is higher than that of wild-type and the structural 

conformations are also widely dispersed. Thus, from the EOM results, it appears that the 

mutations have had the intended effect on the flexibility of the variants in solution.

MD simulations qualitatively confirm the experimental results

The theoretical models (Fig. 1, C) were subjected to 100 ns MD simulations using the scalable 

program NAMD 2.13[16] with the TIP3P water model[17] and the CHARMM36 force field[18–

20]. RMSFs for different regions of the monomers in the dimer (Fig. 8, A) agree qualitatively with 

the SAXS results since CI58-PP and CI58-GG have slightly lower RMSFs than the wild-type, 

while CI58-5A is clearly much more flexible. The high average RMSF, consistent with the 

SAXS EOM analysis in Figure 7, shows that structures along the trajectory are very different for 

the CI58-5A variant and thus align poorly with each other. The overall flexibility will result in 

high RMSF particularly for regions spatially at opposite ends in the starting models (such as the 

CI-NTD α2 and α3 and the very C-terminal). Also, in qualitative agreement with SAXS, the 

average Rg during the simulation is similar for CI58-WT and CI58-PP, smaller for CI58-GG 

and larger for CI58-5A (Fig. 8, B). However, the average MD Rg for CI58-WT and CI58-PP 

are significantly smaller than the experimental counterpart, suggesting that the dynamics are 

underestimated by the MD protocol.
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The length of the linker is important for DNA binding affinity

The binding affinity of each variant to OL was measured to determine whether the mutations had 

an impact on the DNA-binding function of the protein. The dissociation constant, KD, for CI58-

WT of 2.70.4 nM (Fig. 9) is in close agreement with previous results, which estimated it to be 3 

nM[10]. The KD value obtained for CI58-PP is very similar to CI58-WT, which suggest that the 

more limited maneuverability, seen from the SAXS results, does not significantly affect the DNA-

binding function of the protein, possibly due to the free rotation around the backbone bonds in the 

remaining linker residues. The KD values of CI58-GG and CI58-5A are 94 and 17 times higher 

than that wild-type, respectively, which suggests that changing the length of the linker has a 

significant effect on the binding affinity of the protein. 

All variants are able to bind MOR

IEF was chosen to investigate CI58:MOR binding as previous attempts to establish this with 

native-PAGE was unsuccessful as the differences in pI between the proteins prevented any 

experimental setup where both proteins and a potential complex migrated in the gel. All samples 

show signs of charge heterogeneity (Fig. 10) as several bands are seen in each lane but there is a 

clear difference in band distribution between the variants alone and mixed with MOR in a 1:1 ratio 

(two MOR molecules to one CI58 dimer). All variants but CI58-GG have a theoretical pI of 

8.0, while the former has a pI of 9.2 and MOR a pI of 6.7. Calculating a theoretical pI for the 

variants in complex with MOR was only possible to do based solely on linear amino acid sequence 

and thus, we have not been able to take any potential effects from solvent accessibility and 

masking of charged residues into account. Bearing this in mind, complex formation between the 

variants and MOR should lead to a downward shift in band distribution compared to the variants 

alone, which is indeed seen. This indicates that none of the mutations in the linker region 

completely disrupts the ability of CI58 to bind MOR. 

Concluding remarks

In this study we have investigated the importance of linker length and flexibility in the function of 

CI58, a truncated dimeric variant of CI58 amenable to biophysical and biochemical studies.A
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Three variants with mutations in the linker region have been produced and compared to wild-type. 

Initial characterization using SEC, CD and nDSF confirmed that all variants were folded and 

existed as dimers in solution. 

