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INTRODUCTION

Enzymes lower the activation 
energies of chemical reactions, inher-
ently catalyzing both the forward and 
reverse reactions. Many enzymes 
consume energy during catalysis. 
This is true of T4 DNA ligase, which 
converts ATP into pyrophosphate 
and a covalent AMP-enzyme inter-
mediate, making the reverse reaction 
energetically unfavorable (1). 
Energetic considerations are suffi-
cient to prevent reversal of ligation 
(nicking), except with high enzyme 
and AMP concentrations (1). In 
addition, ligation reversal at the same 
phosphodiester bond is confounded 
by dissociation of the ligase-DNA 
complex. Even in the absence of 
an energetic barrier, rebinding of 
the ligase to the exact site of prior 
ligation is simply unlikely.

In the forward reaction, two 
ligatable DNA ends can be made by 
the same restriction enzyme (identical 
ends) or by different enzymes that 
produce different ends but have 
compatible overhangs (different-but-
compatible ends). Ligation of identical 
ends recreates the site for the enzyme 
used to create the end; ligation of 
different-but-compatible ends does 

not recreate the site of either enzyme. 
If the desired ligation product results 
from the joining of different-but-
compatible ends, then ligation in the 
presence of both restriction enzymes 
used to make the reactant fragments 
will convert unwanted identical-end 

ligation products back into substrate 
molecules. Thus, only the desired 
product will accumulate. We term this 
technique enzymatic ligation assisted 
by nucleases (ELAN). ELAN permits 
the exact reversal of ligation and is 
specific for unwanted off-pathway 
molecules.

MATERIALS AND METHODS

The DNA fragment used in Figure 1 
is a 3242-bp piece of pRS303 cut with 
BglII and BamHI. The ELAN reaction 
in Figure 1 contained 20 U BamHI, 10 
U BglII, 400 U T4 ligase, 1 mM ATP, 
100 μg/mL bovine serum albumin 
(BSA), 100 mM NaCl, 10 mM Tris-
HCl, pH 7.9, 10 mM MgCl2, and 1 
mM dithiothreitol (DTT). Fragment A 
is a 1066-bp piece of pGC255 cut with 
SpeI and PstI; fragment B is a 1755-
bp piece of pGC238 cut with NsiI and 
BamHI; fragment C is a 1567-bp piece 
of pGC228 cut with BglII and XhoI; 
and fragment D is a 3520-bp piece of 
pACYC184 cut with SalI and XbaI. 
Equimolar amounts of each fragment 
comprising a total of 1.5 μg were used 
in the ligation. The sequences of the 
fragments used are available upon 
request. We normalized the amount 
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BamH I                              Bam  Bam                     Bam  Bam

    Bgl II                                                 Bgl    Bgl     Bgl    Bgl  

    Sca I                     Sca           Sca             Sca             Sca

Figure 1. (A) Enzymatic ligation assisted by nucleases (ELAN). The end of a DNA fragment cut with 
BamHI and BglII (black arrows) has a 50% chance of making a BamHI-BglII junction and a 25% chance 
of making either identical-end junction. Self-ligation will produce a circular molecule. Restriction di-
gestion converts identical-end ligation products back into substrate (dashed gray arrows). (B) ELAN 
reaction. Lane 1 contains molecular weight standards annotated in kilobase pairs on the left of the gel. 
Lane 2 contains only the substrate molecule. The ligation diagrammed in panel A was performed in the 
presence of neither (lane 3), either (lanes 5 and 7), or both restriction enzymes (lane 9). The reaction was 
heat-inactivated, and half of the reaction was digested with ScaI (lanes 4, 6, 8, and 10). ScaI digestion 
of BamHI-BamHI junctions produces a 3668-bp fragment; BamHI-BglII junctions a 3242-bp fragment; 
BglII-BglII junctions, a 2816-bp fragment. A minor amount of BglII-BglII ligation occurred in the pres-
ence of BglII (lane 8, 2816-bp band). Digestion of the unligated ends of the high molecular weight arrays 
produces 1834- and 1408-bp bands.
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of restriction enzyme added by its 
activity in 100 mM NaCl at 37°C and 
its half-life. The ELAN reactions in 
Figure 2 contained 40 U BamHI, 10 
U BglII, 20 U SalI, 20 U XhoI, 20 U 
NsiI, 20 U PstI, 80 U XbaI, 40 U SpeI, 
1200 U T4 ligase, 1 mM ATP, 100 
μg/mL BSA, 100 mM NaCl, 10 mM 
Tris-HCl, pH 7.9, 10 mM MgCl2, and 
1 mM DTT in a volume of 200 μL. 
All enzymes were from New England 
BioLabs (Ipswich, MA, USA).

