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  In molecular biology the ability to generate recombinant DNA is of great importance for 

studying gene function and gene expression. Of the numerous restriction endonucleases 
available for cutting DNA fragments, some show better ligation efficiency than others. For 
example, DNA cleavage using NdeI consistently ligates inefficiently compared to other 
common enzymes such as HindIII. The functional reason for this discrepancy was the focus 
of this investigation. During experimentation NdeI was found to be heat inactivated, 
furthermore, it was not reactivated upon incubation at non-denaturing temperatures. 
Therefore, it was hypothesized that NdeI may be complexing with the cleaved DNA and 
disrupting the DNA ligase interaction. This was investigated by generating fragments of 
similar size to NdeI cleaved fragments and comparing migration on an agarose gel. These 
experiments were plagued by inconsistent electric fields in the gel box, and a buffer 
induced salt effect. As a result, NdeI interaction with the DNA fragments could not be 
conclusively demonstrated. Other methods for structural determination must be 
experimented with in order to prove or disprove this hypothesis, such as end labeling 
techniques, X-ray crystallography or NMR spectroscopy.   

     _________________________________________________________________ 
 
 
A fundamental technique of molecular biology involves 
the insertion of genes of interest into a suitable host for 
expression (cloning). To do this, a biologist has an 
exhaustive list of restriction endonucleases at his or her 
disposal. These are unique enzymes isolated from a 
variety of organisms whose host functions include 
destruction of foreign DNA, cellular recombination, 
and transposition (7). They function by recognizing a 
particular DNA sequence and catalyzing the cleavage 
of double stranded DNA. As a result, restriction 
enzymes are very useful for cutting DNA sequences of 
interest. 

In order to be useful for expression the DNA 
fragments must be inserted into a vector such as a 
plasmid. To do this, ligase enzymes are used to 
recombine the cut DNA fragments. An important area 
of interest in this procedure is the lack of consistency in 
ligating DNA fragments generated from different 
restriction enzymes. For example, NdeI derived from 
Neisseria denitrificans is a type II restriction enzyme 
which cleaves the recognition sequence 5’-CATAG-3’. 
In a study conducted by Chang et al (1), NdeI cut 
fragments were found to ligate less efficiently than 
fragments cut by HindIII restriction endonuclease. 

The possible reasons for this discrepancy were 
considered and the following hypotheses were tested. 
Firstly, it may be possible that NdeI cannot be 
inactivated using the common heating method. 
Secondly, it is possible that NdeI slowly reactivates 
upon incubation at non-denaturing temperatures. The 
final option investigated was whether or not NdeI was 

attaching to the DNA fragments, thus preventing the 
ligase from binding the DNA fragments. 
 

MATERIALS AND METHODS 
 
 The substrate DNA used for all experiments was 
pUC19 purified from Escherichia coli DH5α using the 
Qiaprep plasmid miniprep (27106), the directions 
provided were followed exactly. 

NdeI heat inactivation.  NdeI (2.58 U) from each 
of the three sources New England Biolabs (R0111S, lot 
# 26 with Buffer 4 B7004S, lot # 0505), Invitrogen 
(15426-018, lot # 140609A with React 6 Y90007, lot # 
121226), and Fermentas (ER0582, lot # 2911 with 
Buffer R BR5, lot # 4616) was added to 2 ug of pUC19 
DNA. Each digestion was then split in two, with one 
half being immediately inactivated at 80oC for 20 min 
then incubated at 37oC for 2 hrs. The other half was 
incubated for 2 hrs at 37oC and then inactivated at 80oC 
for 20 min. The volume of the three initial digests was 
40 ul made up with deionized water, with the 
appropriate buffers at 1X concentration. The final 
samples were electrophoresed on a 0.9 % agarose gel at 
106 V for 80 min (Agarose Invitrogen Ultrapure 
15510-019, lot # 1236082).   

