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ABSTRACT: Although some strategies have been reported for the elimination of stop and
redundant codons during the chemical synthesis of degenerate oligonucleotides, incorporating an
expensive cocktail of 20 trimer-phosphoramidites is currently a commonly employed and
straightforward approach. As an alternative option, we describe here a cheaper strategy based on
standard monomer-phosphoramidites and a simplified resin-splitting procedure. The accurate
division of the resin, containing the growing oligonucleotide, into four columns represents the key
step in this approach. The synthesis of the degenerate codon NDT in column 1, loaded with 60%
of the resin, produces 12 codons, while a degenerate codon VMA in column 2, loaded with 30% of
the resin, produces 6 codons. Codons ATG and TGG, independently synthesized in columns 3
and 4, respectively, and loaded with 5% each, completes the 20 different codons. The experimental
frequency of each mutant codon in the library was assessed by randomizing 12 contiguous codons
that encode for amino acids located in the chromophore region of the enhanced red fluorescent
protein mKate-S158A. Furthermore, randomization of three contiguous codons that encode for
the amino acids Phe62, Met63, and Tyr64, which are equivalent to Phe64, Ser6S, and Tyr66 in

The resin-splitting procedure and DNA synthesis to
perform the elimination of redundant and stop codons
during the assembly of degenerate oligonucleotides.

GFP, gave rise to some red and golden yellow fluorescent mutants displaying interesting phenotypes and spectroscopic
properties. The absorption and emission spectra of two of these mutants also suggested that the complete maturation of the red
and golden yellow chromophores in mKate proceeds via the formation of a green-type chromophore and a cyan-type

chromophore, respectively.
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everal methods have been developed to perform the

directed evolution of proteins either by the enzymatic
mutagenesis of the encoding genes or by amplification from
synthetic oligonucleotides." Enzymatic methods are predom-
inantly based on error-prone PCR,> producing random single
base changes throughout a gene sequence. A similar effect
directed at a focused region is achieved with libraries of spiked
oligos, where each wild-type nucleotide is partially replaced
with the other three bases during the chemical assembly.>>
Unfortunately, a large number of amino acid (aa) replacements
do not occur in these approaches, such as those requiring 2—3
base pair changes per codon.® For example, methionine is not
significantly mutated to Ala, Asp, Asn, Cys, Glu, Gln, Gly, His,
Phe, Pro, Ser, Trp, or Tyr.

Covering all of the possible amino acid combinations in a
focused protein region is normally achieved using saturation
mutagenesis methods that produce pools of degenerate
oligonucleotides. NNS and NNK approaches are widely used
and commercially available options that generate mixtures of 31
sense codons and one stop codon, encoding the 20 amino acids
at different frequencies because of the genetic code degeneracy
(N represents any of the four bases, S = G or C, and K = G or
T). As a consequence, protein libraries created with ordinary
degenerate oligos are highly biased toward those amino acid
sequences encoded by redundant codons.”
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The straightforward approach to generate high quality
protein libraries that lack stop and redundant codons® resorts
to the chemical incorporation of trimer-phosphoramidites
(TPs) cocktails during the traditional chemical synthesis of
oligonucleotides.” TPs may encode for all 20 amino acids or a
subset of them. However, these reagents are expensive because
they are normally obtained in low overall yields and because
their preparation requires many synthetic and purification steps
in a conventional liquid phase. Furthermore, the proportion of
each TP in the cocktail must be carefully adjusted to produce
an even frequency of the 20 codons because of the differential
reactivities among them. Thus, the saturation of five codons
with a commercial cocktail containing 20 TPs may cost at least
$386 USD, which only considers the price of the cocktail.

Krumpe et al. demonstrated that this trinucleotide approach
significantly enhances the functional diversity of a 12-mer
peptide library when directly compared with the same library
assembled via the conventional NNK approach.'® TPs are so
promising that some research groups are interested in
impr(;ving their synthesis, as was recently reviewed by Miiller
et al.
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A combination of five DMTr-protected trimer-phosphor-
amidites and five Fmoc-protected dimer-phosphoramidites
appears to be a cheaper option but is not yet commercially
available."!

Another strategy to eliminate stop and redundant codons at a
minor cost, but with more work, requires the utilization of 11
dimer-phosphoramidites (DPs) in combination with the resin-
splitting approach.'” In this method, the resin containing the
growing oligonucleotide is separated into four columns, and
sets of five degenerate codons are synthesized in each column
to complete 20 codons. After the synthesis, the resins are
recombined and separated again to receive a new set of
degenerate codons. DPs are less expensive than TPs because
their preparation requires fewer synthetic and purification steps.
Unfortunately, DPs also exhibited different reactivities during
solid-phase synthesis, and their proportions in the cocktails
must be adjusted to produce a balanced frequency of the
resultant codons.

Although the resin-splitting approach was originally created
to reduce the complexity of degenerate oligonucleotide-
encoding peptide libraries™ and to spike a DNA stretch with
complete mutant codons,'* it has also been used in
combination with standard monomer-phosphoramidites
(MPs) to saturate a short DNA region excluding redundant
and stop codons.

In contrast to TPs and DPs, the standard MPs of dA, dC, dG,
and dT display similar reactivities during solid-phase synthesis'"
and are much more inexpensive. For example, one kit is only
$36 USD and is sufficient to prepare four 75-mer degenerate
oligonucleotides, randomizing from 1 to 60 internal codons.

In the “multi-line split DNA synthesis”, Tabuchi et alté
separated the growing oligonucleotide into three columns and
employed nine cocktails of MPs, mixed in different molar ratios.
Each position of the three degenerate codons was assembled
with a different cocktail. Although no stop codons were
expected, the theoretical frequency of sense codons was highly
biased toward Ala (8.9%) and poorly toward Tyr (1.0%), a
worse result compared to the simple NNS or NNK approach.

