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a b s t r a c t

Current biosynthetic methods for producing proteins containing site-specifically incorporated unnatural
amino acids are inefficient because the majority of the amino acid goes unused. Here we present a uni-
versal approach to improve the efficiency of such processes using condensed Escherichia coli cultures.

� 2010 Elsevier Ltd. All rights reserved.
In vivo unnatural amino acid mutagenesis is now an increas-
ingly common technique used to study protein structure and func-
tion. Among the many uses are controlling protein function with
light,1–5 trapping transient protein–protein interactions,6,7 or pro-
viding chemically reactive ‘handles’ for the attachment of fluores-
cent dyes or polymers.8,9 While some of the amino acids that have
been described in the literature are commercially available, many
must be prepared by the user through multi-step chemical synthe-
ses. This can complicate or prevent the use of UAAs in laboratories
not equipped for synthetic chemistry or at the very least make syn-
thetic UAAs precious materials. Indeed current protocols for in vivo
UAA mutagenesis are inefficient in that an extremely small molar
equivalent of amino acid is used in the synthesis of protein. Typi-
cally millimolar concentrations of UAA are added to protein
expression media to produce micromolar or nanomolar yields of
protein. In other words, >99% of the synthetic UAA goes unused
and is discarded with spent media. Moreover, it is common for pro-
tein translation yields using amber codon suppression technology
to be significantly lower than that of a wild-type protein.10 Thus
any methods that can improve the efficiency of UAA use will be
valuable to protein scientists.

In the course of working with synthetic amino acids we were
interested if the waste of material used during protein expression
could be minimized. Unfortunately the UAA concentration in the
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biquitin; sfGFP, superfolder

: +1 301 314 9121.
media must be at least 1 mM to ensure optimum cell uptake and
substrate selection by engineered aminoacyl-tRNA synthetases.
The only alternative was to examine if Escherichia coli cultures
could be condensed to dramatically smaller volumes than would
be typical for protein expression. Such strategies have been used
previously to minimize the cost associated with isotopic labeling
of protein samples for nuclear magnetic resonance (NMR) stud-
ies.11,12 Provided a robust purification protocol is available, one
can generate large quantities of cell mass from small volumes of
labeled media.

We first chose to conduct protein expression studies using
Ne-benzyloxycarbonyl-L-lysine (Z-lysine). This protected lysine
analog has recently been added to the genetic codes of E. coli and
mammalian cells using an evolved pyrrolysyl-tRNA synthetase/
tRNACUA pair from Methanosarcina species.13,14 As a protein target
we expressed human ubiquitin (Ub) containing a TAG stop codon
mutation in place of the codon for Lys 48. Importantly Ub is a small
(8 kDa), stable protein that can be easily distinguished from endog-
enous E. coli proteins in a crude lysate. We performed expressions
in a typical rich media format but just prior to induction the cells
from an appropriate portion of a larger culture were harvested
by centrifugation and then resuspended in a smaller volume
(2 mL) of induction media containing 2 mM Z-lysine. For example,
to obtain a 50-fold condensation ratio, cells from 100 mL of log-
phase culture (OD600 = 0.8) are resuspended in 2 mL resulting in
a final OD600 = 40. After expression these cultures were diluted
back to the original cell density to allow for equal comparison of
all conditions. These samples were then analyzed for protein pro-
duction using SDS–PAGE of the total cellular protein content. As
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an internal standard and for quantification purposes we added
10 lg of bovine serum albumin (BSA) to each protein sample.

As can be seen in Figure 1, we surveyed a range of condensation
ratios from 1�, or normal cell density (OD600 = 0.8), to ratios of
100�. In the case of Ub, clear protein expression can be seen in
all samples except 100� at which point the condensation experi-
ment reaches a point of diminishing returns. This indicates that
UAA can be added to cells at the time of induction and be utilized
for protein expression at such high cell densities. The lack of pro-
tein production in the absence of UAA indicates that the fidelity
of amber codon suppression and incorporation is not affected by
changes to culture density. We performed these analyses in tripli-
cate and used the presence of a BSA internal standard to quantify
protein yields and the relative efficiency of UAA usage under each
scenario (Table 1 and Supplementary data). Using Ub_K48_Z-lysine
as an example, we observed that the optimum protein production
occurs when cultures are condensed by a factor of 25. These condi-
tions generated 1.8 mg of target protein from a 2 mL expression
B

A

Figure 1. (A) Structures of Z-lysine and pBpa. (B) Protein production of Ub (K48_TAG) in
Coomassie-stained SDS–PAGE analysis.