The topoisomer ladder was formed 
by digestion of the circular ABCD 
plasmid with EagI, heat-inactivation 
of the restriction enzyme, and addition 
of 400 U T4 ligase and ATP to 1 mM. 
Both the ELAN reaction in Figure 2C 
and formation of the topoisomer ladder 
were done at 22°C. Electrophoresis 
in Figure 1 was performed in a 1% 
agarose gel; in Figure 2, 0.8% agarose 
gels were used. Electrophoresis was at 
15–20 V/cm in 1× Tris-Taurine-EDTA 
with buffer recirculation.

RESULTS AND DISCUSSION

Figure 1A diagrams a simple ELAN 
reaction with a DNA fragment cut with 
BamHI and BglII. BamHI and BglII 

generate different-but-compatible 
ends. Ligation is possible between 
both identical ends and between the 
different-but-compatible ends, but 
identical-end products will be converted 
back into substrate by BamHI and BglII 
digestion. This ligation is performed 
in Figure 1B. Standard ligation of the 
BamHI- and BglII-cut DNA fragment 
in lane 2 produced a high molecular 
weight product array consisting of a 
mixture of identical-end and different-
but-compatible-end junctions (Figure 
1B, lane 3, >12 kb). In addition, 
circularization produced a distribution 
of topoisomers migrating near the 
starting fragment (Figure 1B, lane 3, 
2.8–3.8 kb range). When either BamHI 
or BglII was added to the reaction to 
eliminate ligation of their respective 
identical ends, the size of the reaction 
products was reduced, and multiples of 
the starting fragment became apparent 
(Figure 1B, lanes 5 and 7). The same 
was true when both enzymes were 
included during ligation (Figure 1B, 
lane 9). The larger ligation products 
in this reaction are less distinct, 
presumably because of circularization.

The internal structure of the 
product arrays should be random 
with respect to the orientation of 

its constituent fragments in the 
absence of ELAN and ordered when 
ligated with ELAN. The fragment 
used in Figure 1B contains a unique, 
asymmetrically positioned ScaI site. 
Postligation digestion of the products 
with ScaI will produce a 3668-bp band 
from each BamHI-BamHI junction, 
a 3242-bp band from each BamHI-
BglII junction, and a 2816-bp band 
from each BglII-BglII junction. When 
ligation was performed in the absence 
of restriction enzymes, ScaI digestion 
revealed that the array was randomly 
ordered, containing equal amounts 
of both identical-end junctions, as 
indicated by the equal amounts of 
3668- and 2816-bp bands (Figure 1B, 
lane 4). (The amount of BamHI-BglII 
product in the high molecular weight 
array is obscured by the abundance 
of monomer BamHI-BglII circles.) 
Inclusion of BamHI or BglII in the 
ligation specifically removed the 
appropriate identical-end junction 
from the products (Figure 1B, lanes 
6 and 8). When both restriction 
enzymes were present during ligation, 
only an ordered array of BamHI-BglII 
products formed (Figure 1B, lane 10).