In the “mix-split-mix” approach, Yin et al.'” split the growing
oligonucleotide into 10 columns, synthesizing sets of two
different codons in nine of the columns and TGG (Trp) in the
tenth column to exclude redundant, stop, and cysteine codons
from the library. Considering that the starting resin for the
most common 0.2-ymol scale of synthesis is approximately S
mg (using ordinary resins with a porosity of 500 or 1000 A),
the accurate separation of 0.5 mg fractions is difficult, and at
this level of material, any loss becomes significant in the
generation of biased libraries.

To use only custom oligonucleotides, not requiring TPs,
DPs, or the resin-splitting approach, Hughes et al. described
MAX randomization, a mutagenic approach that requires only
mixtures of specific oligos to remove redundant and stop
codons via hybridization selection with an oligo template that is
completely randomized.” This process appears to be interesting
and easy to implement but requires many oligonucleotides and
is limited to alternate codons or only two contiguous codons in
the template.

More recently, Tang et al."® described a very interesting
approach to avoid redundant and stop codons during the
saturation mutagenesis of one site, using four custom oligos
mixed in the appropriate ratio to represent each of the 20
amino acids evenly with only one codon. The first
oligonucleotide contained the degenerate codon NDT (N =
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A, C,G,or Tand D = A, G ,or T), which produces 12 codons:
AAT (Asn), GAT (Asp), CAT (His), TAT (Tyr), AGT (Ser),
GGT (Gly), CGT (Arg), TGT (Cys), ATT (Ile), GTT (Val),
CTT (Leu), and TTT (Phe). The second oligonucleotide
contained the degenerate codon VMA (V=A, C or Gand M =
A or C), yielding six codons: AAA (Lys), CAA (Gln), GAA
(Glu), ACA (Thr), CCA (Pro), and GCA (Ala). The third and
fourth oligonucleotides contained the specific codons ATG and
TGG, which encode for Met and Trp, respectively. This
mutagenesis approach is highly attractive for the saturation of
one site or distantly separated sites but is not appropriate for
the saturation of two or more contiguous sites. For example,
the saturation of two contiguous codons required the synthesis
of 16 oli%onucleotides to generate all possible single and double
mutants,'® whereas the randomization of three, four, or five
contiguous sites would have required the synthesis of 64, 256,
or 1024 oligos, respectively, increasing the experimental costs
to higher levels than using TPs.

Because each oligonucleotide set contained the same 3’ and
5’ flanking regions adjacent to the target codon, we envisaged a
combination of “resin splitting” and synthesis of the codons
NDT, VMA, ATG, and TGG in each of the four separated
fractions to reduce the synthesis of 4" oligos to the synthesis of
only one randomized oligonucleotide when n codons,
contiguous or alternated, need to be saturated.

Complete assessment of this mutagenesis approach was
performed on the chromophore re%ion of the enhanced far-red
fluorescent protein mKate-S158A."

B RESULTS AND DISCUSSION

Taking into consideration the work recently reported by Tang
et al."® and our accessibility to a four-column DNA synthesizer
equipped with eight vials for phosphoramidites, four for the
clear bases dA, dC, dG, and dT and four for the mixtures N, D,
V, and M (Figure 1a), we devised a resin-splitting approach to
perform saturation mutagenesis of one or more codons,
contiguous or alternated, that at the same time excluded stop
and redundant codons. This approach was termed ERASC to
highlight the elimination of redundant and stop codons during
the synthesis of degenerate oligonucleotides.

As shown in Figure 1b, the key step in ERASC was the
separation of the resin containing the growing oligonucleotide
into four columns. However, to reduce errors involved in
weighing minute amounts of material, the resin was
resuspended in the viscous, dense solvent ethylene glycol,
and the appropriate volume was pipetted to each of the
columns as described in Methods. Better resuspension results
were obtained with resins of a 2000 A porosity, whose density
is lower than that of ordinary resins. In addition, 2000 A resins
are more suitable for the synthesis of long oligonucleotides, as
are those reported here. Column 1 received 60% of the resin
and synthesized the degenerate codon NDT, and column 2
received 30% of the resin and synthesized the degenerate codon
VMA. Columns 3 and 4 received 5% of the resin and
synthesized ATG and T GG, respectively. When the synthesis in
the four columns ended, the resins were recombined,
resuspended, and split as before. The mutagenic cycle was
repeated as many times as target codons to saturate.

Biological Model. As a protein model to test the
degenerate oligonucleotides assembled by ERASC, we chose
“emKate”,'” an enhanced version of the red fluorescent protein
mKate®® that contains the amino acid substitution S158A.
emKate was selected for the mutagenesis because it is a less
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Figure 1. ERASC approach. (a) The DNA synthesizer implemented
for the assembly of degenerate oligonucleotides via the ERASC
approach, using standard f-cyanoethyl phosphoramidites of dA, dG,
dC, dT, and the mixtures N (dA/dG/dC/dT), D (dA/dG/dT), V
(dA/dC/dG), and M (dA/dC). The other solutions contained S-
ethylthiotetrazole (ETT) as activating reagent, acetic anhydride
(Ac,0) as capping A, N-methylimidazole (NMI) as capping B,
trichloroacetic acid (TCA) as detritylating reagent, iodine (I,) as
oxidizing reagent, and ammonium hydroxide (NH,OH) for final
deblockage. Acetonitrile, not visible in the figure, was used as the
washing solvent. (b) Cycle of mutagenesis via the resin-splitting
approach, which comprises three steps: (1) separation of the resin into
four columns, (2) synthesis of the degenerate codons NDT and VMA
and the specific codons ATG and TGG into separate columns, and (3)
recombination of the resins into one column. The cycle can be
repeated if more codons are being randomized or an ordinary
synthesis can be resumed in one column to add the 5’ flanking region.

studied fluorescent protein than GFP, is monomeric and more
brilliant than the original protein mKate, and emits light in the
far-red region of the visible spectrum (Ex 587 nm, Em 621 nm),
which is an interesting property for applications in multilabeling
techniques and for the potential imaging of deep tissues.
emKate’s chromophore is generated in a posttranslational
cyclization reaction between the amino acids Met63, Tyr64,
and Gly65 (equivalent to amino acids Ser6S, Tyr66, and Gly67
in GFP) and a second oxidation step that generates an
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acylimine moiety integrated into the peptide backbone between
Phe62 and Met63.