Table 1

Condensation ratio Culture loaded (lL) Protein on gelb (lg)

Ub_K48_Z-Lys
1� 50 3.6 ± 0.7
5� 20 7.4 ± 1.8
10� 10 6.3 ± 1.7
18� 5.6 4.0 ± 0.7
25� 4.0 3.6 ± 0.5
50� 2.0 1.3 ± 0.3
100� 1.0 ND

sfGFP_V150_pBpa
1� 25a 2.1 ± 0.2
5� 20 3.8 ± 0.5
10� 10 2.5 ± 0.5
18� 5.6 0.7 ± 0.1
25� 4.0 ND
50� 2.0 ND
100� 1.0 ND

a Because this culture grew substantially a smaller sample was loaded. This is consid
b Amount of protein on gel was calculated using ImageJ software and normalized to B
c Calculated total protein normalized to the full 2 mL expression.
and represent a significant improvement in yield. Importantly,
�93% less UAA is needed. When expression cultures are not con-
densed (1�), it is evident from the cell density and the observed
protein quantities that there is some continued growth after IPTG
induction but little overall increase in protein produced per amino
acid.

To determine if this methodology is general we next decided to
use a different system for UAA mutagenesis coupled with an alter-
native protein target. We used the Methanococcus jannaschii sys-
tem developed for genetic encoding of p-benzoylphenylalanine
(pBpa),7 to perform mutagenesis on superfolder green fluorescent
protein (sfGFP).15 We repeated the condensation experiments
using a V150TAG mutant of sfGFP and analyzed triplicate expres-
sion experiments by SDS–PAGE (Supplementary data). We ob-
served a similar trend in the protein yields albeit with lower
overall production (Table 1). There was very little protein observed
by SDS–PAGE in condensation experiments above 10�. Neverthe-
less these conditions resulted in a reduced consumption of UAA
the presence (+) or absence (�) of 2 mM Z-lysine. Total cellular protein observed by

Total protein
producedc (lg)

Total UAA
used (lmol)

Protein produced/UAA
used (nmol/lmol)

140 4 4.1
740 4 22
1300 4 38
1400 4 41
1800 4 53
1300 4 38
ND 4 ND

170 4 1.6
380 4 3.5
500 4 4.6
250 4 2.3
ND 4 ND
ND 4 ND
ND 4 ND

ered in the calculations.
SA standard (10 lg). Average of three experiments ± standard deviation.



J. Liu et al. / Bioorg. Med. Chem. Lett. 20 (2010) 5613–5616 5615
of �66%. The lower levels of production observed can be ascribed
to an overall lower productivity of this tRNA synthetase/tRNA pair,
and/or the relative lower expression of sfGFP in comparison to Ub.
In addition, while we do not observe target protein production at
the highest condensation ratios, it is possible that there is a low
level of production, that is, not seen in a gel analysis but could
be enriched by purification.
B

A

Figure 2. Mass spectral analyzes of tryptic fragments
Finally, we decided to conduct ‘large scale’ purifications of both
Ub and sfGFP using the optimal condensed formats such that we
could verify UAA incorporation by mass spectrometry. The con-
densed format allowed us to induce 1 L of production cultures of
Ub and sfGFP in 40 mL (25�) and 100 mL (10�) of media, respec-
tively. These proteins were purified to homogeneity resulting in
large amounts of protein (>25 mg), a sample of which was
of (A) Ub_K48_Z-lysine and (B) sfGFP_V150_pBpa.
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subjected to in-gel tryptic digests and the resulting peptides ana-
lyzed by mass spectrometry. Upon examining the mass data we
observed clear site-specific incorporation of Z-lysine and pBpa into
the correct tryptic fragments of Ub and sfGFP, respectively (Fig. 2).
Importantly we do not see incorporation of any endogenous amino
acids at those positions encoded by the amber stop codon, TAG.
This again indicates that suppression fidelity remains intact under
very high cell density conditions.

In summary, the methodology presented here represents a sim-
ple yet effective way of maximizing the efficiency of unnatural
amino acid mutagenesis studies. This method requires no major
changes to experimental conditions and is compatible with stand-
ing cell lines and plasmids. The observed improvement using this
protocol varies with target protein and UAA used. While it is suffi-
cient to conserve UAA by culture condensation, it might be further
enhanced when coupled with codon optimized genes and the Sin-
gle Protein Production System16 that minimizes expression of
endogenous genes during induction. Ideally researchers will test
a range of condensation conditions with a protein of interest as de-
scribed here to optimize production. In addition to protein produc-
tion, it is possible that condensed E. coli cultures could be used in
genetic selections of novel aminoacyl-tRNA synthetase variants.
Reporter proteins could be expressed in small volumes and then
the cells diluted and selected. In the past such selections have been
notorious for consuming large quantities of UAAs. Ultimately we
believe that this approach will become standard practice in labora-
tories that are applying UAAs to solve biophysical problems, partic-
ularly in situations where the UAA in use must be chemically
synthesized.
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