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Abstract 

 In the cell, chemically diverse solutes known as osmolytes accumulate in response to 

environmental stresses. To add to the understanding of how the environment inside a cell affects 

nucleic acid folding and function, we investigated the influence of cosolutes on the transition 

from B-DNA to Z-DNA in model DNA duplexes. Distinct from the familiar right-handed B-

DNA helical conformation, Z-DNA is a left-handed double helical structure with its 

phosphodiester backbone arranged in a zig-zag pattern that is unique to Z-DNA. Moreover, due 

to the correlation between Z-DNA formation potential and regions of active transcription, Z-

DNA is believed to serve a vital role in the transcription process. Previous literature has shown 

that divalent metal ions such as Ca2+ and Mg2+ can promote the formation of Z-DNA in vitro and 

previous studies from our lab have shown that the presence of osmolytes enhances the formation 

of Z-DNA, significantly decreasing the in vitro [Na+] required for the transition.  In our latest 

experiments, we examined the combination of divalent ions and osmolytes and its influence on 

the B-Z transition. We utilized circular dichroism (CD) spectroscopy to monitor the B-Z 

transition in a divalent ion background in the presence and absence of a model osmolyte, PEG 

200. Our results thus far suggest that PEG 200 greatly enhances the formation of Z-DNA in the 

presence of Mg2+ as compared with Na+ alone and significantly decreases the [Mg2+] required for 

folding in vitro. Our results with Ca2+ thus far suggest that its folding of Z-DNA is similarly 

enhanced by PEG 200 and that the effect of metal ions on Z-DNA formation can be observed in 

vivo.  
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Introduction 

 Osmolytes are solutes that accumulate in response to environmental stresses in the cell 

and have the potential to influence DNA conformation. These solutes are essential in maintaining 

cell turgidity and electrolyte levels required for proper cell functioning, and stabilize nucleic 

acids and proteins aiding in normal metabolic processes1. Possible stressors, which can include 

changes in pressure, temperature, and water content, along with the type of cell, determine the 

type of osmolyte that will accumulate2-4. Classes of osmolytes include both alcohol and amine 

based. Our experiment focuses on alcohol based osmolytes, specifically Polyethylene glycol 

(PEG) 200. PEG 200 is a polymer of ethylene glycol with a large enough molecular weight to 

mimic the effects of large intracellular molecules. The introduction of macromolecules and 

osmolytes into solutions mimicking the cellular environment allows us to more confidently 

conclude that our results may also be observed in vivo. Previous studies in our lab have shown 

that the addition of the model osmolyte PEG 200 to solutions containing Z-DNA increases the 

favorability of the B-DNA to Z-DNA transition, and decreases the Na+ concentration required to 

facilitate the transition. In order to examine further the effect of the cellular environment on the 

B-Z transition, we studied the impact of adding divalent metal ions to the cellular environment.  

 Early observations suggest the existence of Z-DNA in eukaryotic systems and 

demonstrate it’s immunogenic properties5. Identification of Z-DNA binding proteins assists in 

establishing the presence and biological role of Z-DNA in vivo5. The formation of Z-DNA and 

changes resulting in chromatin structure have the ability to affect transcription, recombination, or 

DNA repair6.  
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 In addition to their difference in functions, B-DNA and Z-DNA are structurally different 

in their helical conformations. While, B-DNA has a right-handed helical conformation, Z-DNA 

is a left-handed double helical structure. The syn conformation of the purines and the anti 

conformation of the pyrimidines create the zig-zag backbone pattern, which is found only in Z-

DNA. (Figure 1. A, B). The differences between the helices of B-form and Z-form DNA are 

distinct on full spectra of the CD, with the extent of transition completed evident. At pure B-form 

DNA, there is a positive peak at about 283 nm and a negative peak at about 253 nm. At pure Z-

form DNA, there is a positive peak at about 294 nm and a negative peak at about 268 nm (Figure 

3). Our research involved using full spectra of the solution to determine what concentration of 

the included divalent metal ion was required for the transition. We were able to determine the 

beginning, midpoint, and endpoint of the B-DNA to Z-DNA transition using the peak at 294 nm, 

allowing us to produce titrations to observe the full transition from beginning to end. 
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Materials and Methods 

DNA Synthesis 

Integrated DNA Technologies synthesized the nucleic acid strand sequence used as follows: 

  5’ –CG-CG-CG-CG-CG-CG-CG – 3’ labeled CG7.  

The sample was diluted to 1 mM with 1x Tris-EDTA pH 7 buffer and stored at room 

temperature.  

Sample Preparation 

All samples were prepared using a buffer of 5 mM Tris-HCl pH 7 with 50 mM NaCl. Spectra 

and titrations were performed with varying concentrations of Mg2+ from a 3 M stock solution 

and were collected for zero, ten, and twenty percent PEG solutions from a forty percent w/v PEG 

200 stock solution. With Ca2+ present, full spectra were collected for zero, ten, and twenty 

percent PEG solutions from a forty percent w/v PEG 200 stock solution.  

