
Journal of Experimental Microbiology and Immunology (JEMI)  Vol. 8:1-7 
Copyright © December 2005, M&I, UBC 

 1  

Evaluating the Role of G,C-nucleotides and Length of Overhangs in T4 
DNA Ligase Efficiency 

GURNEET BOLA 

Department of Microbiology and Immunology, UBC 
 

Ligation of fragments generated by different restriction enzymes has been observed to 
show variation in efficiency. In this study various restriction enzymes have been 
investigated to determine whether G,C-nucleotide content and/or overhang length may be 
contributing factors in ligation of pUC19 by T4 DNA ligase. Results suggest that G,C-rich 
cohesive ends may help to improve ligation efficiency. In the case of overhangs containing 
A,G,T,C nucleotides, it may be beneficial to use longer overhangs than shorter ones. A,T-
rich overhangs appear to correspond to poor ligation. Choosing appropriate termini may 
help to improve ligation efficiency.  

     __________________________________________________________________ 
 

Restriction enzymes recognize and cut DNA at 
particular nucleotide sequences producing DNA 
fragments containing either “blunt ends” (ends without 
any single-stranded DNA overhangs) or “sticky ends” 
(single-stranded DNA overhangs able to form base 
pairs with any DNA molecule that contains the 
complementary sticky end). DNA fragments with 
compatible ends can be joined together by ligases, such 
as, T4 DNA ligase. T4 DNA ligase catalyzes the 
formation of phosphodiester bonds between 
neighboring 3’-hydroxyl and 5’-phosphate ends in 
double-stranded DNA (2). Single-stranded nicks in 
double-stranded DNA can also be re-ligated by T4 
ligase.  

In molecular biology restriction enzymes and 
ligases are fundamental tools and therefore 
characterization of conditions required for these 
enzymatic reactions is essential to improving the 
efficiency of laboratory techniques such as gene 
cloning. It has been observed that λ DNA fragments 
generated using the restriction enzyme NdeI have low 
ligation efficiency compared to HindIII cut fragments 
(1). NdeI recognizes the sequence 5’-CA↓TATG-3’ and 
creates a two nucleotide (5’-TA) overhang. HindIII 
recognizes the sequence 5’-A↓AGCTT-3’ and creates a 
four nucleotide (5’-AGCT) overhang. Differences 
between NdeI and HindIII ligation efficiencies may be 
accounted due to the differences in overhang content 
and overhang length. The G,C-content in the HindIII 
overhang may contribute to stronger hydrogen bonding 
in complementary overhangs, allowing the DNA 
fragments to remain intact longer and thereby increase 
the chance of ligation occurring by T4 ligase. The 
increased length of the HindIII overhang may also play 
a role in ligation efficiency. Currently, there is no 
published research directly related to overhang 
composition effects on T4 ligation. However research 
regarding T4 DNA ligase and T4 RNA ligase substrate 
specificity has been investigated (4,5). 

To investigate these factors the circular, 2686 base 
pair plasmid pUC19 and various restriction enzymes 
have been tested to determine whether G,C-content and 
overhang length may play a role in the ligation 
efficiency by T4 DNA ligase. 
 
MATERIALS & METHODS 
 

Growth of DH5α E.coli: One colony of DH5α 
E.coli containing pUC19 (UBC Teaching Lab frozen 
stock, Department of Microbiology & Immunology) 
was inoculated into 100 mL Lauria-Bertani (LB) (10g 
tryptone, 5g yeast extract, 10g NaCl in 1 litre water) 
broth supplemented with 50 ug/mL ampicillin. Growth 
occured in a 37ºC shaker water bath at 200 rpm. The 
culture was incubated for approximately 19 hours. The 
culture was centrifuged at 6000 g, 4ºC for 15 minutes 
in the Beckman Model J2-21 Centrifuge (Beckman 
Rotor JA-20, 20000 RPM Serial No 04U 10907). The 
supernatant was removed and the pellet was frozen at -
20ºC for storage until further processing for isolation of 
plasmid.  

