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Abstract
By successfully incorporating sequence diversity into proteins, combinatorial libraries have been a
staple technology used in protein engineering, directed evolution, and synthetic biology for
generating proteins with novel specificities and activities. However, these approaches mostly
overlook the incorporations of post-translational modifications, which nature extensively uses for
modulating protein activities in vivo. As an initial step of incorporating post-translational
modifications into combinatorial libraries, we present a bacterial co-expression system, utilizing a
recently characterized calmodulin methyltransferase (CaM KMT), to trimethylate a combinatorial
library of the calmodulin central linker region. We show that this system is robust, with the
successful over-expression and post-translational modification performed in E. coli. Furthermore
we show that trimethylation differentially affected the conformational dynamics of the protein
upon the binding of calcium, and the thermal stability of the apoprotein. Collectively, these data
support that when applied to an appropriately designed protein library scaffold, CaM KMT is able
to produce a post-translationally modified library of protein sequences, thus providing a powerful
tool for future protein library designs and constructions.
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Introduction
Synthetic biology integrates numerous disciplines towards utilizing designed proteins to
produce novel phenotypic functions in a living cell; for not only addressing fundamental
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questions of molecular evolution, but also for downstream biotechnology applications,
including: metabolic engineering for biofuel production [1]; improving/restoring
contaminated environments [2]; synthesis of drugs [3] and other organic molecules [4]. As
the widespread uses of synthetic biology advance, the demand for novel, designed protein
systems and networks to specifically execute the desired/designed phenotypic functions will
increase significantly [5–7]. While combinatorial libraries of the 20 naturally-encoded
amino acids have successfully yielded peptides and proteins with novel specificities and
activities, additional post-translational modifications that nature extensively utilizes to
further tune protein-protein interactions in vivo are mostly overlooked in these library
designs. With recent advances in the identification and understanding of the classes of
enzymes responsible for catalyzing post-translational modifications, it is possible to
incorporate these regulatory elements in protein library design [8, 9].

Trimethylation, an important post-translational modification that plays numerous roles in
eukaryotic developmental and cellular processes, is catalyzed by the protein lysine
methyltransferase (PKMT) family of enzymes, which specifically recognize and modify
surface accessible lysine residues of target proteins. Well-known examples of trimethylation
include histones, in which protein post-translational modification affects gene transcription
to regulate numerous cellular processes [10]. Other endogenous trimethylation events, such
as the trimethylation of the conserved eukaryotic calcium signaling protein calmodulin
(CaM), are less understood but appear to play a significant role in cellular functioning. A
limited number of studies show that trimethylated CaM, which is modified at the solvent-
accessible residue Lys-115, is specific for certain developmental stages and tissue [11–13],
influences activator properties of CaM with target enzymes [14] and phenotypic changes in
growth and development of whole organisms [15]. Thus, incorporation of trimethylation into
synthetic protein library design would provide a significant modification that nature utilizes
to modulate cellular networks.

Recently, we identified an interspecies conserved class I protein lysine methyltransferase,
named calmodulin-lysine N-methyltransferase (CaM KMT), responsible for the
trimethylation of CaM at solvent-accessible residue Lys-115 [16]. Since bacterially
expressed CaM lacks trimethylation at Lys115, we hypothesized that the utilization of this
system to co-express and post-translationally modify proteins provides a unique opportunity
to introduce trimethylation into a library of protein sequences.

As an initial step towards using this system as a tool to develop post-translationally modified
proteins, we present the application of an E. coli co-expression system to post-translationally
trimethylate a recently characterized, high-quality combinatorial library of the mammalian
CaM central linker region (residues 68-92) [17]. We show that all tested library members
were able to be co-expressed with CaM KMT, modified, and purified. In addition, we show
that trimethylation differentially altered the conformational dynamics of the protein upon the
binding of calcium, and the thermal stability of the calcium-free apoprotein. These data
suggest that when applied to an appropriately designed protein library scaffold, the use of
CaM KMT to produce a post-translationally modified library of sequences is possible, thus
providing a powerful tool for generating post-translationally modified combinatorial
libraries.

