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Over the last two decades, recombi-
natorial-directed evolution techniques 
such as DNA family shuffling (1) have 
revolutionized protein engineering. 
Chimer ic mutants generated by 
recombination of two sequences 
can also provide important starting 
points for structure–function analyses 
that can then be pursued fur ther 
by site-directed mutagenesis (2). 
DNA family shuf f l ing involves the 
production of fragments of DNA from 
a set of parental genes followed by 
homology-dependent recombination 
of fragments in a primerless PCR and 

subcloning of the resultant chimeric 
(or mosaic) mutants into a suitable 
expression vector for screening or 
selection. While simple in theory, the 
original DNA shuffling procedure can 
be difficult to accomplish due to the 
need to optimize the DNase-mediated 
fragmentation of parental sequences 
pr ior to reassembly of chimer ic 
progeny sequences. Too little fragmen-
tation potentiates reassembly of 
parental sequences, whereas too much 
fragmentation leads to non-specific 
hybridization during the reassembly. A 
straightforward and efficient alternative 

method that avoids this problem is 
restriction-enzyme (RE)–mediated DNA 
shuffling (3,4), where REs are used for 
the fragmentation step. This modifi-
cation allows enhanced control over 
the size of DNA fragments generated, 
which is important for library quality 
(5) but difficult to achieve with DNase.
In par t icular, DNA fragments of
~100–300 bp are favored for DNA
shuffling since they minimize regener-
ation of parental sequences on the one
hand and mis-hybridization during the
reassembly PCR on the other.

RE-mediated DNA family shuffling 
is well within the technical capabilities 
of most beginner molecular biologists, 
requiring only the ability to perform 
RE digests, PCR amplifications, and 
gel extractions. However, computa-
tional tools are lacking for the choice 
of enzymes for the fragmentation step, 
which is a non-trivial computation given 
the importance of finding appropriate 
combinations of REs that can cleave 
parental genes into DNA fragments with 
a suitable size and cleavage pattern. 
Moreover, software is not widely acces-
sible for the analysis of recombination 
patterns in the chimeric progeny, a 
challenge common to all DNA chime-
ragenesis experiments (6,7). Here we 
report ReX (REcut-Xover), a suite of 
online tools developed to facilitate the 
computer-aided design of restriction 
fragmentation and automated analysis 
of DNA/protein chimeric patterns. Both 
REcut and Xover run with all modern 
web browsers and are made freely 
available to the research community 
via the following sites: http://qpmf.
rx.umaryland.edu/REcut.html and 
http://qpmf.rx.umaryland.edu/Xover.
html. Web browsers supporting the 
HTML5 standard, such as Google 
Chrome and Mozilla Firefox, are recom-
mended but not essential. Tasks can 
be submitted from Windows, Linux, 
Macintosh, iOS, and Android devices.

REcut enables the determination of 
optimal RE sets for fragmentation of 
genes for DNA shuffling. It computes 
all possible cleavage patterns that 
can be generated by different enzyme 
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Directed evolution has greatly facilitated protein engineering and 
provided new insights into protein structure–function relationships. 
DNA shuffling using restriction enzymes is a particularly simple and 
cost-effective means of recombinatorial evolution that is well with-
in the capability of most molecular biologists, but tools for the de-
sign and analysis of such experiments are limited. Here we intro-
duce a suite of freely available online tools to make the construc-
tion and analysis of chimeric libraries readily accessible to the nov-
ice. REcut (http://qpmf.rx.umaryland.edu/REcut.html) facilitates 
the choice of DNA fragmentation strategy, while Xover (http://
qpmf.rx.umaryland.edu/Xover.html) analyzes chimeric mutants 
to reveal recombination patterns and extract quantitative data.