NdeI reactivation over time.  To determine if NdeI 
reactivates after heat inactivation and subsequent 
incubation at non denaturing temperatures, three 
digestions were set up for each of the enzyme sources. 
This was done as follows; 2.58 U of restriction enzyme 
was added to the appropriate buffers (New England 
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Biolabs (R0111S, lot # 26 with Buffer 4 B7004S, lot # 
0505), Invitrogen (15426-018, lot # 140609A with 
React 6 Y90007, lot # 121226), and Fermentas 
(ER0582, lot # 2911 with Buffer R BR5, lot # 4616)) 
and inactivated at 65oC for 20 min. Then 1 ug of 
pUC19 DNA was added to each sample which was 
subsequently split in two, where one half was incubated 
at 37oC and the other at 22oC overnight. The volume of 
the three initial digests was 32.5 ul made up with 
deionized water, with the appropriate buffers at 1X 
concentration. The final samples were electrophoresed 
on a 0.9 % agarose gel at 106 V for 80 min (Agarose 
Invitrogen Ultrapure 15510-019, lot # 1236082). 

NdeI interaction with pUC19 DNA.  To 
investigate the possibility that NdeI is binding to the 
DNA fragments and changing its conformation, the 
fragments were subjected to proteinase K digestion. 
First, a 120 ul digestion of 1.5 ug pUC19 by 3.87 U of 
Fermentas NdeI (ER0582, lot # 2911 with Buffer R 
BR5, lot # 4616) was incubated for 2 hrs at 37oC. 
Twenty microliters was then removed and fresh buffer 
R was added to the remainder with 3.23 U of HindIII 
(ER0501, lot # 2932) and incubated at 37oC for an 
additional 2 hrs. The final digestion was split into 5 
aliquots of 20 ul and 1 ul of proteinase K was added to 
the four samples subjected to heating. These samples 
were left at 65oC for 0, 20, 30, 40, and 60 minutes. The 
final samples were electrophoresed on a 0.9 % agarose 
gel at 106 V for 80 min (Agarose Invitrogen Ultrapure 
15510-019, lot # 1236082).  Note the samples without 
proteinase K were heated at 65oC for 10 min prior to 
gel loading. 

To investigate a conformation change due to NdeI 
binding to the DNA fragments, two digestions were 
carried out. The first was a double digestion with NdeI 
and HindIII. This was done by first digesting 3 ug of 
pUC19 DNA with 7.74 U of NdeI (Fermentas ER0582, 
lot # 2911 with Buffer R BR5, lot # 4616) in 35 ul for 
2.5 hrs at 37oC. Ten microliters of this was removed 
and 2.5 ul of fresh buffer R was added to the 
remainder, along with 7.74 ul of HindIII (Fermentas 
ER0501, lot # 2932) which was incubated at 37oC for 
2.5 hrs. The second digest involved degrading 2 ug of 
pUC19 with 0.96 ul of Rsa (Invitrogen 1524-013 lot # 
1057948, 10 U/ul) in 25 ul for 2.5 hrs at 37oC. All 
samples were heated at 65oC for 20 min for 
inactivation. The final samples were run on a 0.9 % 
agarose gel at 106 V for 80 min (Agarose Invitrogen 
Ultrapure 15510-019, lot # 1236082). 

DNA band migration consistency.  To test the 
inconsistent migration of bands across the gel width, 
another double digest was performed and this time 
additional ladder standards were set up across the gel in 
4 lanes. The first digestion performed involved cutting 
3 ug of pUC19 DNA with 7.74 U of NdeI (Invitrogen 
15426-018, lot # 140609A with React 6 Y90007, lot # 

121226) in 35 ul during incubation at 37oC for 2.5 hrs. 
Then 10 ul was removed and 2.5 ul of fresh REact 6 
buffer was added along with 0.5 ul of PvuII (Gibco 
15412-018 lot # 1057945, 10 U/ul) and incubated for 
2.5 hrs at 37oC. The second digest involved cutting 2 
ug of pUC19 DNA with 1 ul of BanI (New England 
Biolabs 118S lot # 11, 20000 U/ul) in 25 ul for 2.5 hrs 
at 37oC. All samples were heated for 20 min at 65oC for 
inactivation. The final samples were electrophoresed on 
a 0.9 % agarose gel at 106 V for 80 min (Agarose 
Invitrogen Ultrapure 15510-019, lot # 1236082). 