Removal of the linker in the CI58-GG variant did however diminish the clear distinction between 

two separate domains when studied with CD spectroscopy, and it consequently appeared more as a 

single-domain protein. This was further supported by SAXS measurements, in which the p(r) 

curve of CI58-GG appeared more bell-shaped while the other variants displayed two maxima 

indicating particles consisting of well-separated subunits. Using the previously determined 

structures of CI-NTD and CI-CTD1 together with SAXS data, we employed ensemble selection 

techniques to investigate the conformational polydispersity. Here we discovered that the biggest 

variations from wild-type were seen in the variants with shorter and longer linker. A shorter linker 

creates as expected a less flexible and smaller dimer, while a longer linker a more flexible and 

larger dimer, as also confirmed by MD simulations. Our attempt to design a variant with a more 

rigid linker (CI58-PP) does not appear to have been successful as all results appear nearly 

identical to those of wild-type and the MD simulations do not indicate a significantly more rigid 

linker (Fig. 8, A). The linker length severely affected DNA binding as shown by the EMSA 

analysis of CI58-GG and CI58-5A variants, with a decrease in binding affinity by 94 and 17 

times compared to wild-type, respectively. The effect is most significant when the linker is 

drastically shortened as the limited flexibility might impede on the ability of the variant to “grab” 

the DNA from opposing sides as described by Rasmussen et al[12]. The negative effect of the 

longer linker variant can on the other hand be explained by the excessive flexibility of the DNA 

recognition helix and/or the increased conformational space explored by the variant entailing those 

conformations which promote DNA-binding are less often seen than for wild-type. 

Although not strictly quantified, all variants were shown to bind to the MOR anti-repressor using 

IEF electrophoresis. It was previously suggested that the function of the flexible linker was to 

regulate the access to the MOR binding site on CI-NTD [10] as insertions of five residues at P78 

and S89 in CI caused PL to be in a permanently open state [14]. This was explained by the 

increased conformational flexibility of the linker, which would make the MOR-binding site on CI-

NTD easier accessible to MOR. Using this hypothesis, a decrease in flexibility should hamper the 

ability of MOR to bind CI, but this does not appear to be the case with the CI58-GG variant. 
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Furthermore, the decreased DNA-binding affinity of CI for OL with the longer flexible linker 

investigated here in vitro offers an alternative explanation for the in vivo results. 

This study highlights how flexible linkers are bona fide functional regions of transcription factors 

and important for their biological function. In TP901-1 CI, the linker length and flexibility are 

exquisitely tuned to permit sufficient conformational movement to establish the complex with OL 

operator with high affinity and underpin its function in the lysogeny switch. 

Materials and Methods

Expression and purification

MOR (UniprotKB accession number O48504) was expressed and purified as previously 

described[15]. CI58 (UniprotKB accession number O48503, residue 1-122) variants were 

purchased as purified plasmid DNA samples cloned into expression vector pET-30a(+) with 

kanamycin resistance (Genscript Biotech, Leiden, Nederlands). All variants were expressed with a 

C-terminal His-tag (RSHHHHHH).  

BL21 (DE3) E. coli cells were transformed with pET-30a(+) and grown on lysogeny broth (LB)-

agar plates containing 50 μg/ml kanamycin and incubated overnight at 37 °C. A colony from each 

variant was mixed with 10 mL LB medium, grown overnight at 37 °C and used to inoculate 1 L 

LB medium expression cultures. The cultures were grown to an OD600 of 0.6 AU after which 

protein expression was induced by adding IPTG to a final concentration of 0.5 mM and lowering 

the temperature to 25 °C. After 16 hours, the cells were harvested using a Sorvall Lynx 6000 

centrifuge (Thermo Fisher Scientific, Waltham, MA USA) doing 6,000 rpm for 10 minutes at 4 °C 

after which the supernatants were discarded, and the pellets stored at -20 °C. Pellets were 

resuspended in lysis/wash buffer (20 mM Tris-HCl (pH 8), 20 mM imidazole, 1 M NaCl) and 

sonicated on ice using a SONICS Vibra-Cell™ VCX 130 sonicator (Sonics & Materials Inc., 

Newtown, CT USA) doing 20 kHz with 60% amplitude for 4 minutes. The sonicated cells were 

centrifuged at 20,000 rpm for 30 minutes at 4 °C after which the supernatants were filtered with a 

0.22 μm filter.

Affinity purification was performed by loading supernatant on a HisTrap™ HP 1 ml column 

(Cytiva, Marlborough, MA USA), using an ÄKTA Purifier system (Cytiva, Marlborough, MA 

USA) with a flow rate of 1 ml/min. The column was subsequently washed with lysis/wash buffer 
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and the protein was eluted with elution buffer (20 mM Tris-HCl (pH 8), 500 mM imidazole, 100 

mM NaCl).