Materials and Methods
Materials

Unless otherwise stated, all chemicals used were reagent grade. The phenothiazine, used for
the making Trifluoromethyl-10-aminopropyl phenothiazine (TAPP)-sepharose affinity resin,
was synthesized at the University of Kentucky Center for Structural Biology Chemistry
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Core Facility. This core facility is supported in part by funds from NIH National Center for
Research Resources (NCRR) grant P20 RR020171.

CaM Library Construction and Protein Purification
The design, construction, and characterization of high-quality combinatorial libraries [18] of
the central linker of mammalian CaM were recently described [17]. Briefly, synthetic gene
libraries encoding the native polar and nonpolar (binary patterning) periodicity of the central
linker region were designed, synthesized and subcloned into the CaM expression vector,
pETCaM1C. Individual protein library members lacking the introduction of lysine residues
were chosen, transformed into E. coli BL21(DE3) cells, recombinantly expressed in 1L LB-
kanamycin media at 37°C, and purified using a TAPP-sepharose affinity resin in a calcium-
dependent manner to >95% purity [17].

CaM Methyltransferase Expression/Dual Expression
Each individual library member plasmid (pETCaM1C, [17]) was transformed into E. coli
BL21(DE3)-star-RIL (Stratagene) competent cells, previously transformed with a modified
pET23d expression vector, containing the SUMO-tagged human isoform of CaM KMT [16]
and ampicillin resistance. Bacteria were grown in LB media and induced with 1 mM IPTG
at 37 °C to simultaneously express the two proteins. Protein methylation occurs in the cell
by CaM KMT, which uses bacterial AdoMet as the methyl group donor. Additional
incubation of bacterial lysates at 37 °C, after cell disruption, with purified CaM KMT
assures complete stoichiometric methylation.

Methylation Analysis Experiment
To analyze post-translational protein methylation, lysates from each co-expression were
incubated with previously purified CaM KMT in the presence of [3H-methyl] AdoMet for 1
h, as described previously [16]. Samples were analyzed by 12.5% SDS-PAGE gel
electrophoresis, and then transferred to a PVDF membrane. Samples were phosphorimaged
after 24 h and 14 day exposure to measure in vitro incorporation of radiolabel.

Circular Dichroism spectroscopy
Far-UV CD spectra (250 to 190 nm) of purified proteins, in the presence (+ 1 mM CaCl2) or
absence (+1 mM EGTA) of calcium, were recorded as the average of four far-UV
wavelength scans with 0.5 nm steps and 8 sec averaging time using a Jasco J-810
spectrophotometer, as described previously [17]. All protein sample measurements were
made in a 1 mm quartz cuvette at 25 °C. Trace Ca2+ was removed by running 5 mM HEPES
buffer (pH 7.5) through a Chelex column, before addition of CaCl2 or EGTA. Additional
measurements, with excess CaCl2 and EGTA, were made to guarantee complete calcium-
binding saturation/elimination.