Isolation of pUC19: pUC19 was isolated from 
previously frozen DH5α E.coli pellet using the Qiagen 
QIAfilter Plasmid Maxi Kit (# 12262). Procedure for 
high copy plasmid was followed as outlined in the kit 
manual.  

Quantitation of DNA: The UV/Visible 
Spectrophotometer (Pharmacia Biotech Ultrospec 
3000) was used to quantitate the isolated DNA in TE 
buffer as previously described (5). 

Digestion of pUC19 by restriction enzymes: The 
restriction enzymes cleave pUC19 once producing a 
linear molecule and are classified into three groups (A, 
B, C) based on the composition of the overhang 
produced. Three and a half micrograms of pUC19 was 
digested in each restriction enzyme reaction. See Table 
1 for enzyme unit amounts used in each reaction. Each 
reaction was made up to a final volume of 20 uL in 
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distilled water and incubated at 37ºC (SmaI reaction 
incubated at 30ºC) in the heating block (VWR Digital 
Heatblock) for 1.5 hours. All enzyme reactions (except 
SalI, NdeI, HindIII) were heat inactivated for 20 
minutes at 65ºC after digestion.  

Purification of pUC19: Prior to the ligation 
reactions, the digested samples were purified to remove 
unwanted proteins and salts by using phenol-
chloroform extraction and ethanol precipitation (5). 

T4 DNA ligations: Ligation reactions were 
performed on the restriction enzyme reactions using T4 
DNA ligase (# 1243395, Invitrogen) supplied with 5x 
ligase buffer (#1230316). One microgram of pUC19 
was ligated using half the required units (1.3 units) of 
T4 ligase at 24ºC for 1 hour in the thermal cycler 
(Techne Thermal Cycler PHC-3, Mandel Scientific 
Company Ltd). Half the required amount of T4 ligase 
was used because complete ligation was not desired to 
allow for enzyme efficiency determination. λ/HindIII 
DNA ladder (DMC701, Invitrogen) was ligated as a 
control.  

Agarose gel electrophoresis: Half a microgram of 
pUC19 reaction was loaded per well using 6x loading 
buffer (#R0619, Fermentas). Undigested pUC19, 
λ/Hind DNA ladder, and 1 Kb plus DNA ladder 
(10787-018, Invitrogen) were used as controls. All 
samples were heated to 65ºC for 10 minutes prior to 
loading. Agarose (#1222195, Invitrogen) gels (0.9%) in 
1x TBE were used to analyze products of digestion and 
ligation reactions. Electrophoresis was performed at 
100 volts for approximately 1 hour. Gel was stained in 
0.2 ug/mL ethidium bromide bath for 10 to 20 minutes 
prior to visualization using a UV transilluminator. 
Direct visual comparison of unligated pUC19 band 
intensity on agarose gels, before and after ligation, was 
performed as a semi-quantitative method to determine 
efficiency of the T4 DNA ligase.  

Plasmid topology determination: Ethidium 
bromide (EtBr) concentrations of 0, 1.5, 3, and 7.5 
ug/mL were tested to induce supercoiling of ligated 
pUC19 samples. The EtBr was added to 10 ul ligation 
samples (containing 0.5 ug pUC19) and 2 ul loading 
buffer. Samples were heated to 65ºC for 10 minutes 
prior to loading on gel.  

Quantitation of ligation products: The 
Alphaimager® For Windows 2000/XP (Alpha 
Innotech, San Leandro, CA, USA) was used to quantify 
selected DNA bands on agarose gels. The Spot Density 
Tools (Chapter 5.4) described in the user manual were 
applied for this procedure. Densitometry was used as a 
second semi-quantitative method to determine T4 DNA 
ligase efficiency. Integrated density values, IDV (sum 
of all the pixel values after background correction) 
were calculated for unligated pUC19 bands on agarose 
gels, before and after ligation. The differences in IDV’s 
before and after ligation were then used to compare the 

degree of ligation among the different restriction 
enzyme digests.  
 