Because the emKate gene was used as the template for the
subsequent mutagenesis experiments, it was enzymatically
assembled as described in Methods™" using the 24 oligonucleo-
tides shown in Supplementary Figure 1S. Taking advantage of
the full synthesis of the gene, we replaced rare E. coli codons
with high frequency ones according to the codon usage of this
bacterium, and a poly histidine tail coding sequence was added
at the 3 end of the gene for purification purposes. After 20 h of
growth (37 °C), colonies expressing emKate displayed a purple
phenotype at ambient light and a red fluorescent phenotype
when illuminated with blue light. The correct assembly of the
gene was confirmed by sequencing the plasmid isolated from
one of these colonies.

Assessment of the Mutation Frequency Generated by
ERASC. For testing the experimental codon diversity generated
by ERASC, the degenerate primer 12COD (5’ GGTG-
GCCCTTTGCCCTTTGCCTTCGAC (XXX),, TTCA-
TTAATCATACCCAGGGCATC 3’) was synthesized to
randomize 12 contiguous codons that encode for the amino
acids IS7-T68. In this primer, XXX represents the codon
mixture created by ERASC, being surrounded by the 5’ and 3’
flanking regions included for annealing purposes and
subsequent PCR amplification. 12COD and the partial
complementary primer PCP-12COD (5’ GTCGAAGGCA-
AAGGGCAAAGGGCCACC 3’) were used to create the
library I57-T68 via an overlap PCR approach,” as shown in
Supplementary Figure 2S and described in Methods, using
emKate as template. After sequencing the plasmid isolated from
31 nonfluorescent clones, the randomized region was analyzed
(Table 1); the mutant codons are sorted out into their
degenerate codon of origin in Table 2. Supported by these
results, the following conclusions were drawn:

1. All expected codons were generated during the
diversification process, with only one codon representing
each amino acid and no stop codons.

2. Glutamate encoded by GAA was the least represented
amino acid (2.96%), whereas phenylalanine encoded by TTT
was the most represented (8.33%). This result is an acceptable
bias from the theoretical 5% mutation frequency per codon
when considering the small size of the sample analyzed.
However, it was clear that the codons generated by NDT
produced 67.5% of the codons and VMA produced 21.5%,
whereas the expected frequencies were 60% and 30%,
respectively. This difference between the theoretical and
experimental frequency indicates a possible manipulation
error when the resin for the synthesis of VMA was transferred
to column 2. However, this problem is easily resolved by the
exhaustive mixing of the stock resin before any transference to
the other columns.

3. The independently synthesized codons ATG and TGG
were obtained in almost the expected frequency because
columns 3 and 4 were the first to receive the separated resin
when the stock was freshly resuspended.

4. As originally reported,"> the four monomer-phosphor-
amidites exhibited similar reactivities. The addition of N
produced 53 dAs, 71 dCs, 63 dGs, and 63 dTs; D produced 73
dAs, 73 dGs, and 105 dTs; V produced 25 dAs, 29 dCs, and 26
dGs; and finally M produced 40 dAs and 40 dCs. Therefore,
this result guarantees an almost even generation of the mutant
codons.

dx.doi.org/10.1021/sb3001326 | ACS Synth. Biol. 2013, 2, 453—462
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Table 1. Partial Sequence of 31 Non-fluorescent Mutants from the I57-T68 Library, Which Was Created Using the Degenerate

Primer 12COD“

emKate ATC CTG GCT ACC AGT
1 GAT AAT GGT CTT TTT
2 AAA TGG ATG CAA GAT
3 GCA GAT GTT TAT CTT
4 CCA AAT ACA CAT TGG
S TAT CGT CAT TGT CTT
6 TTT CGT GTT TTT TGT
7 CCA ACA ATT CGT ATT
8 GGT CAT GGT GTT ATT
9 CGT CAA CGT GAT TTT
10 ATG TGG ATG CAT ATT
11 TTT AAT TAT TTT TGT
12 CAA AGT CAA GA* GAT
13 CGT TTT TGT AAT ACA
14 AAA AAT CGT GTT GGT
15 GGT AGT GAT CAT ACA
16 TGT CAA TTT GGT GTT
17 CAA GGT GTT TAT ATG
18 ATT GCA AAA TTT CAT
19 ATT TGT GTT ATT CAA
20 GGT ACA GTT CCA GAT
21 AAT CTT GAA ATG TTT
22 TGT AAT TTT CAT CGT
23 ATG TGG TGT AGT GGT
24 TAT ATG CTT GTT AGT
25 CGT GAA ATG TGG TTT
26 TAT TGG CGT CCA GAA
27 GCA GAT GCA TTT TAT
28 CAA CAT AGT GAT CTT
29 AGT GTT CAT TTT AGT
30 TTT ATG ATT CAT GAA
31 CTT GAA TGG TTT GTT

TTT

CGT
ATG
CAA
CTT
CTT
TGT
CTT
TTT
TGG
CAT
GAT
TGT
ACA
GGT
ATG
GAT
TTT
AAA
CCA
GGT
GGT
CTT
GAA
CTT
ATT
TGG
GTT
ATT
TGT
AGT
GCA

atg tat ggc AGC AAA ACG
AGT GTT CGT TAT ATT GAT
TAT GTT GCA TAT CCA AAA
CCA TTT AGT ATG TTT AAA
TGT GCA AGT GAT GAT AGT
TGT ACA AAA CAA CTT CGT
GGT AAA CTT CTT CAA CCA
GTT GTT AAA ATT GAT GCA
AGT AGT AGT GCA ATT GAT
ATT CAT TGT GTT CAT TTT
GGT ACA ATG AGT CAT GAA
CGT CGT ACA AAT CTT CAT
AGT CGT GAT CAT AAA TTT
ACA GAA CAA GCA TGT CTT
GGT TAT GAA ACA CCA TGG
GGT CCA ATG CAA GTT TAT
CTT CAT GAA CAT CTT AaT
TGT CTT CAA CAA GAT GGT
ATG GTT TTT ATG CAT TAT
ATG TTT GAT AAT ATG CGT
CTT AAA CGT GTT ACA TGG
CAT ATT GCA TGG TGG TA*
ATT TTT CAT TTT ATT ACA
TTT CTT GCA CAA GTT TTT
AGT CAT CTT TGG AAT ATG
TAT GTT GCA TGG ATT TAT
CAT ATT AGT TGG TTT AGT
CTT AAA CTT CTT TGG ATT
TTT ATT CAT TGT CCA TTT
GAA CAA GTT GCA ATT GCA
CTT CAT CTT GGT AAT ATG
GAT GAT CCA ATG TGG GTT

“Only the sequence of the randomized region is shown. The wild-type sequence is indicated in bold. The asterisks represent single nucleotide

deletions.