Benchmarks

METHOD SUMMARY
Here we present ReX, a suite of programs for the design, analysis and depiction of chimeric mutants created by recombinatorial 
mutagenesis. 
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combinations on a set of parental 
sequences and selects the best-
suited enzyme combinations to yield 
fragments within a user-specified size 
range. Using a database of RE recog-
nition sites compiled based on the New 
England Biolabs REBASE database 
(http://rebase.neb.com) (8), the program 
finds suitable RE sets to fragment 
the input parental DNA sequences 
according to the user-defined minimum 
and maximum fragment lengths. 
REcut also reports on REs useful for 
individual parents, which allows the 
user to individually cut parents with 
low sequence identity.

For RE-mediated DNA shuf f l ing, 
two or more combinations of REs 
are needed to generate sets of DNA 
fragments with overlapping ends to 
allow ORF reassembly by PCR. Thus, 
fully or partially overlapping cleavage 
sites should be avoided. The minimum 
number of overlapping bases required 

for annealing can be set by the user 
(e.g., for parents that share 80% 
sequence identity and 50% GC content, 
self-priming of 2 overlapping fragments 
would require at least 19 bases of 
overlap to ensure proper annealing at 
a Tann of ~ 45°C, as estimated using 
the formula of Marmur) (9). From the 
preview page, users can input the 
minimum overlap and query REcut to 
select the most appropriate combi-
nation of RE sets. A table of minimum 
bases required for annealing based on 
the degree of parental sequence identity 
is provided for the convenience of users 
in the online help page. An example 
of the output provided is shown in 
Supplementary Figures S1 and S2. 
Alternatively, users can also select RE 
sets manually (e.g., according to the 
enzymes at hand in the laboratory) 
and let REcut verify their complemen-
tarity using the manual option (Supple-
mentary Figure S3).

The second part of the suite, Xover, 
analyzes DNA and protein crossover 
patterns generated by DNA shuffling 
or any other DNA recombination 
technique. Chimeric mutant DNA or 
protein sequences are submitted in 
FASTA format along with the corre-
sponding parental sequences. Xover 
aligns input sequences automatically 
using Clustal Omega (version 1.2) (10). 
If pre-aligned sequences are provided, 
the gaps in the sequences are taken 
into consideration during the alignment. 
At each position in the alignment, 
the residue present in the chimera is 
compared with that present in each 
parent. If a match is found at the corre-
sponding position in n parents, then 
the probability that the residue in the 
chimera is inherited from one of those 
parents is scored as 1/n.

In the recombination plot generated 
by Xover, each chimeric sequence is 
represented by a set of lines of dots, 

Figure 1. Crossover plot and statistics returned by Xover for selected chimeras from a cytochrome P450 2A subfamily DNA family shuffling 
library created by RE-mediated DNA shuffling of P450s 2A5, 2A6, and 2A13. (A) Crossover plot: Matches to different parental sequences are 
shown in different colors: red—P450 2A5; purple—P450 2A6; green—P450 2A13. Large dots represent 100% parental match (i.e., the position 
in question matches only one parent) and small dots represent more than one parental match (i.e., the residue present in the mutant matches 
more than one parent). Chimeras are identified by the numbers shown to the left of each set of dots. The solid line for each chimera represents 
the parent from which it is most likely the sequence is derived. A set of horizontal parallel lines between crossovers indicates a match to multiple 
parents at an equal probability (e.g., at the 3´ ends of mutants 7, 13, 26, 32, 40, 115, 134, and 178). A mutation is recorded as a plus sign (+) 
when the residue in a chimera does not match the corresponding position in any parental sequence. A vertical spike (e.g., at position 474 in mu-
tant 44), indicates a single position switch between parents. (B) Statistics for the chimeras shown in (A): Mean crossovers and point mutations 
per mutant and table of Levenshtein distances (i.e., the minimum number of point mutations required to convert each parent into the mutant 
in question). The effective mutation is underlined (i.e., the minimum point mutations required to back-mutate a mutant to its closest parent).
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corresponding to each of the library 
parents depicted in dif ferent colors. 
The size of the dot at each position 
is proportional to the probability that 
the residue in the mutant comes from 
the designated parent; full-size dots 
are shown when, at the position in 
question, the residue present in the 
mutant matches the sequence of only 
one parent. No symbol is assigned at 
positions where all parents are identical. 
Fragments having the longest uninter-
rupted match with one parent are 
chosen as the most conservative repre-
sentation of the recombination pattern 
of a chimera. The solid line for each 
chimera represents the recombination 
pathway between parents. Where 
multiple pathways are equally probable 
between recombination points, they are 
shown as parallel lines over the relevant 
section of the alignment (e.g., at the 3´ 
ends of mutants 7, 13, 26, 32, 40, 115, 
134, and 178 at around 1480–1520 bp 
in Figure 1).