RESULTS 

Ligation efficiency of restriction enzyme digests: 
Group A restriction enzymes, HincII, XmiI, SalI, and 
HindIII produce overhangs of varying lengths 
containing A,T,G,C nucleotides (see Table 1). 
Ligations of these restriction enzyme digests are shown 
in Figure 1 (lanes 6, 8, 10) & Figure 2 (lane 19). Visual 
comparison of the band intensities for unligated pUC19 
bands before and after ligation suggested the following 
order of ligation efficiency, HindIII > XmiI ≈ SalI > 
HincII. The IDV’s (IDV prior to ligation – IDV after 
ligation) for these samples, HindIII > XmiI > SalI > 
HincII (Table 2) suggested a very similar order of 
ligation efficiency.  

 

 
 

FIG 1. Ligation of HincII, SalI, XmiI restriction enzyme digests 
at 24ºC for 1 hour. Lane 1: 2ug, 1 Kb plus ladder; Lane 2: 1ug, 
λ/HindIII ladder; Lanes 3 & 4: 0.5ug, 1ug respectively, λ/HindIII 
ladder ligated; Lane 5: 0.5ug, HincII digest; Lane 6: 0.5ug, HincII 
digest ligated; Lane 7: 0.5ug, SalI digest; Lane 8: 0.5ug, SalI digest 
ligated; Lane 9: 0.5ug, XmiI digest; Lane 10: 0.5ug, XmiI digest 
ligated; Lane 11: 0.5ug, isolated pUC19 control. The number 
corresponding to each band identifies the bands that were analyzed in 
Table 2. 
 

Group B restriction enzymes, SmaI, Eco0109I, 
Cfr9I, Eco88I, and PfoI produce GC-rich overhangs of 
varying lengths. Ligations of these restriction enzyme 
digests are shown in Figure 2. Visual comparison of the 
band intensities for unligated pUC19 bands before and 
after ligation showed fairly similar ligation efficiency 
among all digests. Note: there was not enough 
unligated Eco0109I digest sample to run alongside its 
ligated sample, however, a Eco0109I digested sample 
from another gel (Figure 2, lane 22) was used for 
quantification purposes. The IDV’s for these samples 
suggested the following order of ligation efficiency,  
Eco88I ≈  PfoI > Cfr9I > Eco0109I > SmaI (see Table 
2).  
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TABLE 1. Properties of fragments produced by restriciton enzyme groups A,B,C. 

 

 
 
 
 
 

Table 2. IDV, integrated density values (IDV prior to ligation – IDV after ligation) of group A,B,C restriction enzymes. Values are used for 
comparing degree of ligation efficiency among the different restriction enzymes. The greater the value, the better the ligation efficiency.  
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FIG 2. Ligation of SmaI, Cfr9I, Eco88I, Eco0109I, PfoI, SspI, EcoRI, HindIII, NdeI restriction enzyme digests. Lane 1: 0.5 ug pUC19; Lane 
2: 1ug, λ/HindIII ladder; Lane 3: 1ug, λ/HindIII ladder ligated; Lane 4: 2ug, λ/HindIII ladder ligated; Lane 5: 0.5ug, SmaI digest; Lane 6: 1ug, 
SmaI digest ligated; Lane 7: 0.5ug, Cfr9I digest; Lane 8: 0.5ug, Cfr9I digest ligated; Lane 9: 0.5ug, Eco88I digest; Lane 10: 0.5ug, Eco88I digest 
ligated; Lane 11: 0.456ug, Eco0109I digest ligated; Lane 12: 0.5ug, PfoI digest; Lane 13: 0.5ug, PfoI digest ligated; Lane 14: 0.5ug, SspI digest; 
Lane 15: 0.5ug, SspI digest ligated; Lane 16: 0.5ug, EcoRI digest; Lane 17: 0.5ug, EcoRI digest ligated; Lane 18: 0.5ug, HindIII digest; Lane 19: 
0.5ug, HindIII digest ligated; Lane 20: 0.5ug, NdeI digest; Lane 21: 0.5ug, NdeI digest ligated; *Lane 22: 0.3 ug, Eco0109I digest from a 
different sample ran on a different gel. The number corresponding to each band identifies the bands that were analyzed in Table 2. 