S. Only two single nucleotide deletions were observed,
representing a deletion rate of 0.18% per base. This is a better
result than that previously reported (0.7%) for long
oligonucleotides synthesized over more crowded 1000 A
resins.”® Steric effects during the growth of oligonucleotides
likely reduce either the coupling yield of phosphoramidites or
the capping efficiency, contributing to the generation of
deletions.

6. 12COD was expected to produce a population of 4 X 10"
(20"?) variants, a huge number compared to the practical
transformation efficiency of 107 transformants from ligation
reactions. Therefore, finding a functional mutant in library 157-
T68 is statistically impossible considering that only 2.44 X
1077% of the total population may be transformed and that
most of these variants contain multiple changes relative to the
parental gene. Many simultaneous changes even in a short
DNA stretch normally destroy the function of the encoded
protein. In agreement with this analysis, out of the 50,000
colonies plated and analyzed on a blue light transilluminator,
none was fluorescent.

Functional Assessment. Knowing that Gly67 is essential
for the formation of the chromophore in GFP, whereas Tyr66,
Ser6S, and Phe64 tolerate some amino acid substitutions,”* we
decided to maintain Gly6S constant and to randomize the
equivalent amino acids Tyr64, Met63, and Phe62 in the red
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fluorescent protein emKate to study the relationship between
its chromophore composition and fluorescence.

Randomization of the three contiguous amino acids required
the synthesis of the degenerate primer 3COD (5’ TTTGC-
CTTCGACATCCTGGCTACCAGT (XXX); GGCAG-
CAAAACGTTCATTAATC 3'), which in combination with
the partial complementary primer PCP-3COD (ACTGG-
TAGCCAGGATGTCGAAGGCAAA) gave rise to the gene
library F62-Y64 using emKate as template. When E. coli was
transformed with 1/15 of the ligation reaction and the
transformants were grown on several plates for 20 h (37 °C),
approximately 10,000 colonies emerged, most being non-
fluorescent. Only 19 colonies displayed a red fluorescent
phenotype, whereas 36 exhibited a golden yellow fluorescent
phenotype when exposed to blue light.

The sequencing of plasmids isolated from 13 red clones and
8 golden clones revealed the amino acid substitutions shown in
Table 3 and the following observations:

1. Only certain amino acid combinations in the chromophore
produce fluorescent proteins, as was confirmed by the repetitive
finding of some variants. For example, emKate and the mutants
emKate F62M, emKate F62C/M63Q and emKate F62C/
Y64W were found twice, whereas emKate F62L and
emKate Y64W were found three times. Figure 2 shows E.
coli streaks harboring a member of the different mutants

dx.doi.org/10.1021/sb3001326 | ACS Synth. Biol. 2013, 2, 453—462



ACS Synthetic Biology

Research Article

Table 2. Experimental Frequency of Mutant Codons
Generated via the ERASC Approach”

codon found frequency per codon
(aa) codons (%) frequency per subgroup

AAT (N) 12 322 NDT 251 codons
CAT (H) 25 6.72 (67.5%)
GAT (D) 21 5.65
TAT (Y) 15 4.03
AGT (S) 20 538
CGT (R) 18 484
GGT (G) 18 4.84
TGT (C) 17 457
ATT (D) 2 591
CTT (L) 28 753
GTIT (V) 24 645
TTT (F) 31 833
AAA (K) 12 322 VMA 80 codons (21.5%)
caa (Q) 17 4.57
GAA (E) 11 2.96
ACA (T) 13 349
CCA (P) 12 323
GCA (A) 15 4.03
ATG (M) 21 5.64 5.64%
TGG (W) 18 4.84 4.84%

“These codons were found in the 157-T68 library, which was created
using the degenerate primer 12COD.

isolated in this work. The most fluorescent red and golden
mutants were emKate F62L and emKate Y64W, respectively.

It is worth mentioning that a library spanning a region of
three codons must be composed of 8000 variants if each
position is randomized with 20 codons. Therefore, 23,964
clones must be analyzed to complete the screening with 95%
coverage. In our case, only 42% of this population was screened
because the most fluorescent variants were repeated three
times, and we reasoned that no better mutants would be found.

2. All red clones contain tyrosine in position 64, whereas all
golden clones contain tryptophan. Because of the substitution
Y64W, golden mutants will rarely be obtained by enzymatically
directed evolution because any of the tyrosine codons (tat or

37°C/20h 37°C/20 h— 4°C/ 10 days Samples:

1. sgGFP

2. emKate non-fluorescent
3. mCherry

4. emKate

5. emKate_F62M
6. emKate_F62L
7. emKate_M63Q

8. emKate_F62C/M63Q
9. emKate_F62V/M63Q
10. emKate_F62H/M63Q
11. emKate_F62T/M63Q
12. emKate_Y64W

13. emKate_F62C/Y64W
14. emKate_F62S/Y64W
15. emKate_F62V/Y64W
16. emKate_F62T/V64W

Figure 2. Bacterial streaks of E. coli containing the different fluorescent
mutants reported in the present work, which were grown on an LB/
Km plate. This plate was analyzed after 20 h of incubation at 37 °C
and then after 10 days of storage at 4 °C. sgGFP was originally
reported as sg25. Nonfluorescent emKate corresponds to one of the
mutants isolated from the IS7-T68 library. The plates were illuminated
over a blue light transilluminator and photographed using the orange
filter supplied with the equipment.

tac) requires two contiguous nucleotide replacements to
change to the tryptophan codon (tgg), an unlikely result
even under hypermutagenic conditions.”> However, because
the indole group found in tryptophan is larger than the phenol
group of tyrosine, the substitution Y64W crowds the core of the
protein and affects its stability, producing a 4-fold reduction in
the expressed protein relative to the parental protein, as
demonstrated by SDS-PAGE analysis of the total soluble
extracts (Figure 3).