At positions where the chimera 
does not match the corresponding 
position in any parental sequence, a 

point mutation is recorded as a plus 
sign (+). A vertical spike indicates a 
single position switch between parents 
(e.g., the spike downwards at ~474 
bp in mutant 44 in Figure 1) and may 
reflect point mutations that coinciden-
tally match another parent or extremely 
frequent template switching during 
PCR. A horizontal black bar indicates a 
fragment deletion/insertion (not shown 
in Figure 1). A compressed crossover 
graph is shown on the results page for 
fast display; the full resolution graph 
can be downloaded in BMP format for 
publication use.

The displayed output from Xover 
includes the mean and standard 
deviation (SD) of the number of cross-
overs and point mutations across the 
set of progeny sequences. A full data 
set spreadsheet can be downloaded 
in CSV format, containing al l the 
analyzed data that were used to plot 
the crossover graph, namely sequence 
alignments, per-position parent calling, 
point mutation detection, and detailed 
crossover information. Xover also 
provides two unique indicator values 

for evaluating library quality: Leven-
shtein distance and effective mutation 
score. In comparison to simple estima-
tions of the percentages of sequence 
derived from different parents, Leven-
shtein distance indicates the sequence 
di f ference between mutants and 
parents (i.e. the minimum number of 
point mutations required to convert 
a parent into a mutant in terms of 
either nucleotides or amino acids, 
depending on the sequences being 
analyzed). The parent showing the 
shortest Levenshtein distance is the 
closest in sequence to the mutant, 
and this distance is defined as the 
effective mutation score. Levenshtein 
distance and effective mutation score 
are not affected by identical sequences 
shared between parents, and so they 
give an objective evaluation of relation-
ships between parents and mutants in 
a quantitative and unambiguous way.

Xover provides users with an intuitive 
and information-rich way to rapidly 
analyze and depict a large volume of 
chimeric sequence data automatically 
and can be used to analyze essentially 
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any DNA or protein library sequences, 
such as those data generated by StEP 
(11), SCHEMA (12), and CLERY (13). In 
comparison to traditional represen-
tations of recombined sequences as 
multi-colored bars, the customized 
crossover graph produced by Xover 
allows a more objective, information-
rich presentation of complex chimeric 
sequence patterns. The CSV f i le 
containing the numerical data output 
can be used for fur ther analysis 
with spreadsheet programs such as 
Microsoft Excel and OpenOffice Calc 
or can be viewed using any plain text 
editor.

Xover is designed to be fu l ly 
automatic and requires no data 
pre-processing or knowledge of 
scripting, in contrast to the only other 
programs reported to date for analysis 
of recombination patterns: Shuffled (6) 
and Salanto (7). Shuffled can analyze 
pre-aligned sequences and output a 
traditional mosaic bar graph. However, 
the user is required to have knowledge 
in setting up scripting environments 
and using system shell commands in 
order to use it independently. (Over 
multiple attempts we were unable to 
successfully query the web interface.) 
Salanto requires extra setup and data 
pre-processing by the user, and can 
only output results in numbers. By 
contrast, Xover provides an intuitive and 
information-rich way to rapidly analyze 
and depict a large volume of chimeric 
sequence data automatically, and its 
user-friendly web interface makes it 
amenable to widespread use.

Together, the two computational 
tools in the ReX suite should make DNA 
shuffling accessible to more molecular 

biologists and support a wider appli-
cation of recombinatorial-directed 
evolution to analysis of structure—
function re lationships as wel l as 
problems in protein engineering.
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