 
 
Table 3: Molecular weights (MW) of common sets of bands observed among the different ligated restriction enzyme digestions. λ/HindIII 

DNA ladder used to calculate MW.  
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Group C restriction enzymes, SspI, NdeI, and EcoRI 
produce AT-rich overhangs of varying lengths. 
Ligations of these restriction enzyme digests are shown 
in Figure 2. Visual comparison of the band intensities 
for unligated pUC19 bands before and after ligation 
showed ambiguous results, where none or very little 
ligation of pUC19 is observed even though ligation 
products are formed. In fact ligations of SspI (Fig 2, 
bands 48, 49) and NdeI (Fig 2, bands 54, 55) digests 
appeared to visually show an increase in unligated 
pUC19 band intensity. The IDV’s for these samples 
suggested the following order of ligation efficiency, 
EcoRI > SspI >>> NdeI (see Table 2).  

Identification of higher molecular weight bands 
observed in ligations: Several products in all the 
ligation reactions were observed that had higher 
molecular weights (MW) than linear pUC19 (2686 bp) 
and/or supercoiled pUC19 (2077 bp) (Figs 1 & 2). 
Some common sets of bands were observed among the 
different ligated restriction enzyme digestions and 
MW’s (Table 3) were calculated to help assess the 
identification of these products. The first set of bands 
had MW of approximately 8800bp to 9800bp. The 
second set of bands had MW of approximately 8500bp. 
The third set of bands had MW of approximately 
6700bp to 7000bp. The fourth set of bands had MW of 
approximately 5000bp. The fifth set of bands had MW 
of approximately 3700bp. And lastly, the sixth set of 
bands had MW of approximately 3100bp. 

A time course ligation (1 hour and 2 hours) was 
performed using the EcoRI digested sample (Fig 3, 
lanes 5-6) to help observe any trend in product 
formation. Results suggest that by one hour all major 
ligation products had formed. 

 

 
FIG 3. Time course ligation and topology determination using 

ethidium bromide. Lane 1: 1ug, λ/HindIII ladder; Lane 2: 0.5ug, 
ligated λ/HindIII ladder; Lane 3: 0.5ug, pUC19 control; Lane 4: 
0.5ug EcoRI digestion; Lane 5: 0.5ug, EcoRI digested ligation, 1 
hour; Lane 6: 0.5ug, EcoRI digested ligation, 2 hours; Lane 7: 0.5ug, 
Eco88I digested ligation with no EtBr; Lane 8: 0.5ug, Eco88I 
digested ligation with 1.5ug/mL EtBr. The number corresponding to 
each band identifies the bands that were analyzed. 

To further help identify some of the higher 
molecular weight ligation bands, ethidium bromide 
(EtBr) was added to samples to determine the 
topologies of these bands. In the first experiment, 
1.5ug/mL EtBr was added to a ligated Eco88I digested 
sample (Fig 3, lane 8, lane 7=control). The higher MW 
ligation products appear to disappear upon adding EtBr 
and seem to have shifted to a higher position on the gel 
(bands 6, 7, 8). In the second experiment (Fig 4), 
7.5ug/mL EtBr was added to isolated pUC19 sample 
(Fig 4, lane 3, lane 2=control). Band 1 shifted upwards 
whereas bands 2 & 3 shifted downwards. The 
supercoiled pUC19 band 4 also shifted upwards in 
varying degrees producing a smeared band 10. Varying 
concentrations of EtBr were also added to ligated 
HincII digested samples. Band 9, supercoiled pUC19 
does shift to higher MW upon adding increasing 
concentrations of EtBr (Fig 2, lanes 4-7).   

 

 
 

FIG 4: Topology determination using ethidium bromide to help 
identify higher molecular weight bands observed in extracted pUC19 
sample and ligation samples. Lane 1: 1ug, λ/HindIII ladder; Lane 2: 
0.5ug, pUC19 control; Lane 3: 0.5ug pUC 19 control w/ 7.5ug/ml 
EtBr; Lane 4-7: 0.5ug, HincII digested ligations with 0, 1.5, 3, 
7.5ug/mL EtBr respectively. The number corresponding to each band 
identifies the bands that were analyzed. 
 