CD Experiments 

Circular dichroism spectra were collected using a Chirascan CD spectrophotometer. Full spectra 

were taken from 320 nm to 220 nm, every 1 nm with a 5 second averaging time. Titration data 

was taken at 294 nm. At each concentration, an average was taken from twenty scans with a 10 

second averaging time. Samples containing DNA were heated to 50°C and cooled to 25°C, and 

then measurements were taken at 25°C. Each sample contained 2 µM DNA Duplex.  



	   8	  

Buffer subtraction and Normalization	  

The spectra generated by Chirascan were buffer subtracted and smoothed in Pro-Data viewer 

(Applied Photophysics). The buffer subtracted data was normalized using equation 1: 

𝜃 = !
(!"  !×!×!)

 (1) 

 C is the concentration in M, N, the number of nucleotides, and l, the pathlength in cm. The 

nucleotide concentration in each sample was determined using Beer’s Law (equation 2): 

𝐴 = ε𝑙𝑐 (2) 

A is the UV absorbance taken at 260 nm, ε, the calculated extinction coefficient of the sequence, 

l, the path length (cm), and c, the concentration (mol dm-3). Extinction coefficients for the 

duplexes were calculated according to reference7.  

Thermodynamic Analysis of Z-DNA Folding	  

Quantitative analysis of Z-DNA folding was done by fitting CD data at 294 according to a 

unimolecular folding model as the duplex itself is already hybridized. The equilibrium is 

considered for the B to Z transition where K is the equilibrium constant for that transition and the 

fraction in Z-form (fZ) is defined by equation 3 below, which upon division by [B] yields 

equation 4:  

𝑓! =   
𝑍

𝑍 + 𝐵    3  

𝑓! =   
𝐾

𝐾 + 1 (4) 
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Equation 5 then provides the relationship between K and free energy (∆G) 

𝐾 =   𝑒
∆!
!!"   (5) 

The CD signal collected for a given sample is then a combination of some fraction of the 

molecules in the B-form and an additional fraction in the Z-form. In fact, this can be expressed 

such that the signal is equal to the signal of the B-form plus a fractional contribution of the 

difference between the B and Z-form signals. Based on estimates for the folded and unfolded 

signal, the fZ can be calculated at every point and used to determine K and ∆G for a given 

magnesium ion concentration. Free energy is plotted vs. [Mg2+] and a linear fit is used to obtain 

∆G0 and the m-value, which are the intercept and slope of the fit, respectively. The ∆G0 is the 

free energy of folding in the absence of ions. The m-value is related to the amount of structural 

change occurring in a folding transition is sometimes related to the amount of surface area 

changing conformation in a given transition. Based on this interpretation the m-value is a 

measure of the extent of folding cooperativity.   

Additional Parameters	  

 After determining ∆G0 and the m-value for the data additional parameters can be 

determined. The first is the Cm or midpoint of the transition. This can be calculated by setting ∆G 

equal to zero and solving for the appropriate sodium ion concentration. This value is somewhat 

analogous to the Tm for thermal denaturation experiments. At both the Cm and the Tm is assumed 

that populations of B and Z-form DNA are both 50% of the total molecules in solution.   

Also given ∆G0 and the m-value the ∆Gx for any salt concentration can be calculated and used to 

determine the K value at that concentration.  From K both the fraction of Z at any salt 
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concentration can be determined as well as the relationship between the ln K and the ln [Mg2+].  

A plot of this relationship can be linearly fit to determine ∆n, the number of ions either bound or 

dissociated in a folding transition8. 
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Results and Discussion 

 Magnesium ion titrations were performed in the presence of 0, 10 or 20% PEG 200. 

Shown in Figure 3 are the spectral features that distinguish B-form and Z-form. At low ion 

concentrations and no PEG, we observe a positive peak at 283 nm and a negative peak at 253 

nm, indicating B-form DNA. As we increase ion concentrations and the amount of PEG 200, we 

observe a shift in peaks showing the change to Z-form. While we do not yet have titration data 

for Ca2+, the full scans follow the same trends as the Mg2+ scans. Average titration curves 

showing the fZ vs. [Mg2+] are shown in Figure 4. The shift of the sigmoidal curves to lower ion 

concentrations show that PEG 200 is stablizing the Z-form DNA and lowering the magnesium 

ion requirement to fold. Figure 5 shows the linear fits to the ∆G vs. [Mg2+] data, and the 

parameters from the fits are summarized in Table 1. With increasing PEG 200, the folding of Z-

DNA becomes increasingly cooperative with m-values increasing from 3.7 to 8.1. This change is 

nearly 4X that observed for simlar changes in sodium ions9, suggesting that the magnesium / 

PEG combination in particularly suited to the Z-DNA structure beyond what would occur from 

simply accounting for in changes in ionic strength. This is also shown in the substantial decrease 

in Cm with PEG 200. By 20% PEG 200 the midpoint of the transition shifted from 0.65 M to 