Further evidence of order in the 
product arrays came from analysis 

Figure 2. Multi-piece enzymatic ligation assisted by nucleases (ELAN) reaction. (A) The eight restriction enzyme ELAN reaction forms the DNA circle 
ABCD. Each fragment can ligate two ways with an identical end (thin gray arrows), and two ways with different-but-compatible ends (thick gray arrow). 
Ligation to identical ends is reversed by restriction digestion (dashed gray arrows). The restriction enzymes that created the fragment ends are shown. (B) The 
reaction diagrammed in panel A was performed at 22° and 37°C for 2, 4, 6, 8, or 14 h. The size of the molecular weight standards is shown in kilobase pairs 
on the left of the gel, with the fragment assignments on the right. Assignments were made by comparison of the predicted and computer-determined molecu-
lar weights for each band and digestion of the 7924-bp ABCD linear band. The predicted size of the CDA intermediate is 6169 bp; the DAB intermediate is 
6353 bp; the computer-determined molecular weight of this fragment is 6243 bp. This band may be a mixture of co-electrophoresing fragments, or perhaps 
the steady-state level of one intermediate is not detectable. ABCD, l indicates the linear form of ABCD; ABCD, c indicates the circular topoisomers. (C) The 
linearized ABCD plasmid has the expected size 7924 bp (lane 2). Circular topoisomers of this plasmid (lane 3) co-migrate with a prominent band produced in 
the ELAN reaction in lane 4. Lane 5 is identical to lane 4, but without the addition of restriction enzymes during ligation. ABCD, c indicates the circular topoi-
somers of ABCD in lane 3. Very high molecular weight concatamers of the ABCD plasmid are also present in this lane. REs, restriction enzymes.
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of the ends of the arrays. ScaI cutting 
produces 1408- and 1834-bp products 
from unligated BglII and BamHI ends. 
In both ordered and random arrays, 
there were equal amounts of both 
1408- and 1834-bp bands (Figure 1B, 
lanes 4 and 10). Biasing the array order 
by inclusion of only one restriction 
enzyme biased the composition of the 
end fragments (Figure 1B, lanes 6 and 
8).

The real advantage of using ELAN 
comes from extension of this two 
restriction enzyme reaction to multiple 
enzyme reactions, allowing for the 
one-tube assembly of DNA molecules 
that would otherwise require a series 
of laborious stepwise reactions and 
intermediate low-yield purifications. 
Figure 2A diagrams the ELAN strategy 
used in Figure 2B to assemble four 
separate fragments (A, B, C, and D) 
in the presence of eight restriction 
enzymes. The four piece ligation was 
performed at both 22° and 37°C and 
sampled at intervals of 2 h. This kinetic 
analysis revealed the accumulation of 
intermediate ligation products (Figure 
2B). All possible correct interme-
diates were visible but one (the CDA 
fragment may overlap the DAB band); 
only two incorrect intermediates were 
visible. The abundance of correct 
intermediates increased with time, 
whereas the levels of the unwanted 
CC and DD products decreased with 
time. Due to the different temperature 
optima of T4 ligase (16°C) and the 
restriction enzymes (37°C), ligation 
at 22°C favored yield over specificity, 
and ligation at 37°C favored specificity 
over yield (Figure 2B).

To ensure that the band assignments 
in Figure 2B were correct, we analyzed 
the putative ABCD linear interme-
diate by restriction enzyme digestion. 
ApaI cuts once in fragment B, and 
ScaI cuts once in fragments A, C, and 
D. Digestion with both enzymes will 
produce a unique fragment from each 
of the four correct junctions. Digestion 
of the excised 7924-bp band by ApaI 
and by ApaI + ScaI gave the products 
expected of all four linear permutants 
of ABCD (data not shown).