Effects of salt on DNA band migration.  To 
investigate the salt effect and impact of possible NdeI 
attachment, a final set of digestions were performed. 
The first digestion involved cutting 4 ug of pUC19 with 
2.06 ul of NdeI and 1 ul of PvuII (Invitrogen 15412-
018 lot # 1057945, 10 U/ul) in 45 ul simultaneously for 
3 hrs at 37oC. The second digestion was done with 4 ug 
of pUC19 DNA and 1 ul of BanI (New England 
Biolabs 118S lot # 11, 20000 U/ul) in 45 ul at 37oC for 
3 hrs. These samples were inactivated at 65oC for 20 
min and loaded on a 2% gel with a spacer well between 
each sample and run at 80 V for approximately 2.5-3 
hours. The samples in lanes 2, 3 and 4 (figure 6) were 
given extra (Agarose Invitrogen Ultrapure 15510-019, 
lot # 1236082) buffer (React 6 and Buffer 4) to ensure 
the same ion concentration for each. All gels were 
viewed using the Alphaimager for windows 2000/XP.  
 

RESULTS 
 

NdeI heat inactivation.  The ability of NdeI to 
digest pUC19 DNA after heat inactivation was 
compared to the non-denatured enzyme from each 
source. Samples in lanes 3, 5, and 7 were inactivated 
prior to the addition of substrate and had bands 
representing the undigested pUC19 standard as seen in 
lane 2 (figure 1). Samples in lanes 4, 6 and 8 were 
digested with NdeI prior to heat inactivation, and the 
two upper bands seen in the pUC19 standard were 
missing, with the exception of lane 8 (active enzyme 
from New England Biolabs) that gave a faint middle 
band.  

NdeI reactivation over time.  The results from the 
reactivation study are given in figure 2. As can be seen, 
there is virtually no difference between samples left at 
37oC and 22oC overnight (lanes 1-6), and all show no 
digestion of the substrate compared with the undigested 
control (lane 7). The only difference seen is a slightly 
higher intensity of the two upper bands in samples left 
at 22oC (lanes 1,3,5) compared to those left at 37oC 
(2,4,6). 
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FIG. 1 NdeI heat inactivation. This photograph is of a 0.9% gel 
where samples of each enzyme were incubated with pUC19 DNA in 
both the active and heat inactivated form for 2 hrs at 37oC.  
Lane 1, molecular weight standard 1 kb plus (Invitrogen 10787-018 
lot # 1286199) 
Lane 2, Undigested pUC19 standard 
Lane 3, Fermentas NdeI deactivated at 80oC for 20 min prior to 
incubation with pUC19 
Lane 4, pUC19 DNA digested by Fermentas NdeI 
Lane 5, Invitrogen NdeI deactivated at 80oC for 20 min prior to 
incubation with pUC19 
Lane 6, pUC19 DNA digested by Invitrogen NdeI 
Lane 7, New England Biolabs NdeI deactivated at 80oC for 20 min 
prior to incubation with pUC19 
Lane 8, pUC19 DNA digested by New England Biolabs NdeI 
 

 
 

FIG. 2 NdeI reactivation over time. This photograph is of a 0.9% 
gel where samples of each enzyme were deactivated at 65oC for 20 
min, 1 ug of pUC19 DNA was added to each and they were left at 
37oC or 22oC overnight. 
Lane 1, New England Biolabs left at 22oC 

Lane 2, New England Biolabs left at 37oC 
Lane 3, Invitrogen left at 22oC 
Lane 4, Invitrogen left at 37oC 
Lane 5, Fermentas left at 22oC 
Lane 6, Fermentas left at 37oC 
Lane 7, Undigested pUC19 DNA control 
Lane 8, Molecular weight standard, 1kb plus (Invitrogen 10787-018 
lot # 1286199) 
 

NdeI interaction with pUC19 DNA.  The results 
from the proteinase k degradation studies are given in 
figure 3. Obviously this gel was skewed as can be seen 
by the curve in the dye front. Despite this 
inconsistency, there does not appear to be a difference 
between the various lengths of digestion (lanes 1-4) and 
the sample not treated with proteinase K (lane 5). 