3. Red clones tolerate only the wild-type amino acid
methionine in position 63 or the mutant amino acid glutamine,
which may be essential for the formation of the chromophore.”®
However, the polar substitution M63Q_notably reduced the
expressed protein (Figure 3, lane §), and additional
substitutions at position 62 were necessary to recover the
expression level, as shown in lanes 6—9 of Figure 3. In line with
these results, GIn65 (equivalent to 63 in mKate) was the wild-
type amino acid found in the first reported red fluorescent
protein DsRed,”” and its widely known mutant mCherry
contains the reverse mutation, Q65M.28

4. Golden mutants tolerated only the wild-type amino acid
methionine at position 63. This result is in agreement with the

Table 3. Fluorescent Functional Mutants Isolated from the F62-Y64 Library, Which Was Created Using the Degenerate Primer

3COD
sample AA62 (codon) AA63 (codon) AA64 (codon) repetitions® ExX, (nm) Emmaxb (nm) phenotype
mKate F (TTT) M (ATG) Y (TAT) 586 616 (0.52) red
emKate F (TTT) M (ATG) Y (TAT) 2 582 613 (0.36)
emKate F62M M (ATG) M (ATG) Y (TAT) 2 579 613 (0.12)
emKate F62L L (CTT) M (ATG) Y (TAT) 3 579 609 (0.09)
emKate M63Q. F (TTT) Q (CAA) Y (TAT) 1 573 614 (0.06)
emKate_F62C/M63Q C (TGT) Q (CAA) Y (TAT) 2 577 609 (0.09)
emKate_F62 V/M63Q V (GTT) Q (CAA) Y (TAT) 1 569 605 (0.14)
emKate F62H/M63Q. H (CAT) Q (CAA) Y (TAT) 1 576 605 (0.11)
emKate F62T/M63Q. T (ACA) Q (CAA) Y (TAT) 1 573 603 (0.10)
emKate Y64W F (TTT) M (ATG) W (TGG) 3 479 558 golden yellow
emKate F62C/Y64W C (TGT) M (ATG) W (TGG) 1 479 564
emKate F62S/Y64W S (AGT) M (ATG) W (TGG) 2 472 550
emKate F62 V/Y64W V (GTT) M (ATG) W (TGG) 1 473 559
emKate_F64T/Y64W T (ACA) M (ATG) W (TGG) 1 480 553

“Some mutants were found two or three times. “Red proteins excited at 474 nm generated two emission peaks: a green peak centered at
approximately 510 nm and a red peak between 603 and 616 nm. The values reported in parentheses represent the relative ratio of the red peak

compared to the green peak.
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Figure 3. SDS-PAGE analysis of total soluble protein extracts. The top
gel was loaded with mutants displaying a red phenotype, and the
bottom gel with mutants displaying a golden yellow phenotype. The
protein ladder and the reference proteins sgGFP and emKate were
loaded in both gels. Molecular weights are indicated at the left of the
first lane. M: protein ladder, 1: sgGFP pure, 2: emKate, 3:
emKate F62M, 4: emKate F62L, 5: emKate M63Q, 6: emKa-
te F62C/M63Q, 7: emKate F62 V/M63Q, 8: emKate F62H/
M63Q, 9: emKate F62T/M63Q, 10: emKate Y64W, 11: emKa-
te_ F62C/Y64W, 12: emKate F62 V/Y64W, 13: emKate F62S/
Y64W, 14: emKate F62T/Y64W. Before being loaded on the gel,
the samples were mixed with denaturing loading buffer and boiled for
S min; 1/100 of the total extract per sample was analyzed.

chromophore’s composition of the fluorescent protein
mHoneydew,28 which evolved from DsRed and, therefore,
contains the double amino acid replacement Q65M/Y66W. We
do not know yet if this sequence restriction is due to steric
effects in the core of the protein or because only Met63 can
ensure the appropriate maturation of the new chromophore. A
crystal structure would likely provide more information about
this sequence restriction.

S. Phe62 tolerated many amino acid replacements in both the
red and golden clones. This amino acid was more permissive to
amino acid substitutions because only its carbonyl group
becomes part of the chromophore and not its side chain.
However, whereas the substitution F64L notably improved the
protein expression of GFP at 37 °C’ the equivalent
replacement in emKate produced only a slight increase relative
to the parental protein, as can be observed in lanes 2 and 4 of
Figure 3. In general terms, the SDS-PAGE analysis of total
soluble extracts demonstrated that Phe62 tolerates conservative
amino acid replacements with similar levels of expressed
protein, whereas it is very sensitive to polar amino acid
substitutions, which significantly reduce the soluble protein in
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either the red or golden mutants, as can be observed in lanes 5,
6,7, 8, and 9 of Figure 3.

6. In a similar manner to mKate, emKate, and the well-
known monomeric protein sgGFP, all mutants generated in this
work migrated as monomeric proteins when analyzed by SDS-
PAGE under semidenaturing conditions (data not shown). In
fact, no significant changes were expected in the oligomeriza-
tion nature of the mutants because the amino acid substitutions
took place in the core of the protein and not on the surface.