The final product of the ligation 
in Figure 2A is a circular molecule. 
Similar to the circular molecules 
formed from self-ligation in Figure 

1, circular ABCD molecules will be 
present in multiple topological forms. 
ABCD topoisomers (Figure 2C, lane 
3) co-migrated with a prominent band 
from an ELAN reaction (Figure 2C, 
lane 4), unambiguously identifying the 
final product of ligation. Only a high 
molecular weight smear of products is 
produced when ligation was performed 
without the restriction enzymes (Figure 
2C, lane 5).

Fragment D contains an Escherichia 
coli origin of replication and a chloram-
phenicol resistance gene. The presence 
of these in the ABCD plasmid allowed 
quantitation of the increase in ligation 
efficiency attributable to ELAN. 
Transformation of bacteria with DNA 
ligated without (Figure 2C, lane 5) or 
with ELAN (Figure 2C, lane 4) resulted 
in 320 and 4370 colony-forming 
units (cfu)/μg on chloramphenicol-
containing plates, respectively. 
Transformation with fragment D 
alone gave 580 cfu/μg. Examination 
of plasmids from individual colonies 
showed that all (20/20) resulting from 
the ELAN ligation were correct ABCD 
molecules (data not shown). In contrast, 
only 9/20 plasmids from the standard 
ligation were correct ABCD molecules 
(data not shown). When combined, 
the increased number of colonies and 
the higher fraction that contain correct 
ABCD plasmids indicate that ELAN 
produced about a 30-fold enhancement 
of correct ligation.

Ligation of a fifth fragment to a 
linear four-piece molecule instead of 
circularization produces irreversibly 
off-pathway molecules. Such products 
can be seen in the 8–12 kb range in 
Figure 2, B and C, and account for 
22% of ligation products. Seventy-
eight percent of the ligated molecules 
are either the correct ligation product 
or other on-pathway precursors. These 
reactions are unavoidable, but can be 
minimized by ligation at low DNA 
concentrations.

Table 1 lists restriction enzyme 
pairs suitable for ELAN. The table is 
not meant to be an exhaustive list of 
compatible ends, but rather a guide 
to enzyme pairs likely to work well 
together.

Our technique, ELAN, achieves 
one-step, preparative-scale assembly 
of DNA molecules. Several technical 

points of ELAN are worthy of 
mention. First, the quality of the 
fragment ends must be very high. 
Ligation with ELAN destroys 
unwanted products by recutting those 
formed from identical ends. While 
the large majority of non-cuttable 
junctions are produced by ligation 
of different-but-compatible ends, 
ligation of degraded or chewed-back 
molecules will not be reversed. This 
nonreversal, plus an inability to ligate 
degraded molecules, will poison the 
assembly of molecules with multiple 
precursors. For example, if 5% of ends 
are unligatable, the theoretical yield of 
the ABCD ligation drops to only 66% 
(0.958). As damaged-end linear ABCD 
molecules will not circularize, the 
nondamaged end will further depress 
yield by consuming substrate to form 
greater than four piece molecules. The 
end quality produced by a restriction 
enzyme can be measured by the ability 
to ligate and recut the end. Table 1 lists 
the fold overdigestion possible while 
retaining the ability to ligate and recut 
>95% of ends.

The success of ELAN is criti-
cally dependent on the competition 
between digestion and ligation. In 
principle, the activity of the restriction 
enzymes should be as high as possible. 
An excess of ligation activity will 
produce molecules that are incorrectly 
assembled. The balance of ligation and 
digestion is determined by the amount 
of each enzyme used, the activity 
and half-life of each enzyme, and the 
reaction temperature. Table 1 lists the 
activity of each enzyme under each 
buffer condition, the number of units of 
each enzyme required to give complete 
digestion of 1 μg DNA in 16 h, and the 
activity of each enzyme at 37°C. There 
are likely several combinations of these 
variables that will give satisfactory 
results. In reactions with many different 
enzymes, the maximum amount of 
enzymes usable may be constrained 
by the need to keep the final glycerol 
concentration below 5% to avoid 
restriction enzyme star activity.