0.19 M which means that in 20% PEG 200 the midpoint is now 33% of what it was with no PEG 

200 present. The 0.65 M control point matches well with published literature values10. However, 

if one examines the free energy of the folding in the presence of PEG 200 there seems to be a 

limit to the stability PEG 200 can supply as the difference in energy from 10% to 20% is a much 

smaller difference than between 0% and 10% PEG 200. It seems as if the PEG 200 – DNA 

interactions are mostly satisfied in 10% PEG 200 and are set to allow for the DNA to interact 

favorably with magnesium ions. More structural calculations will need to be done to show this 
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for sure, and those experiments could potentially also be related to the ∆n values we obtained for 

0, 10 and 20% PEG 200. The decreasing value of ∆n suggests that fewer ions are needed to fold 

the Z-form DNA, and this decreased requirement is more significant per % PEG 200 than 

observed for sodium ions11. Again, this suggests the special role that divalent ions might play in 

conjunction with osmolytes to help promote Z-DNA folding in vivo.   
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Conclusion 

 Our results support the idea that the presence of PEG 200 in solution decreases the 

concentration of Mg2+ necessary for the folding of Z-DNA. As the w/v of PEG increases, the 

concentration of Mg2+ necessary decreases. We have begun research on the concentration of Ca2+ 

necessary for the same experiment. As of now, our results lead us to believe that the 

concentrations of Ca2+ necessary compare to the concentrations of Mg2+ necessary for this 

transition. Both Ca2+ and Mg2+ will be involved in the transition producing a greater amount of 

Z-form DNA in vivo relevant conditions when exposed to higher concentrations of PEG 200. 

This suggests that changes in divalent ion concentrations in the cell may cause osmolytes to 

respond and assist in this transition.  
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Figures and Tables 

 

A.  

B.      

Figure 1. The structural conformations of A-, B-, and Z-DNA. (A) This is a side view of CG7 

A-DNA(left), B-DNA(middle), and Z-DNA (right) strands. The sugar phosphate backbone is in 

purple, dG bases in red, and dC bases in cyan. (B) This is a top view of a CG7 A-DNA (left), B-

DNA(middle), and Z-DNA (right) strand. The sugar phosphate backbone is in purple, dG bases 

in red, and dC bases in cyan. Models of A, B, and Z were generated using DS Visualizer with a 

solvent molecule with a 1.4 Å radius.  
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A.  

B.  

Figure 2. A structural comparison of CG7 B-DNA and  Z-DNA. (A) Model of a cross-section 

of the CG7 B-DNA strand. The sugar phosphate backbone is in purple, dG bases in red, and dC 

bases in cyan. (B) Model of a cross-section of the CG7 Z-DNA strand. The sugar phosphate 

backbone is in purple, dG bases in red, and dC bases in cyan. Models were generated using DS 

Visualizer with a solvent molecule with a 1.4 Å radius. 
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Figure 3. Differences in B-form and Z-form Spectra. B-form DNA shows a positive peak at 

~283 nm and a negative peak at ~253 nm. Z-form DNA shows a positive peak at ~294 nm and a 

negative peak at ~268 nm.  
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Table 1.  Thermodynamic and Structural Parameters for Mg2+ Folding of Z-
DNA Duplexes 

Sequence Solution 

Conditions 

ΔG0 

(kcal mol-1) 

Cm 

(M) 

m 

(kcal mol-1 M-1) 

Δn 

 

CG7 0% PEG 200 2.4 ± 0.1 0.65 ± 0.1 3.7 ± 0.1 4.0 ± 0.3 

CG7 10% PEG 200 1.8 ± 0.2 0.35 ± 0.1 5.1 ± 0.1 2.6 ± 0.3 

CG7 20% PEG 200 1.5 ± 0.1 0.19 ± 0.1 8.1 ± 0.1 2.3 ± 0.3 

	  

	  

	  

	  

Figure 4. Fraction of Z-DNA (fZ) versus concentration of Mg2+added to solution.  The fZ was 

calculated as discussed in the Materials and Methods section.  The data show that as the 

concentration of PEG 200 is increased that the amount of divalent ion needed to adopt the Z-

form of DNA significantly decreases.   
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Figure 5. Free energy of folding Z-DNA (∆G) versus concentration of Mg2+added to 

solution.  The ∆G was calculated as discussed in the Materials and Methods section.  Linear fits 

are shown.  Linear fit R2 values are all above 0.991.  The data shows a decrease in the intercept 

related to the folding of Z-DNA without Mg2+ along with an increase in slope with PEG 200 

suggesting that transition is increasingly cooperative in PEG 200.   
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Figure 6. lnKZ versus ln [Mg2+] added to solution.  The KZ was calculated as discussed in the 

Materials and Methods section.  Linear fits are shown.  Linear fit R2 values are all above 0.991.  

The data shows a decrease in slope with added PEG 200 suggesting that fewer Mg2+ ions are 

bound to the DNA during the transition to Z-DNA. 
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