Fluorescence Characterization of Mutants. Because
some red mutants, either E. coli streaks or protein extracts,
exhibited different hues with visible light and because some
appeared more fluorescent than the parental emKate protein
when exposed to blue light, we expected a significant change in
the maximum emission of these mutants relative to the parental
protein. However, when these mutants were excited at 474 nm,
the emission spectrum for each of them produced two peaks, at
approximately 510 and 610 nm, including the parental protein
emKate and the original mKate protein, as shown in Figure 4
(the reference protein mKate was constructed from emKate by
reverting the mutation S1S8A via site-directed mutagenesis).
These results were unexpected because (1) the green peak at
510 nm was not reported in the original research,” and (2) the
maximum emission for the red peak of emKate and mKate was
blue-shifted 8 and 19 nm, respectively, to the maxima
reported.'”*® This difference in emission was likely due to
our particular experimental conditions; however, the maximum
excitation and emission peaks, which were also determined for
the reference proteins mCherry”® and sgGFP,*® closely
matched the previously reported data. Furthermore, because
the 510 nm peak accounts for an incomplete mature
chromophore remaining in the intermediate GFP-type green
state®® and the 610 nm peak for the complete mature red
chromophore, the different red hues observed in the emKate
mutants are due to a different proportion in the two emission
peaks,®" resembling a mixing of green and red paint at different
proportions.

For golden mutants, the green and red peaks found in the
emission spectrum of the parental protein emKate disappeared,
and only one emission peak was observed between 550 and 564
nm when the proteins were excited at 474 nm. Similar to
mHoneydew®® and the enhanced cyan fluorescent protein
(eCFP),* these mutants also displayed broad excitation and
emission peaks due to the substitution Y64W, suggesting the
existence of more than one excited state species.

Because of the large difference between the excitation and
emission wavelengths found in the golden mutants, these
proteins may be classified as large Stokes shift-yellow
fluorescent proteins (LSS-YFPs) and may be used in
combination with a green-emitting protein (such as eGFP*’
or sgGFP*°) and a red-emitting large Stokes shift protein®® for
multilabeling experiments, exciting only at 474 nm. Multi-
labeling experiments with excitation at a single wavelength have
recently been described using an elaborated LSS-orange
fluorescent mutant derived from mOrange.**

Finally, the most fluorescent red and golden mutants,
emKate F62L, emKate Y64W, and emKate F62C/Y64W,
and the reference proteins mKate and emKate were purified
to determine their fluorescent properties. However, whereas the
reference proteins produced similar absorption and excitation
spectra, the mutants produced quite different results, i.e., one
additional peak at a shorter wavelength was observed in the
absorption spectra (Supplementary Figure 3S). For example,
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Figure 4. Excitation and emission spectra of the reference and mutant
fluorescent proteins generated in this work. Only the proteins mKate,
emKate, emKate F62L, emKate Y64W, and emKate F62C/Y64W
were analyzed in pure form, whereas all of the other proteins were
analyzed as total soluble extracts. Initially, all proteins were excited at
474 nm, and the emission spectra were recorded. After identifying the
maximum emission peaks, the excitation spectrum for each peak was
recorded.
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the red mutant emKate F62L produced two absorption peaks
at 382 and 579 nm, reinforcing the idea of incomplete
maturing. In this context, the 579 nm peak accounts for the
absorption of the red chromophore, whereas the 382 nm peak
accounts for the absorption of the GFP-type chromophore in a
protonated state.”* Excitation of the protein at 382 nm
rendered a principal emission peak at 509 nm, confirming the
presence of a GFP-type intermediate according to the route of
chromophore maturation shown in Supplementary Figure 4S.
The fluorescent properties of emKate F62L are reported in
Supplementary Table 1S, revealing a larger quantum yield than
the parental protein emKate but a minor extinction coefhicient
because of the incomplete mature chromophore.

With respect to the golden mutants emKate Y64W and
emKate F62C/Y64W, both exhibited a major absorption peak
at 421 nm and a smaller shoulder at approximately 499 nm, as
shown in Supplementary Figure 3S. Because none of these
peaks matched the excitation peaks shown in Figure 4, we
decided to postpone the determination of the fluorescence
properties of these mutants until we could devise an
explanation for these results. Meanwhile, excitation of both
proteins at 421 nm rendered one emission peak at 474—476
nm and a smaller shoulder at approximately 550 nm. These
results suggest that most of the protein remains in the
intermediate CFP-type state®® and that only a small amount
reaches the complete maturation state, according to the
mechanism shown in Supplementary Figure 4S for the mutant
emKate Y64W. The sluggish maturation of the golden mutants
was also qualitatively confirmed when the E. coli streaks
harboring the different mutants were grown at 37 °C for 20 h
and then stored at 4 °C for 10 days. Whereas the fluorescence
intensity of the reference proteins remained constant during
this period, the brightness of the golden variants was notably
increased, as can be observed in Figure 2. More brilliant and
useful LSS-YFPs proteins will likely be obtained via directed
evolution experiments focused on enhancing the maturation
process.

Conclusion. We have demonstrated the robustness of the
ERASC approach for the elimination of redundant and stop
codons during the assembly of degenerate oligonucleotides.
The reagents used for this approach are inexpensive and
commercially available from several companies, and the ideal
DNA synthesizer to perform ERASC is one of the most
common pieces of equipment in many laboratories and
companies. Because oligonucleotide synthesis is currently
available even for nonchemists, anyone can synthesize his/her
own primers, including degenerate oligonucleotides, such as
those assembled by ERASC. The accurate separation of the
resin, in different proportions into four columns, was made
possible by pipetting the appropriate volume of material
resuspended in the viscous solvent ethylene glycol. Contrary to
two recently published reports,'®** randomizing n codons by
ERASC requires the synthesis of only one degenerate
oligonucleotide, whereas the other approaches require the
synthesis of 4" or 3" oligonucleotides, respectively, increasing
the experimental costs.

In addition, using the separation strategy described herein,
accurate experiments for codon-based doping to mutate large
amino acid regions randomly, in “spiked mode”, can easily be
performed, separating the resin into four columns and
synthesizing the wild-type codon in column 1, NDT in column
2, VHG in column 3, and TGG in column 4.*° The average
number of replaced amino acids per variant will be determined
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by the amount of resin separated for the synthesis of the wild-
type codon.