Further purification and native molecular mass estimation was performed with SEC by loading the 

eluate on a HiLoad 26/60 Superdex 75 column (Cytiva, Marlborough, MA USA) equilibrated with 

SEC running buffer (20 mM Tris-HCl (pH 7.5) and 100 mM NaCl). The column was connected to 

an ÄKTA Purifier system with a flow rate of 2.5 ml/min. A calibration curve for the column was 

prepared using conalbumin (75 kDa), carbonic anhydrase (29 kDa) and ribonuclease (13.7 kDa) as 

reference proteins and blue dextran (2000 kDa) to determine the void volume (Fig. 2). Purity 

assessment was conducted using 15% SDS-PAGE gels run at a constant voltage of 180 V for 1 

hour at room temperature. Gels were stained with InstantBlue™ Coomassie stain (Expedeon 

Ltd., Waltham, MA USA), destained with milli-Q water and scanned using a Gel Doc EZ 

system and analyzed using Image Lab software (Bio-Rad Laboratories, Inc., Hercules, CA USA).

Concentration of protein was done using Amicon Ultra Centrifugal filters (MilliporeSigma, 

Burlington, MA USA) with a molecular mass cut-off of 3 kDa.

Protein concentration was estimated by A280 using an extinction coefficient of 8480 M−1 cm−1  for 

all variants as estimated with ProtParam (http://web.expasy.org/protparam/)[21].

CD Spectroscopy

CD spectroscopy experiments were conducted on a JASCO J-815 spectropolarimeter (Halifax, 

Canada) in a suprasil quartz cell with a 1.0 mm path length (Hellma Analytics, Müllheim, 

Germany). Far-UV spectra were collected in a 20 mM NaF buffer with pH 7.5 to avoid noise from 

buffer absorption, while unfolding measurements were performed in SEC running buffer. 

The spectra for secondary structure estimation were measured at room temperature in a continuous 

mode at 20 nm/min from 260 to 180 nm with a data pitch and bandwidth of 1 nm, averaging 10 

spectra per measurement and subtracting the buffer spectra. Concentrations of the constructs were 

2.43 μM for CI58-WT and 2.50 μM for the three mutants. The secondary structure contents were 

calculated by online software DichroWeb[22] with the CDSSTR method and reference set 3, 4, 6 

and 7[23].

Thermal unfolding was monitored at a fixed UV wavelength of 222 nm from 0 to 90 °C with a 

ramp rate of 0.5 °C/min. The experiments were carried out at concentrations of 30.5, 31.8, 43.3 

and 50.7 μM for CI58-WT, CI58-PP, CI58-GG and CI58-5A, respectively.A
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nDSF

The inflections temperatures, Ti, were determined using a Nanotemper Tycho™ NT.6 DSF 

(München, Germany) monitoring changes in the ratio of intrinsic fluorescence at 350 and 330 nm 

while heating from 35 to 95 °C with a temperature ramp rate of 30 °C/min in high precision glass 

capillaries. 

SAXS

Data collection was performed at the BM29 synchrotron beamline at ESRF (Grenoble, France). 

The samples used were peak fractions taken from SEC and the concentrations are thus limited to 

1.0, 0.28, 0.35 and 0.40 mg/ml, for CI58-WT, CI58-PP, CI58-GG and CI58-5A, 

respectively. Each variant was measured at serial diluted concentrations as well, but the collected 

spectra were too noisy. 

Data were collected with an X-ray wavelength of 0.9919 Å at momentum transfers q ranging from 

0.0385 to 4.99335 nm-1 on a PILATUS detector using a sample to detector distance of 2.867 m. 10 

frames, each with a 1 s exposure time were collected for each sample and averaged in 10 s bins. 