DISCUSSION 
 

Among the group A restriction enzymes, both 
visual and densitometry results seem to suggest that 
there is an increase in ligation efficiency as the length 
of the A,T,G,C- containing overhang (O/H) increases. 
This observation is consistent with the fact that longer 
overhangs will be able to form more base-pair 
hydrogen bonds which will increase the strength of 
bound cohesive ends. The more strongly the cohesive 
ends are held together, the higher the chance of ligation 
occurring before the ends dissociate. It should be noted 
that blunt ends do not contain any O/H nucleotides to 
participate in base-pair hydrogen bonding and as a 
result have very low ligation efficiency, as is observed 
in this experiment. Results indicate that XmiI, which 
produces a 2 nucleotide (nt) O/H, has slightly better 
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ligation than SalI which produces a 4 nt O/H. This 
could potentially be the result of having added too 
much SalI or too little XmiI digested pUC19 to the 
ligation reactions. This is a likely event because 
spectrophotometer quantification of the digested 
plasmid prior to ligation was not a very accurate 
method.     

The group B restriction enzymes all produce G,C-
containing overhangs varying in length from 0 to 5 
nucleotides. Visual comparison of the band intensities 
showed fairly similar ligation efficiency among all 
digests. Even the IDV numbers fell within a narrow 
range, possibly suggesting similar ligation efficiency 
among the different digests. This result can be 
explained by the fact that G,C base-pairing is stronger 
than A,T base-pairing due to an additional hydrogen 
bond between the base pair. As a result, the length of 
G,C-overhangs has a minimal effect on ligation 
efficiency since each G,C base pair is tightly bound 
holding the cohesive ends together 

Group C restriction enzymes all produce A,T-rich 
overhangs varying in length from 0 to 4 nucleotides. 
Ambiguous ligation results were obtained with the 
visual comparison method. Ligation of the EcoRI digest 
showed a very little, if any, decrease in unligated 
pUC19 in the presence of ligation product formation. A 
possible explanation for this is that there was variation 
in the amounts of digested pUC19 present in the 
unligated versus ligated samples. For the ligations of 
SspI and NdeI digests, an increase rather than a 
decrease in unligated pUC19 was visually observed. 
Again the previous explanation could apply to these 
results as well. But if in fact the visual results observed 
are real, they appear to indicate poor ligation among 
this group of restriction enzymes, which can be 
explained by the weaker A,T-base pairing of cohesive 
ends. IDV numbers for this group of enzymes indicate 
poor ligation of the NdeI digest. Even though NdeI 
produces a 2 nt O/H, ligation of the digest was less than 
the ligation of the SspI digest which produces blunt 
ends. This result cannot be explained by the idea of 
increasing ligation efficiency by increasing the O/H 
length. The previous explanation of variations in 
amounts of linear pUC19 can help to explain this result. 
Also it was noticed that IDV numbers are very 
sensitive to slight changes in the enclosed band area 
used to calculate these values. During quantification 
even the slightest shift of the enclosed area produced 
large differences in the IDV numbers generated. The 
low ligation efficiency of NdeI digest agrees with a 
previous finding (1) in which poor ligation of NdeI cut 
lambda DNA fragments was also observed.   

The time course ligation performed to observe any 
trend in product formation indicated that by one hour 
all major ligation products had formed (Fig 3 lanes 5-
6). It appears that the intensity of the products increases 

over the time course of the ligation. But a further 
analysis of the gel indicates some ligation material 
remained stuck in the well (lane 5), which accounts for 
the intensity difference between the two time points.        

Ligation of pUC19 was expected to form a 
covalently closed circular (CCC) plasmid. However 
several ligation products having higher MW than 
supercoiled pUC19 were observed on the gels (Figs 2 
& 3). In fact, none of the ligations produce CCC 
pUC19 exhibiting the same degree of supercoiling as 
the original isolated plasmid which ran at 
approximately 2077 bps (Fig 1, lane 1) on the gel. 
Sizing of these high MW products indicates some 
similar ligation products between the different 
restriction enzyme digests (Table 3). There are some 
suggestions as to what these products might be, but 
keeping in mind the degrees of supercoiling and 
topology types, the possibilities are endless. The first 
set of bands from 8800 to 9800 bp and second set of 
bands around 8500 bp may be three interlocked 
plasmids or three concatemers covalently closed. The 
third set of bands from 6700 to 7000 bp may be three 
interlocked plasmids or three concatemers covalently 
closed with supercoiling. The fourth set of bands 
around 5000 bp may be two concatemers, two 
interlocked plasmids with supercoiling, or two 
concatemers covalently closed with supercoiling. The 
fifth set and sixth set of bands around 3700 bp and 
3100 bp, respectively, may be one relaxed pUC19 
plasmid.   