 
 

 
 

FIG. 3 NdeI interaction with pUC19 DNA. This photograph is of 
a 0.9% gel representing pUC19 digests with NdeI/HindIII treated 
with proteinase k for varying lengths of time at 65oC. 
Lane 1, NdeI/HindIII digested fragments treated with proteinase K 
for 60 min 
Lane 2, NdeI/HindIII digested fragments treated with proteinase K 
for 40 min 
Lane 3, NdeI/HindIII digested fragments treated with proteinase K 
for 30 min 
Lane 4, NdeI/HindIII digested fragments treated with proteinase K 
for 20 min 
Lane 5, NdeI/HindIII digested fragments 
Lane 6, NdeI digested fragments  
Lane 7, Undigested pUC19 control 
Lane 8, Molecular weight standard, 1kb plus (Invitrogen 10787-018 
lot # 1273450)  
 
 In the second attempt to identify if NdeI complexes 
with pUC19 DNA, small DNA fragments were 
generated and the band migration pattern was analyzed. 
As can be seen, the dye front was again skewed on the 
right side of the gel (figure 4). As a result, the two 
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identical molecular weight standards gave different 
migration patterns (lane 1 and 7), of which, lane 1 was 
used to calculate band sizes. The band of interest for 
RSA digestion was found to be approximately 242 bp 
(lane 2). The same size band was identified in the 
mixture including the NdeI/HindIII fragment which 
was 270 bp (lane 3). In contrast, the band from the 
NdeI/HindIII digest gave a band approximately 263 bp 
long when electrophoresed alone (lane 4).   
 

 
 

FIG. 4  NdeI interaction with pUC19 DNA. This photograph is 
of a 0.9% gel where pUC19 DNA was digested by NdeI/HindIII 
(done consecutively) or Rsa for 2.5 hrs at 37oC, and migration of the 
resultant fragments were measured.  
Lane 1, Molecular weight ladder 1 kb plus (Invitrogen 10787-018 lot 
# 1273450) 
Lane 2, pUC19 digested with Rsa 
Lane 3, Mixture of NdeI/HindIII digest and Rsa digest 
Lane 4, pUC19 digest of NdeI/HindIII 
Lane 5, NdeI digest of pUC19 
Lane 6, Undigested pUC19 control 
Lane 7, Molecular weight ladder 1 kb plus (Invitrogen 10787-018 lot 
# 1273450) 
 

DNA band migration consistency.  As can be seen 
by the gel photograph in figure 5, the molecular weight 
ladders gave different migration patterns (lanes 1, 2, 8 
and 9). In fact, the ladders in lanes 1 and 9 at either 
ends of the gel traveled noticeably further when 
compared with the ladders more centered. Furthermore, 
the ladder in lane 9 traveled the furthest. With regards 
to the samples in lanes 3-7, significant distortion was 
observed in the bands for fragments less than 400 bp, 
including the ladder in lane 2. As a result, these bands 
could not be reliably measured. 
 
 

 
 

FIG. 5 DNA band migration consistency. This photograph is of a 
0.9% gel representing the resultant bands from NdeI/PvuII (done 
consecutively) and BanI digests done for 2.5 hrs at 37oC. Included 
were several molecular weight ladders to determine the migration 
distances over the gel. 
Lane 1, Molecular weight ladder 1 kb plus (Invitrogen 10787-018 lot 
# 1273450) 
Lane 2, Molecular weight ladder 1 kb plus (Invitrogen 10787-018 lot 
# 1273450) 
Lane 3, pUC19 digested with banI 
Lane 4, Mixture of NdeI/PvuII digest and BanI digest 
Lane 5, pUC19 digested with NdeI/PvuII 
Lane 6, pUC19 digested with NdeI 
Lane 7, Undigested pUC19 control 
Lane 8, Molecular weight ladder 1 kb plus (Invitrogen 10787-018 lot 
# 1273450) 
Lane 9, Molecular weight ladder 1 kb plus (Invitrogen 10787-018 lot 
# 1273450) 
 