The absolute scattering intensity calibration was performed with pure H2O. Data were averaged, 

background subtracted and analyzed using the ATSAS 3.0 software[24]. From the scattering 

curve, the intensity at zero angle, I(0), and the radius of gyration, Rg, were obtained with the 

Guinier approximation[25]. The pair-distance distribution function of the particle, p(r), and the 

maximum particle dimension, Dmax, were obtained using GNOM[26]. The molecular weights were 

calculated from I(0) using  where NA is Avogadro’s number, c is sample 𝑀𝑊 =
𝐼(0)𝑁𝐴

𝑐(∆𝜌𝜈)2

concentration, ρ is the contrast and υ is the partial specific volume and from the Porod volume.

Ensemble Optimization Method (EOM) was used to analyze the conformational polydispersity of 

the variants[27,28]. EOM consists of two programs, RANCH and GAJOE, that were run 

separately. RANCH was used to generate a pool of 10.000 random conformations for each variant 

by using the crystals structures of CI-NTD (PDB: 5A7L) and CI-CTD1 (PDB: 6FXA) and the 

protein sequence as input and imposing P2 (dimer) symmetry. The crystal structure of CI-CTD1 

was put in the origin of coordinates and fixed, while the linker and CI-NTDs were allowed to 

move freely. GAJOE was used to select the ensembles of conformations that fitted the data best.  
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Molecular Dynamics Simulations

The input models for molecular dynamics (MD) simulations were created using the crystals 

structures of CI-NTD (PDB: 5A7L) and CI-CTD1 (PDB: 6FXA) and modelling the linker regions 

using Coot[29]. The number of atoms were 68,861; 68,864; 56,857; and 99,795 for CI58-WT, 

CI58-PP, CI58-GG and CI58-5A, respectively.   

Each model was solvated in an equilibrated box of water with a size of 87 Å *86 Å *98 Å, 

guaranteeing a minimum distance of 15 Å from any atom of the models to the edge of the box. 

Na+ ions were added to the solution for neutralizing the overall charge of the assemblies to 

neutrality. Each molecular system underwent 1,000 steps of energy minimization followed by 5 ps 

of equilibration MD simulation. After energy minimization, all models had good geometry with 

MolProbity scores between 0.97 and 1.01 (100th percentile)[30]. The scalable program NAMD 

2.13[16] with the TIP3P water model[17] and the CHARMM36 force field[18–20] were employed 

to perform 100 ns MD simulations with a 2.0 fs time step for each assembly. To check stability 

and compactness of the systems after simulation, the root mean square fluctuations of the 

backbone atoms and the radius of gyration of each variant were calculated and visualized using the 

VMD program[31].

EMSA

EMSA was performed with an OL containing probe prepared by PCR using pMAP50[8] as DNA 

template and upstream primer MK813 

(GTAATACGACTCACTATAGGGACAAAGATAAAAACACATG) and downstream primer 

MK814 (CCTTTTGTGTGAAAGTTACCCGAATAATCATAACTCATTTATG). The probe was 

made fluorescent by a second PCR run with upstream primer MK740 (Cy5-

GTAATACGACTCACTATAGG) and downstream primer MK741 (Cy5-

CCTTTTGTGTGAAAGTTACC) containing Cy5 fluorophore. PCR was run on a Biometra ® 

TRIO-Thermoblock™ (Göttingen, Germany) and the PCR products were purified using an 

illustra™ GFX PCR DNA and Gel Band Purification Kit (Cytiva, Marlborough, MA USA). 

Triplicates were performed for each CIΔ58 variant. Each variant was mixed with binding buffer 

(diluted to a final concentration of 20 mM Tris-HCl, 1 mM EDTA, 100 mM NaCl, 1 mM DTT, 

5% glycerol), bovine serum albumin and sheared DNA. In each binding assay, 0.5 nM DNA probe 

was mixed with varying concentrations of CI58 constructs in a total of 20 μl binding solution. A
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The concentration in lane 1 was 250 nM followed by two-fold dilutions. After pre-incubation on 

ice without DNA for 15 min, the DNA fragment was added, and incubation was continued for 30 

min. The mixture was then pipetted into the empty wells of a chilled 2% agarose gel and run 

horizontally in 1x TBE (Tris/Borate/EDTA) buffer (Thermo Fisher Scientific, Waltham, MA 