By using the absorption and fluorescence analyses of the
emKate F62L and emKate Y64W mutants, we have demon-
strated that the complete maturation of the red or golden
yellow chromophore proceeds via the formation of the green-
type or cyan-type chromophore, respectively, and not via a blue
intermediate, as previously suggested.*®

Finally, if ERASC was useful for the creation of fluorescent
protein reporters with interesting properties, such as the LSS-
YFPs, it will also be useful for improving the properties of
enzymes and antibodies with potential industrial and clinical
applications.

B METHODS

Standard f-cyanoethyl phosphoramidites of dA dch, dgif
and dT and empty TWIST columns for 0.2-umol scale
synthesis were purchased from the Glen Research Corporation
(Sterling, VA). TWIST columns are appropriate for the resin-
splitting process because they are easily opened and closed by
hand. S-Ethylthiotetrazole (ETT) and the support for the
oligonucleotide synthesis (DMTr-dC-LCAA-CPG, 2000 A,
loading 13 pmol/g) were purchased from Chemgenes
(Wilmington, MA). The other ancillary reagents for oligonu-
cleotide synthesis and the kanamycin (Km) were purchased
from Aldrich.

The restriction endonucleases, Vent DNA polymerase, and
deoxynucleoside-triphosphates (AINTPs) were purchased from
New England Biolabs (Ipswich, MA) and used according to
standard protocols. T4 DNA ligase was purchased from
Fermentas. The purification kits for the plasmid and PCR
products were purchased from either Roche (Mannheim,
Germany) or BioBasic Inc. (Ontario, Canada). The constitutive
plasmid pJOQ, kindly donated by Dr. Joel Osuna-Quintero,
was used for all cloning and expression experiments. pJOQ_is a
2.0-kb pUC-like plasmid that contains the kanamycin-resistance
gene instead of the ampicillin gene. Cloned genes were inserted
as Ndel/Xhol-digested fragments and were transcribed from the
trc promoter. The E. coli MC1061 strain was used for cloning
and plasmid and protein production.

The screening of fluorescent colonies was performed over a
dark reader transilluminator (Clare Chemical Research;
Dolores, CO), whereas the excitation and emission spectra
were recorded using a luminescence spectrometer (LSSOB,
Perkin-Elmer).

Synthesis of Degenerate Oligonucleotides. Two
degenerate oligonucleotides were synthesized on a 394 DNA
synthesizer (Applied Biosystems; Foster City, CA) using the
ERASC approach described herein. This synthesizer was
originally designed for the parallel assembly of four oligos.
Because it is equipped with eight vials for nucleotide
phosphoramidites, it is ideal for the ERASC approach.

The synthesizer was loaded with 80 mM acetonitrile
solutions of B-cyanoethyl phosphoramidites of dA, dG, dC,
and dT in positions 1, 2, 3, and 4, respectively. These solutions
were also used as stock solutions to prepare the equimolar
mixtures N (dA + dC + dT + dG, loaded in position S), D (dA
+ dG + dT, position 6), V (dA + dC + dG, position 7), and M
(dA + dC, position 8). The other positions of the synthesizer
were loaded with standard reagents, as shown in Figure 1A.

Both degenerate oligonucleotides were designed on the basis
of the sense strand of the gene and contained a randomized
codon (XXX) instead of each wild-type target codon, a 3’
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flanking region for a first PCR amplification, and a S’ flanking
region for a second PCR amplification. These primers were
labeled as 3COD and 12COD, which is in agreement with the
numbers of the codons to be replaced.

3COD: S'TTTGCCTTCGACATCCTGGCTACCAGT
(XXX); GGCAGCAAAACGTTCATTAATC 3’

12COD: 5'GGTGGCCCTTTGCCCTTTGCCTTCGAC
(XXX);, TTCATTAATCATACCCAGGGCATC 3’

Only the synthesis of the degenerate oligonucleotide 3COD
will be described because the 12COD was synthesized in the
same mode.

ERASC Approach. The cycle of synthesis that was used for
the assembly was similar to the one recommended by the
manufacturer for the 0.2-umol scale. However, the first
acetonitrile wash was increased from 10 to 20 s to remove
the residual ethylene glycol after the splitting process.

Because oligonucleotide synthesis is performed in the 3'—5’
direction, the 3’ flanking fragment 5 GGCAGCAAAA-
CGTTCATTAATC-3' was first synthesized on column 1, in
the Trityl-on mode, starting with 15 mg of dC resin (equivalent
to 0.2 umol of the starting nucleoside). At the end of the
synthesis, the resin was dried by argon flushing for 1 min, and
the column was opened and sealed at the bottom end with an
empty disposable syringe. The resin was resuspended in 200 uL
of ethylene glycol and agitated using a pipetter. Sixty microliters
was transferred into column 2, while columns 3 and 4 received
10 uL each. The remainder of the volume was left in column 1.
Each column was closed again and fitted on the synthesizer.
The coupling of degenerate codon NDT was programmed for
column 1, VMA for column 2, ATG for column 3, and TGG for
column 4. When the synthesis ended, the resins were dried as
before and combined with 200 uL of ethylene glycol, starting
from column 4 and ending in column 1. The process of
splitting, synthesis, and recombining was repeated twice to
complete the three degenerate codons. In the case of 12COD,
the steps were repeated 12 times. At the end of the mutagenic
process, the resins were combined in column 1, and the 5’
flanking fragment was added (S'TTTGCCTTCGACATC-
CTGGCTACCAGT-3').

