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Solid-Phase DNA Synthesis
Technology Allows Tight
Control of Combinatorial
Library Quality and Diversity

Combinatorial DNA libraries are essential to modern protein and metabolic engineering research.
As modular sets of DNA sequences, they can be arranged and rearranged as needed to achieve
novel or improved protein properties. Modern, high-throughput DNA synthesis technologies have
lowered the cost and improved the throughput of library synthesis, making them more accessible to
both academic and biotech scientists. The utility of combinatorial libraries for discovering desired
protein variants, however, depends on library quality and complexity.

In this article, we present the most commonly used approaches and technologies available for
combinatorial library synthesis and explain their associated codon bias, amino acid distribution,
error rate, yield, library diversity, and quality. We demonstrate that Twist Bioscience’s proprietary
silicon-based solid-phase technology stands apart with its impressive ability to offer high throughput
and low cost while enabling tight control of library quality and diversity.
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NUMBER OF: NNN NNT/C NNG/T NNT/C/G C: GorT orT, CorG, respectively).
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Twist solid-phase synthesis allows ac-

CODONS b4 32 32 4L8 20 b4 cess to the full complement of codons

without the introduction of unwanted

stop codons.

AMINO ACIDS 20 15 20 20 20 0
STOP CODONS 3 0 1 1 0 0

The three most commonly used approaches and technologies
for combinatorial library synthesis (degenerate synthesis, trimer
phosphoramidite [TRIM], and Twist solid-phase synthesis) are
summarized in Table 1 and described in more detail above.

Degenerate Synthesis

The most common approach for building a combinatorial library
involves the use of degenerate oligonucleotides to create desired
mutations at specified positions in the protein. Though this
approach has the lowest upfront cost, it is prone to codon bias
and introduces unwanted stop codons (9% of mutated codons are
nonsense codons when using full degeneracy).

Two methods of degenerate synthesis favor amino acids coded by
more than one codon (leucine, arginine, serine), which represent
up to 28% of the codons: full degeneracy (any nucleotide can be
incorporated at all three positions of the codon and NNN) and
partial degeneracy (incorporation limited to specific nucleotides
at third position: T or C; G or T; or T, C, or G). Though partial
degeneracy at the third position of the codon can mitigate codon
bias and reduce the presence of nonsense codons, it limits the
number of possible codons and so may hinder efforts to optimize
codons or modify sequences to avoid unwanted restriction sites
or higher-level motifs (Table 1).

Trimer Phosphoramidite (TRIM) Technology

The use of trimer phosphoramidites (also known as TRIM
technology) circumvents the problems encountered with
degenerate synthesis. Instead of using single bases, TRIM uses
premade trimers representing the codons for all 20 amino acids
to synthesize oligonucleotides. In theory, this technique provides
control over all codons used to generate the library and prevents
the introduction of nonsense codons. In practice, however,
researchers have no control over the codon used because only
20 are available, and they encounter difficulties when trying to
introduce mutations in multiple distal regions.

Using TRIM to synthesize long oligonucleotides leads to lower
sequence fidelity due to deletions, depurination events, and

mutations arising from deamination of cytidine (Leproust et al.
2010). This problem can be alleviated to some extent by using
antisense trimer phosphoramidites. The reverse complement of
canonical sense codons, these trimers can be incorporated in
the opposite strand of the mutant gene during gene assembly.
The various trimers in the coupling reaction also have innate
differences in reactivity (Randolph et al. 2008). To get around
this, the concentration (volume) of each trimer must be adjusted
according to a known reaction factor such that each trimer has
the same chance of being incorporated in the extending chain.
As a result, the accuracy of composition depends on the accuracy
of liquid handling and is impacted by the sequence-dependent
over- and under-incorporation bias, as well as length limitations.
Inaccurate codon composition is a significant problem with TRIM if
library design includes fine ratio control or length variation.

Twist Solid-Phase DNA Synthesis

Another approach to combinatorial mutagenesis is to synthesize
all of the mutant sequences to an exact specification. Though
this approach would be prohibitively time-consuming and cost-
prohibitive with traditional column-based DNA synthesis, modern
array-based and massively parallel oligonucleotide synthesis
methods (Kosuri et al. 2010; Leproust et al. 2010) have made it an
increasingly practical solution.