USA) for 90 min at 10 V/cm at 0 °C. For visualization and quantification, the gel was scanned 

directly in a STORM 860 Imager (Amersham Biosciences, Amersham, UK) using the red channel 

(635 nm) at high sensitivity, followed by analysis using the ImageQuant TL software (Amersham 

Biosciences, Amersham, UK). The value of KD was determined by first quantitating the 

fluorescent signal of each band using Fiji software[32]. The fraction of DNA bound was 

determined using the expression: bound/(bound+unbound). This was plotted against the 

concentration of protein variant and the data were fit with the following binding equation using 

Microsoft Excel (version 16.48 with Solver add-in) to perform non-linear regression and obtain a 

value for KD and Bmax (fraction bound at which the data plateaus): Fraction 

bound=Bmax([protein]/(KD+[protein])). For the CI58-GG variant, the binding curve was 

extrapolated as the shift was seen close to the highest concentration. 

Isoelectric Focusing Electrophoresis

Protein-protein interactions between the variants and MOR were assessed using isoelectric 

focusing (IEF) electrophoresis under native conditions. Samples were run on a SERVALYT™ 

PRECOTES™ Wide Range pH 3-10 gel with IEF Marker 3-10, Liquid Mix (SERVA, Heidelberg, 

Germany) as protein standard. Samples were diluted to 26.7 M and for the complex samples, 

each variant and MOR were mixed in equal volumes and incubated at 4 °C for 60 minutes. 

Samples were loaded using an applicator strip with volumes ranging from 5-15 l in order to get 

comparatively amounts of each protein in the different wells. The gel was run using a Multiphor II 

EIF chamber (Amersham Biosciences, Amersham, UK) with running conditions of 2000 V, 12 

mA and 24 W for 180 minutes and the gel was cooled to 5 °C by a thermostatic circulator. For 

protein detection, the gel was firstly fixated using 20% (w/v) trichloroacetic acid for 20 minutes, 

followed by a rinse using 3% (v/v) phosphoric acid for 5 minutes. The gel was stained with 

SERVA Violet 17 (200 mg SERVA Violet 17 mixed with 100 ml milli-Q water and 100 ml 20% 

(v/v) phosphoric acid) for 30 minutes and subsequently destained with 3% (v/v) phosphoric acid 
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until no background staining was visible. The gel was scanned using a Gel Doc EZ system and 

analyzed using Image Lab software.
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Tables

Table 1. SEC-estimated oligomeric state of the variants. Overview of the SEC elution volumes 

for each variant. The molecular weights were estimated by preparing a calibration curve and using 

the linear regression equation log(MW)=-2.2417*Kav+2.2398 derived from that. The SEC-

estimated oligomeric states were calculated by dividing the estimated molecular weights with the 

theoretical molecular weight of a monomer. 

Table 2. Secondary structure estimation of the variants. The secondary structure contents of 

the variants were estimated by DichroWeb[22] using the CDSSTR method and reference set 3, 4, 

6 and 7[23]. The output is given in terms of six secondary structure classifications, where α-helix 

regular and distorted and β-sheet regular and distorted have been grouped together, 

respectively[33]. The results for each type of secondary structure are listed both in percentages 

and normalized (norm) by the number of amino acids (AA) in each variant.