Both degenerate oligonucleotides were deprotected as
normal and purified by denaturing polyacrylamide gel electro-
phoresis (PAGE).

mKate-S158A Gene (emKate). The synthetic gene
encoding for the red fluorescent protein mKate-SI1S8A
(GenBank accession number EU383029) was assembled in a
similar mode to that reported by Stemmer et al;*' however, the
assembly and amplification reaction was performed in only one
step. The 100-uL PCR reaction contained 22 internal
oligonucleotides (60 mers) at individual 4 nM concentrations,
two outermost primers (400 nM), 2 U of vent DNA
polymerase and dNTPs, MgSO,, and buffer as recommended
by New England Biolabs. The amplification process was
achieved under the following conditions: 94 °C/3 min; 25
cycles of 94 °C/1 min, 58 °C/1 min, 72 °C/1 min; and finally
72 °C/3 min. The internal oligonucleotides, shown in
Supplementary Figure S1, were designed to partially overlap
each other by 30 nt and to eliminate rare E. coli codons,
whereas the outermost primers (Prl-Fw and Pr12-Rv) were
designed to code part of the gene and to introduce Ndel and
Xhol restriction sites at the 5’ and 3’ end of the gene,
respectively. Pr12-Rv also contained the information to
introduce a polyhistidine tag, -SGGSHHHHHH, at the carboxy
end of the protein.
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Because the PCR produced only one fragment of the
expected size (756 bp), the DNA was cleaned and recovered
with 60 pL of water using an EZ-10 spin column for the
purification of PCR products. After being digested with the
enzymes Ndel/Xhol (37 °C/12 h) under standard conditions,
ligation of the agarose-purified fragment to the pJOQ_vector,
the electroporation of the direct ligation (2 xL) with 100 uL of
MC1061 electrocompetent cells and growth on LB plates
supplemented with kanamycin, several red fluorescent colonies
emerged after 20 h of incubation (37 °C).

Gene Libraries. The first library of mutants was named 157-
T68 and was constructed via the overlap PCR approach shown
in Supplementary Figure 2S using emKate as template, the
degenerate oligonucleotide 12COD, the partial complementary
primer PCP-12COD (5'GTCGAAGGCAAAGGGCAAAG-
GGCCACC 3'), the outermost primers Prl-Fw and Pr12-Rv,
and the Vent DNA polymerase for the amplification process. A
first PCR reaction, employing the primers Prl-Fw and PCP-
12COD, produced a 179-bp fragment, whereas a second PCR
reaction, employing the primers 12COD and Prl2-Rv,
generated a 604-bp fragment. Both products were purified
from an agarose gel, and 10 ng of the first fragment and 30 ng
of the second were mixed and used as template for a third PCR
reaction using only the outermost primers, yielding a 756-bp
fragment. Because the third PCR reaction produced only one
visible product, the DNA was subjected to the same steps
described above to clone the expected library of mutants, I57-
TS8.

Because this library was constructed to assess the
experimental frequency of each codon generated by ERASC,
the plasmids from several nonfluorescent colonies were isolated
and sequenced.

The second library of mutants, named F62-Y64, was created
as the library 157-T68 using the primer PCP-3COD (ACTGG-
TAGCCAGGATGTCGAAGGCAAA) instead of PCP-12COD
for the first PCR reaction and the degenerate oligonucleotide
3COD instead of 12COD for the second PCR reaction.
Plasmids from some fluorescent colonies displaying different
phenotypes were isolated and sequenced.

mKate Gene. The gene encodin% for mKate, the original
protein reported by Shcherbo et al,”® was constructed via the
overlap PCR approach shown in Figure 2S using emKate as
template, the pair of complementary primers A158S-Fw (5’
ggcctggaagchgttcggacatggccctg—3') and A158S-Rv (§'-caggg-
ccatgtccgaacgAccttccaggee-3’), the outermost primers Prl-Fw
and Prl12-Rv, and the Vent DNA polymerase for the
amplification process. A first PCR reaction, employing the
primers Pr1-Fw and A158SRv, produced a 497-bp fragment,
whereas a second PCR reaction, employing the primers A158S-
Fw and Pr12-Rv, generated a 289-bp fragment. Both products
were purified from an agarose gel, and 20 ng of each fragment
was used as template for a third PCR reaction using only the
outermost primers, yielding a 756-bp fragment. Because the
third PCR reaction generated only one visible product, the
DNA was subjected to the same steps described above to clone
the original mKate gene. After sequencing the plasmid isolated
from one of the fluorescent red colonies, the DNA sequence of
the gene was confirmed.

Protein Purification. The fluorescent protein mutants
emKate F62L, emKate Y64W, and emKate F62C/Y64W, the
parental emKate (mKate-S1S8A), and the original mKate
protein expressed in the E. coli MC1061 strain were produced
in S0-mL LB cultures supplemented with kanamycin (37 °C)
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during a 20-h incubation period under agitation (200 rpm).
The cells were recovered by centrifugation and lysed with S mL
of B-PER reagent (Thermo Scientific) for 1 h at room
temperature. After centrifugation at 13,000 rpm, the clear
supernatant was loaded on a HisTrap HP/1 mL column (GE
Healthcare), and the proteins were purified using a gradient
from 10% to 100% of buffer B in 30 min (flow rate of 0.75 mL/
min) with detection at 280 nm. Buffer A: 100 mM phosphate
buffer (pH 7.2) containing 0.5 M NaCl; buffer B: 300 mM
imidazole in buffer A. Fractions containing the pure protein
were combined, concentrated on centrifugal filter devices
(amicon Ultra-4 10k, Millipore), and washed with PBS 1X (2 X
4 mL) to remove the residual imidazole. The pure proteins
were redissolved in 1.5 mL of PBS 1X, and the concentration
was determined using the Bradford assay with BSA standards
and an UV—vis spectrophotometer (Ultrospec 210, Pharma-
cia).

Spectral Measurements. The extinction coefficient (&)
of the pure proteins at their maximum absorbance peak was
determined using a spectrophotometer by measuring the
absorbance of six duplicate dilutions. Plotting concentration
(M) versus absorbance produced a linear graph whose slope
was €, in units M~' cm™. Each of the dilutions was further
diluted 25-fold, and fluorescence was measured at the
maximum emission wavelength with excitation at the maximum
absorbance wavelength. The plot of absorbance versus
fluorescence produced a linear graph with a particular slope.

As a standard to determine the quantum yield (¢)) of the
mutants, we determined the relationship between absorbance
(586 nm) and fluorescence (616 nm) for the pure protein
mKate, whose reported value is 0.33.*° Dividing the sample’s
slope by mKate’s slope and multiplying by 0.33 gives the
sample’s quantum yield.
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