One such method is Twist Bioscience’s high-throughput solid-
phase DNA synthesis platform, which overcomes the codon
bias observed with degenerate oligonucleotide approaches,
but without the limitations of the TRIM technology (Li et al.
2018a; Hoebenreich et al. 2015; Reetz 2016). On a silicon chip
with approximately the same footprint as a 96-well plate,
Twist technology can precisely synthesize more than a million
oligonucleotides in a single run. It is thus possible to design
and synthesize all of the oligonucleotides needed to generate
a complete combinatorial library without making compromises
on the codons used and without extending project timelines. In
addition, the Twist synthesis workflow involves a screen of all
variants before the combinatorial library is assembled to remove
the variants that contain unwanted motifs or restriction sites
(Figure 1).
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Figure 1. Combinatorial library design and synthesis using the Twist Bioscience’s solid-phase DNA synthesis platform. Sequence domains and amino acids in a

protein framework are identified for substitution, and all potential genetic variants within those domains are designed. Next, the variants are screened in silico and those

containing unwanted motifs or restriction sites are removed. The remaining variants are then synthesized and incorporated into the framework to generate the Twist

combinatorial library, which is analyzed by NGS in a final quality control step.

Amino Acid Frequency

A critical step in building a combinatorial library is designing a
mutation scheme that maximizes the chances of identifying
protein variants with desired properties. The scheme can call
for either complete randomness or focused diversity based on
structural knowledge, but the library should approximate the
intended design as accurately as possible. For example, if a
strategy calls for testing all 20 amino acids at one position in a
peptide sequence, each amino acid is expected to be present at
that position in 5% (1/20) of the mutant molecules in the library.
Codon bias has a strong influence on amino acid frequency, with
higher bias leading to more significant deviations from expected
frequencies. For this reason, libraries prepared using degenerate
synthesis tend to require screens of larger numbers of variants
than libraries prepared using other methods, and this adds both
time and cost to a project.

One assessment of library quality involves comparing the
expected and observed amino acid frequencies. This assessment
is best performed by next-generation sequencing (NGS) of the

library to analyze the diversity at highly randomized positions,
where each amino acid is present at a relatively low frequency
that is more difficult to reach with precision. Figure 2 shows an
example of codon frequencies in a fully randomized region of
seven codons built using Twist’s solid-phase DNA synthesis (and
analyzed by NGS). In this analysis, cysteine was not included,
so 19 amino acids were analyzed at each position (expected
frequency of 5.3%). The observed frequency is within 25% of the
expected frequency at each position, a result that is common
to Twist combinatorial libraries but not to a TRIM combinatorial
library (Figure 3). These results reflect the fact that the Twist solid-
phase DNA platform synthesizes (“writes”) libraries according to
precise sequence specifications.
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Figure 2. Amino acid frequency (%)
at seven sites of a mutagenized
region synthesized using Twist solid-
phase technology. Variants in seven
sequential amino acid positions were
generated with 19 amino acid residues
(cysteine was omitted) in the first seven
sites. A, tabulated frequency data
obtained from NGS, with the shade
of green indicating deviation from the
expected value. All expected variants
were present at all positions and their
observed frequency was within 25% of
the expected value (specification) at
5.3%. B, the same data plotted next to
expected frequencies to illustrate the
tight control of amino acid frequency
at each position.
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AMINO ACID DISTRIBUTION: OBSERVED VS. EXPECTED
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Figure 3. Observed vs expected amino acid frequency: comparison of TRIM and Twist solid-phase DNA synthesis. Whereas more than 96% of the observed values were within
25% of expected values (specification, light green shaded area) when using Twist’s solid-phase DNA synthesis platform (green bars), only ~30% fell within this range when using

TRIM technology (gray bars).

Repetitive Yield

The coupling reactions used in DNA synthesis are not 100%
efficient, and the extent of inefficiency varies between the
technologies used. This is another factor to consider when
constructing libraries because inefficiencies in coupling not only
affect yields, but they can also create truncations in the oligos and
thus generate unintended frameshifts in the final library.

Repetitive vyield (RY) is the measure of the efficiency of
oligonucleotide coupling reactions at each cycle. It determines
the final yield (FY) of the product according to the relationship:

FY= RY™, where n is the number of cycles performed
(the first nucleotide is not counted)

As shown in Figure 4, even a small decrease in coupling efficiency
cansignificantly decrease the final yield at the end of the synthesis
cycles, affecting the quality of the library.