Variant Elution volume, ml MWtheoretical, kDa MWestimated, kDa
SEC-estimated 

oligomeric state

CI58-WT 176.93 15.05 32.84 2.2

CI58-PP 173.39 15.07 35.81 2.3

CI58-GG 190.69 14.18 23.46 1.7

CI58-5A 168.80 15.41 40.06 2.6

Variant #AA Helix, %
Helixnorm, 

#AA
Strand, %

Strandnorm, 

#AA
Turn, %

Turnnorm, 

#AA
Unordered, %

Unorderednorm, 

#AA

CI58-WT 130 41.50 53.95 14.00 18.20 18.00 23.40 43.75 56.88

CI58-PP 130 41.00 53.30 14.50 18.85 18.50 24.05 44.00 57.20

CI58-GG 123 51.50 63.35 11.50 14.15 14.75 18.14 36.25 44.59

CI58-5A 135 41.75 56.36 15.00 20.25 18.75 25.31 42.50 57.38

Guinier autoGNOM EOM Guinier autoGNOM Porod volume MD

Variant
Conc, 

mg/ml
I(0)/c Rg, nm I(0)/c Rg, nm Dmax, nm

Rflex (random), 

%
Rsigma χ2 MWestimated, kDa MWtheoretical, kDa Rg, nm

CI58-WT 1.00 26.1±0.06 2.73±0.01 26.2±0.06 2.79±0.01 9.0 67.22 (86.50) 0.452 1.0682 29 29 29 30.10 2.31 ±0.06

CI58-PP 0.28 26.3±0.16 2.76±0.03 26.7±0.14 2.87±0.02 9.0 66.19 (84.96) 0.438 0.9820 29 30 27 30.14 2.22 ±0.09A
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Table 3. Structural parameters of the variants derived from SAXS experiments and MD 

simulations. I(0)/c is the intensity at zero angle normalized by concentration. I(0)/c and Rg are 

calculated using both the Guinier approximation[25] and autoGNOM[26] for SAXS and VMD 

program[31] for MD simulations. Rflex is a quantitative measure of flexibility, Rsigma indicates the 

variance of the ensemble distribution with respect to the original pool and χ2 describes the 

discrepancy[34]. The molecular weights were estimated from the I(0) values obtained using the 

Guinier approximation and autoGNOM and by dividing the Porod volume with 1.7. 

Figure legends

Figure 1. Schematic diagram of the genetic switch and CI58 variants. (A) Schematic 

representation of the fragment of the TP901-1 genome that functions as a bi-stable genetic switch. 

The mor gene is colored violet while the cI gene is colored according to its protein domains in red, 

green, yellow, and grey. The positions and directions of the lysogenic (PR) and lytic (PL) 

promoters are shown as arrows and the operator sites, which CI binds to, are shown in orange. The 

three OM operator sites, proposed to be binding sites for the CI:MOR complex, are colored blue. 

The resulting life cycles are indicated with arrows. (B) Domain organization of the CI repressor 

and MOR antirepressor. CI consists of an N-terminal domain (red) followed by a flexible linker 

(green), which connects it to the two C-terminal subdomains, CTD1 (yellow) and CTD2 (grey). 

The different linker compositions are shown below the linker flanked by the three preceding and 

succeeding residues and the mutations are underlined. MOR consists of a single domain colored 

violet. The colors correspond to the color scheme in (A). The crystal structures of NTD and CTD1 

of CI and MOR are shown, as determined previously[9,12,15]. (C) Computational models used as 

input for molecular dynamics simulations. The input models were created using the crystal 

CI58-GG 0.35 23.1±0.14 2.26±0.03 23.0±0.11 2.25±0.01 7.0 74.25 (87.61) 0.564 0.9010 26 26 27 28.35 2.12 ±0.04

CI58-5A 0.40 26.7±0.14 2.98±0.03 27.1±0.14 3.14±0.02 11.0 77.61 (83.98) 0.744 0.9642 30 30 26 30.82 2.98 ±0.12
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structures of CI-NTD (PDB: 5A7L) and CI-CTD1 (PDB: 6FXA) and modelling the linker regions 

using Coot[29] followed by energy minimization. 

Figure 2. SEC chromatogram of the CI58 variants. Each variant yields two peaks, with the 

first peak being DNA contamination and the latter being the protein of interest. The 

chromatograms are plotted as the absorbance at 280 nm against elution volume and coloured 

according to legend. (Left inset) SEC calibration curve for HiLoad 26/60 Superdex 75 SEC 

column. Kav is the partition coefficient and has been calculated using Kav=(Ve-Vo)/(Vc-Vo), where 

Ve=elution volume, Vo=void volume (108.77 ml determined by Blue Dextran elution) and 

Vc=geometric column volume (320 ml). The resulting linear regression equation is shown in the 

black box. (Right inset) SDS-PAGE gel showing the peak fraction for each variant. The molecular 

weights for each standard are shown in kDa on the left. Each variant only gave rise to a single 

band around 15 kDa.  