Determining the topologies of the high MW ligation 
products was intended to essentially help identify them 
as being CCC, open circular (OC), or linear plasmids. 
EtBr causes supercoiling or relaxation (if plasmid is 
twisting from negative to positive form or vice versa) 
of CCC plasmids and as a result changes their MW 
causing supercoiled CCC plasmids to run the fastest 
and relaxed CCC plasmids to run the slowest. EtBr 
increases the MW of OC plasmids and has no effect on 
the MW of linear plasmids. In one of the experiments 
EtBr caused the high MW ligation products to form a 
band with even greater MW (Fig 3, lane 8, band 6). 
This suggests that the high MW ligation products are 
CCC or OC plasmids. If they are CCC plasmids, their 
increase in MW suggests that relaxation of the CCC 
plasmids occurred. In another experiment, adding 
various concentrations of EtBr to a different ligated 
restriction enzyme digest sample appeared to have no 
effect on the high MW ligation products (Fig 4, lanes 
4-7), suggesting that the products formed in this 
ligation were linear pUC19 concatamers. The product 
bands are constant in brightness and relative position as 
the concentration of EtBr is increased. One could argue 
that a slight shift upwards in size of the bands is 
observed, however it should be noted that the gel in 
Figure 4 was shattered prior to staining. Therefore the 
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results are likely unreal due to distorted band 
positioning. Results from Figure 4 do however indicate 
a change in the MW of supercoiled pUC19 (lanes 4-7) 
suggesting that EtBr is causing it to relax. In this same 
experiment, EtBr was also added to a sample of 
isolated pUC19 control (lanes 2-3) to determine the 
topologies of 3 high MW bands (bands 1, 2, 3) 
observed in addition to the supercoiled pUC19 band. 
The EtBr caused varying degrees of relaxation in the 
supercoiled pUC19 (band 4) producing a smeared band. 
Band 2 shifted to a slightly lower MW, suggesting it 
was a CCC plasmid that became more supercoiled. The 
band 3 may or may not have shifted to a lower MW, 
because it is hard to distinguish any apparent shift due 
to the fluorescence from the smeared band right next to 
it. The band 1 shifted to a higher MW, indicating that it 
was either a CCC plasmid that became relaxed or an 
OC plasmid.     

In summary, it appears that having some degree of 
G,C-content present in overhangs will help to improve 
ligation efficiency. When dealing with enzyme 
recognition sequences containing A,T,G,C nucleotides, 
longer overhangs may have better ligation efficiency 
than shorter ones. It may be beneficial to avoid enzyme 
recognition sequences that are A,T-rich and produce 
A,T-rich overhangs as they may lead to poor ligations. 
Products of ligations must be carefully analyzed as 
there are multiple possibilities as to the identity of a 
single product due to effects of supercoiling and nicks 
in plasmids.  

Evidence has shown T4 DNA ligase to be 
exhibiting substrate specificity (5), suggesting that the 
enzyme’s ligation mechanism is not a random process. 
Further understanding of the biochemistry occurring at 
the enzyme active site may provide insight into the 
requirements for efficient ligation, which are fulfilled 
by some DNA substrates and not others.    
 
FUTURE EXPERIMENTS 
 

To test the validity of the study’s results, repeat 
experiments should be performed using a different 
DNA substrate. To further characterize ligation 
products, the concentration of digested fragments can 
be varied to test for any preference in the types of 
products formed. DNA sequence analysis of ligation 
products may provide more definitive answers to their 
identity. To be able to compare reliable results better 
methods of DNA quantitation should be explored.  
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