 

Effects of salt on DNA migration.  To get a better 
understanding of any change in conformation, smaller 
DNA fragments were experimented with. These 
include a 123 bp fragment from NdeI/PvuII digestion 
and a 142 bp fragment from BanI digestion. To 
eliminate potential differences due to differences in the 
salt conditions for the various digests, the buffer 
content was adjusted to be the same for samples in 
lanes 2-4 and the unadjusted digestions were 
electrophoresed in lanes 5-7 (figure 6). The bands for 
the two NdeI/PvuII digestions in lanes 4, and 7 gave a 
fragment the size of 128 bp. The same band gave 
values of 127 bp and 131 bp as seen in the mixtures in 
lanes 3 and 6 respectively. The Ban I digests in lanes 2 
and 5 gave bands of 146 and 144 respectively. Finally, 
the same band was measured at 150 bp in the mixtures 
in lanes 3 and 6. In this experiment distortion in the 
migration patterns did not occur. An additional band 
was expected in the BanI digest corresponding to 173 
bp in length but was not observed.  
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FIG. 6 effects of salt on DNA migration. This photograph is of a 
0.9% gel representing pUC19 digests with NdeI/PvuII or BanI for 3 
hrs at 37oC.  
Lane 1, Molecular weight ladder 1 kb plus (Invitrogen 10787-018 lot 
# 1273450) 
Lane 2, pUC19 digested with BanI with 1 ul of React 6 added 
Lane 3, Mixture of NdeI/PvuII digest and BanI digest with 1 ul each 
of React 6 and buffer 4 added 
Lane 4, pUC19 digested with NdeI/PvuII with 1 ul of buffer 4 added 
Lane 5, pUC19 digested with BanI 
Lane 6, Mixture of NdeI/PvuII digest and BanI digest  
Lane 7, pUC19 digested with NdeI/PvuII 
Lane 8, Undigested pUC19 control 
Lane 9, Molecular weight ladder 1 kb plus (Invitrogen 10787-018 lot 
# 1273450) 
 

DISCUSSION 
 
 Low ligation efficiency, and in some cases zero 
ligation of NdeI cut fragments has been observed in 
previous studies (1,5,6). This study confirmed low 
ligation using NdeI from the three sources (New 
England Biolabs, Invitrogen, and Fermentas) with 
comparisons to HindIII cut fragments from Fermentas 
(data not shown).  

In the NdeI heat inactivation experiment, the results 
supported the fact that NdeI can be heat inactivated 
(80oC). Unexpectedly, complete digestion of the 
substrate did not occur with the active enzyme from 
New England Biolabs since a middle band was 
observed (figure 1, lane 8). This discrepancy was likely 
caused by a larger amount of DNA being present, since 
the stock substrate was insufficiently agitated prior to 
sampling. Therefore, the amount of enzyme was 
insufficient for complete digestion during the given 
incubation time. Another possibility may be that 
insufficient enzyme was added. In this case, 0.129 ul of 
NdeI had to be accurately pipetted into the sample. The 
inactivation of NdeI was further verified when fresh 
substrate (pBR322) was added to the heat inactivated 
enzyme and no digestion occurred (data not shown). 

Reactivation of NdeI after heat inactivation did not 
take place since all of the undigested control bands 
were seen in every sample (figure 2). There does 
appear to be a slight intensity difference where the 

samples left at 22oC are more intense than those at 
37oC. This could simply be due to excess DNA in those 
samples. Or it is possible that incubating the DNA at 
22oC permits NdeI to somehow interact with the DNA 
fragments and change their conformation. It should be 
noted that at the time of this experiment the molecular 
weight ladder may have been compromised. This was 
determined by running a new standard alongside the 
old standard, and different migration distances were 
observed (data not shown).  