Twist’s solid-phase synthesis technology can achieve an RY
of 99.6%, far superior to the reported 90-98.3% RY achieved
with TRIM (Kayushin et al., 1996; Vargeese et al., 1998). Though
TRIM technology requires only a third of the cycles required by
Twist’s technology to synthesize a given oligonucleotide, TRIM is
nevertheless less efficient due to the size of the triplet coupled at
each round of synthesis.
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Figure 4. Effect of repetitive yield (RY) on final yield (FY). The final yield of coupling
reaction cycles is significantly affected by repetitive yield.
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Sequence Errors

Oligonucleotide synthesis can also introduce errors in the
sequences that affect library quality. Due to its highly efficient
in situ chemistry, however, Twist’s silicon-based solid-phase
on-chip gene synthesis technology offers industry-leading low
error rates of around 1/1000 or even lower. Such low error rates
in the oligonucleotide synthesis step help generate high-quality
libraries that increase the chances of finding expected mutants.

Library diversity, the relative frequency (representation) of the
different intended variants, directly impacts the screening effort
needed to find desired mutants: libraries with higher diversity
require less screening. Though theoretical library diversity can be
easily estimated from the number of sites mutated and the number
of amino acids tested at each site, this theoretical value is rarely
obtained in practice. Errors that occur during oligonucleotide
synthesis, gene assembly, and PCR amplification introduce codon
bias, spurious nonsense codons, sequence errors, and incomplete
sequences (often referred to as infidelity), as well as unintended
variants, which all impact library diversity.

The only reliable way to assess library diversity is by sequencing.
When Sanger sequencing is used, however, cost constraints
generally limit analysis to only a subset of 96 clones from a library.
Using NGS, on the other hand, allows analysis of the entire library
to provide a much larger data set (106 reads or more). This allows
derivation of statistically significant measurements of library
diversity, and NGS also provides information on other factors that
affect diversity — sequence duplications, incorrect sequences
(sequence errors, deletions), the presence of wild-type/parental
sequences, non-designed codons, and yield—with greater
accuracy than Sanger sequencing of a small subset (Li et al. 2018a,
2018b). Furthermore, the quality of the data can be improved by
adjusting the oversampling factor (Li et al. 2018a, 2018b).

Combinatorial library synthesis using the Twist solid-phase platform
includes full NGS analysis as an important quality control step
(Figure 1). This ensures all errors are detected before the library
is used in downstream analysis and allows researchers to know
precisely which variants are in their library. Any negative results,
then, can be attributed directly to variants, and those variants can
be omitted from subsequent library designs to improve efficiency.

In choosing an approach for constructing oligonucleotide-based
combinatorial libraries, a range of factors impact library quality
and diversity to influence the overall time and cost associated with
protein engineering projects. We have described a number of those
factors and have demonstrated why Twist Combinatorial Libraries
are the ideal choice when tightly controlled diversity is required.

Twist’s silicon-based solid-phase DNA synthesis technology
allows the effective design and meticulous synthesis of each
variant in a combinatorial library — base by base in a high-
throughput manner, with a low error rate of 1/1000 or less, and

at a low cost per base. This allows complete control over which
codons and which combinations of codons can be incorporated
(single, double, triple substitutions etc.), as well as the flexibility to
explore variations in length. Moreover, Twist screens all variants for
unwanted motifs and restriction sites before they are synthesized.
Putting all of this together, Twist offers high-diversity libraries
without unwanted bias or loss of complexity and can confidently
supply libraries requiring even the most precise synthesis.

Finally, inasmuch as library diversity determines the screening
effort needed to find desired mutants, obtaining the most accurate
assessment of library quality and diversity is of critical importance.
Using NGS — as is done in the Twist synthesis pipeline — offers
the most reliable quality analysis. NGS generates useful insights
into true library diversity and allows more efficient planning of
screening experiments. Researchers using Twist combinatorial
libraries, therefore, know exactly which variants are in their
libraries and can apply this information to interpreting their data
and designing subsequent libraries. These critical steps enable
focused functional screens that save time and money and amplify
the efficiency of protein engineering projects.
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