Figure 3. CD spectra of the CI58 variants. Each variant yields a spectrum composed of two 

peaks with negative ellipticity at ~208 and ~222 nm, suggesting the presence of α-helical 

structure. The spectra are plotted as mean residue ellipticity versus the wavelength and coloured 

according to legend.  

Figure 4. Unfolding measurements of the CI58 variants using CD spectroscopy. Left: 

Unfolding curves of ellipticity at 222 nm normalized to fraction unfolded as a function of 

temperature and coloured according to legend. Right: First derivatives of the unfolding curves as a 

function of temperature for each variant. The maxima are the apparent melting temperatures or 

midpoints of unfolding transitions in °C.  

Figure 5. Unfolding measurements of the CI58 variants using nDSF. Left: Unfolding curves 

of the 350nm/330nm ratio normalized to fraction unfolded as a function of temperature. Right: 

First derivative of the 350nm/330nm ratio of the unfolding curves. The inflection temperatures are 

derived from the maxima and listed in the legend. 
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Figure 6. SAXS measurements of the CI58 variants. (A) Logarithmic plot of the scattering 

curves of the variants with the Guinier plot as a subplot in the top right corner. (B) Pair-distance 

distribution of the variants. (C) Kratky plots of the variants. 

Figure 7. Rg distributions of the CI58 variants from five runs of EOM. EOM was run five 

times for each variant and the ensemble distributions from each are shown in colors while the 

distribution of the random pool is shown in grey. The resulting structures of the best-fitting 

ensembles were superimposed with the CTD1 dimer fixed to show the conformational 

polydispersity of each variant. NTD, linker and CTD1 is colored red, green and yellow, 

respectively. The structures were superimposed using the PyMOL Molecular Graphics System, 

Version 2.4.1 Schrödinger, LLC.

Figure 8. MD simulations of the CI58 variants. (A) RMSF of Cα residues for both chains in 

each variant dimer are plotted. The position of α-helices and the domains and linker are shown on 

top for reference. (B) The calculated Rg values of each variant plotted against time.

Figure 9. EMSA of CI58 variant binding to the OL operator site in the TP901-1 switch. 

Top: Fluorescent scan of agarose gels from EMSA employing the four variants and DNA 

fragment carrying OL. Lane numbers are listed, where the concentration of the variants in lane 1 is 

250 nM, and in the following lanes diluted serially by 2-fold dilutions. Lane 10 contains free 

unbound DNA. Shifts and dissociation constants are indicated with red arrows and the respective 

dissociation constant and standard deviation above. Bottom: Nucleotide sequence of the DNA 

fragment carrying TP901-1 OL with the operator site underlined in bold blue and the fluorescent 

dye Cy5 in red.

Figure 10. IEF electrophoresis of the CI58 variants and MOR alone and in complex. Each 

variant was run alone and mixed with MOR in a 1:1 ratio and the IEF marker was applied for at 

least every fifth sample (std). Addition of protein or lack thereof is indicated with a + or - sign, 

respectively. Values on left and right indicates the pH values from the IEF marker. 
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!!!!!!!
        

Cy- GTAATACGACTCACTATAGGGACAAAGATAAAAACACATGATATACTAATTTCATAAAGTTCATGAAACGTGAACTGAAAGAAAGGAGAAACATAAATGAGTTATGATTATTCGGGTAACTTTCACACAAAAGG 

    ==================== ======================= ===========================================================================================  

        CATTATGCTGAGTGATATCCCTGTTTCTATTTTTGTGTACTATATGATTAAAGTATTTCAAGTACTTTGCACTTGACTTTCTTTCCTCTTTGTATTTACTCAATACTAATAAGCCCATTGAAAGTGTGTTTTCC- Cy 
 

 

 

MK813 Upstream primer  for  OL binding  
TP901- 1 

GTAATACGACTCACTATAGGGACAAAGATAAAAACACATG 
 

MK814 Downstream primer  for  OL 
binding  TP901- 1 

CCTTTTGTGTGAAAGTTACCCGAATAATCATAACTCATTTATG 
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