NdeI interaction with cleaved DNA altering its 
conformation and migration was investigated by 
treating the digested fragments with, proteinase K. 
According to the results from the proteinase K 
experiments, NdeI does not appear to be complexed to 
the DNA fragments since no migration differences 
were seen between treated and untreated samples 
(figure 3). However, it is possible that the way NdeI 
interacts with the DNA it is inaccessible for the 
protease (4). Another possibility is NdeI simply isn’t 
sensitive to that protease. 

Given the assumption that bound NdeI will alter the 
migration pattern of sufficiently small bands, a series of 
restriction enzymes were used to “cut out” the band 
thought to be attached to NdeI. The enzymes NdeI and 
HindIII should have formed a band 268 bp long. 
However, the observed band sizes were 270 and 263 bp 
(figure 4). The band measured at 263 bp was run in 
lane 4, which is important since the dye front shows an 
obvious perturbation from lane 4 to lane 7. Thus this 
band likely traveled further than expected and therefore 
the size estimate is unreliable. Interestingly when the 
two digestions (Rsa and NdeI/HindIII) were run in the 
same lane, a band of 270 bp was measured, which is 2 
bp larger than the expected 268 bp band. In this same 
lane the Rsa band was 242 bp, in contrast to the 241 bp 
expected. From this data there is some evidence that the 
NdeI cut fragment is larger than expected. However, 
due to the inconsistent migration of the bands across 
the gel, probably caused by an inconsistent electric 
field or error in the measurement, this evidence is not 
conclusive. 

In an attempt to determine the extent to which the 
electric field varies across a gel, several ladders were 
added and their migration patterns compared. 
Inconsistent electric fields were verified since the 
middle ladders traveled the same distance whereas the 
ladders at either end of the gel traveled further, with the 
right side traveling the furthest. In addition to problems 
with the electric field, a large perturbation in the band 
formation can be seen in lanes 2,3,4 and 5 (figure 5). 
The most likely explanation for the poor quality of 
these bands is the salt effect, or disruption of the bands 
caused by the salt ions in the buffers which are 
traveling with the dye fronts (3).  
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In an earlier experiment the agarose gel was 
compromised since the buffer content of the samples 
was different resulting in distortion. To correct this, 
similar samples tested in the previous experiment were 
electrophoresed under two conditions. The first being 
exactly as done before, while the second involved 
adding enough buffer to each of the samples to ensure 
the same salt concentration in each. In addition, the 
samples were run with an empty well between each. As 
a result, well resolved bands were formed for every 
lane, all though the dye front traveled much further 
than the bands of interest since a 2 % gel used.  

The band of interest (NdeI/PvuII digest) was 
expected to be 123 bp long. This expected band ran 
consistently slower at 128 bp in the mixture and up to 
131 bp on its own. Unfortunately, the control band 
generated by BanI gave a band 150 bp in the mixture. 
Hence, even the control band with an expected size of 
142 bp was running slower. These results can not 
conclusively state that NdeI is binding to the DNA 
fragments. The expected 173 bp fragment was lost due 
to dcm methylation inhibition. 
 

FUTURE EXPERIMENTS 
 
 Low ligation efficiency of NdeI cut fragments is 
hypothesized to be due to the enzyme binding to the 
DNA fragment ends. Through the course of this 
investigation this has not been conclusively proven to 
be the case. One way to continue investigation would 
be by localizing DNA fragments during the phenol 
chloroform extraction, where the bound enzyme would 
sequester the DNA at the interface. Another method 
would be labeling the ends of the DNA fragments after 
digestion, since an attached enzyme would block any 
modification (2). Yet another method to determine the 
DNA fragments structure is by X-ray crystallography 
or NMR spectroscopy. It should become evident from 
these studies whether or not the enzyme is forming a 
complex with the DNA. 
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