Judicious choice of DNA fragments 
used in an ELAN reaction is imper-
ative. Clearly, all restriction enzymes 
included in the reaction must cut only 
at the site of ligation. While we used 
suitable fragments of plasmids for 
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ELAN, in practice it may be advanta-
geous to PCR-amplify one common 
template devoid of relevant restriction 
sites with different primers containing 
the appropriate sites. Of the enzymes 
listed in Table 1, only PstI and BspEI 
are known to have any difficulty 
cutting near the very end of DNA.

We anticipate the ELAN 
technique will be most useful for 
the preparative-scale production 
of large DNA molecules in which 
selection by bacterial transformation 

is not possible. In particular, many 
biophysical experiments require the 
generation of multi-piece deriva-
tized molecules, a process that could 
be facilitated by use of ELAN (2). 
ELAN might also be used to speed the 
assembly of synthetic DNA fragments 
during gene construction (3). More 
speculatively, ELAN may find use in 
DNA computing. The products of the 
ELAN reactions in Figure 1B corre-
spond to the logical operators AND 
(lane 4), XOR (lanes 6 and 8), and 

NOR (lane 10). Coupling of ELAN 
with a fluorescence-resonance energy 
transfer (FRET) detection system 
appears well-suited for adaptation 
into current microfluidics-based DNA 
computation devices (4,5).
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Table 1. Restriction Enzyme Pairs Suitable for Enzymatic Ligation Assisted by Nucleases (ELAN)

Four-Base Overhangs

XhoI SalIa BamHIa BglII BclIb, 50 PstI NsiI

Site CTCGAG GTCGAC GGATCC AGATCT TGATCA CTGCAG ATGCAT

Buffer 2 100 0 100 75 100 75 75

Buffer 3 100 100 50 100 100 100 100

End quality 10 50 40 50 200 50 –

Half-life 0.13 0.13 0.5 0.25 0.5 0.5 0.25

SpeI XbaIb AvrII NheI EcoRIa MfeIa MluI BssHI75

Site ACTAGT TCTAGA CCTAGG GCTAGC GAATTC CAATTG ACGCGT GCGCGC

Buffer 2 100 100 100 100 100 50 75 100

Buffer 3 25 75 50 10 100 10 100 100

End quality 20 20 100 100 100 20 10 100

Half-life 0.5 0.13 0.13 0.25 0.13 0.25 0.13 0.5

XmaI AgeI NgoMI BspEI BsrGI Acc65I BsiWIa, 50

Site CCCGGG ACCGGT GCCGGC TCCGGA TGTACA GGTACC CGTACG

Buffer 2 50 50 50 0 100 75 100

Buffer 3 0 10 10 100 10 100 100

End quality 10 20 20 10 20 2 –

Half-life 0.5 1 0.13 0.13 0.13 0.5 0.13

Two-Base Overhangs

AclI ClaIb NarI BstBI10 PvuI PacI NdeI AseI

Site AACGTT ATCGAT GGCGCC TTCGAA CGATCG TTAATTAA CATATG ATTAAT

Buffer 2 10 50 75 50 75 75 100 75

Buffer 3 0 50 75 25 100 10 75 100

End quality 10 10 10 10 5 10 20 20

Half-life 0.5 0.5 1 0.13 – 1 0.13 0.13

Buffer 2 is the percent activity in 50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1 mM dithiothreitol (DTT), pH 7.9. Buffer 3 is the percent activity in 100 mM NaCl, 10 
mM Tris-HCl, 10 mM MgCl2, 1 mM DTT, pH 7.9. End quality is the fold overdigestion possible while still giving >95% ligation and recutting. Half-life are units of en-
zyme required to digest 1 μg DNA in 16 h. Vertical lines indicate enzymes grouped by overhang. All data are from the 2005–2006 New England BioLabs catalog.
aKnown to have star activity.
bInhibited by methylation.
Superscripted numbers are the percent activity at 37°C.
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