Differential scanning fluorimetry
Based on methods described previously [19–23], purified methylated and non-methylated
proteins (~ 10 μM), in 20 mM HEPES buffer + 100 mM KCl, pH 7.4 + 10 mM EGTA, were
incubated with SyproOrangeTM (Invitrogen) dye to give a final volume of 20 μL. Samples
were placed in a 96 well plate and fluorescence was monitored (λex=465 nm; λem=580 nm)
as the samples were thermally denatured between 25–95 °C at a rate of 0.5 °C/min using an
Applied Biosystems RT-PCR thermocycler with Step-One software. Additional
measurements in excess EGTA were made to guarantee complete removal of Ca2+ from
sample. Dye and protein alone were used as baseline controls. The Tm value was calculated
by fitting the experimental data to a derivation of the Boltzmann equation as described
previously [22].
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Results and Discussion
Trimethylation of Lys115 in CaM is catalyzed by an N-methyltransferase, CaM KMT,
which utilizes AdoMet as a co-substrate and shows high specificity for CaM [12, 24–28].
Previous studies have shown that the CaM recognition site by CaM N-methyltransferase
resides solely on the C-terminal lobe (78–148) of CaM, with residues in the loop near
Lys115 being most critical for CaM N-methyltransferase recognition and function [28, 29].
While the importance of the central linker region has been relatively unexplored in these
analyses, it has been demonstrated that changes to Helix 4, within the central linker region,
was tolerated [29]. Based on these studies, we hypothesized that alterations to the central
linker region would be tolerated by CaM KMT, thereby serving as a tool for the post-
translational modification of synthetic protein library members of the CaM central linker
region.

Co-expression and trimethylation of synthetic protein library members with CaM KMT
To determine if this system would be suitable for co-expression and post-translational
modification with synthetic sequences of the CaM central linker region, 17 library sequences
(Figure 1) were selected from high-quality combinatorial libraries of the CaM central linker
region that lacked incorporation of additional lysine residues [17] and were co-transformed
with CaM KMT into E. coli BL21(DE3) )-star-RIL cells (Figure 2A). SDS-PAGE analysis
show all tested protein library members overexpressed with CaM KMT at levels similar to
individual library sequence expression [17], and were able to be purified using TAPP-
sepharose resin, demonstrating that the E. coli co-expression system is robust (Figure 2A).

To qualitatively test CaM KMT for the ability to trimethylate CaM central linker library
members in vivo, individual library proteins co-expressed with CaM KMT were purified and
assayed for incorporation of radiolabel by purified CaM KMT in vitro using [3H-methyl]-
AdoMet as the methyl group donor (1). The CaM KMT was active in vivo for each library
sequence examined, with in vitro incorporation of radiolabel only detectable following 14
days of exposure in purified samples (i.e. methylation was nearly complete in vivo; Figure
2B). Supportive of our in vivo methylation results, when each protein was expressed
individually (i.e. no co-expression of CaM KMT); radiolabel was incorporated in all
proteins (17/17) by CaM KMT in vitro (data not shown). These results support our
hypothesis and earlier findings that the synthetic library diversity, introduced in the CaM
central linker region, does not alter the recognition and methylation activity (at Lys-115) of
CaM KMT.

Differential effects of trimethylation
Upon the binding of Ca2+, CaM undergoes large tertiary structural changes [30–32] which
are detected by far-UV circular dichroism (CD) spectroscopy [33, 34]. Using this co-
expression and purification system, we have the ability to compare the effects of
methylation on these allosteric changes. For bacterially expressed WT (non-methylated),
characteristic changes in the CD spectra are observed upon the elimination of Ca2+ from the
protein, with a 40% reduction in the mean residue ellipticity at 222 nm (Figure 3). For
methylated CaM, the change in CD spectra, in the presence and absence of calcium, is less
than WT, with an approximate 31% reduction at 222 nm, indicative of alterations in
conformational dynamics of the protein (Figure 3). Furthermore, comparing spectra between
WT and methylated-CaM shows the effect of methylation is primarily observed on the
calcium-free (apoprotein) far-UV CD spectra (Figure 3). For library protein P1, the primary
effect of methylation, while different than WT, is also observed on the calcium-free
apoprotein spectra (Figure S1).
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To assess changes in apoprotein structure, we measured the effects of trimethylation on the
thermal stability of the WT CaM and central linker library members by utilizing differential
scanning fluorimetry (DSF, Figure 4). This screening method (also referred to high
throughput thermal scanning or Thermofluor) allows for the simultaneous determination of
relative thermal stabilities of numerous proteins, by monitoring the binding of a hydrophobic
dye SyproOrange™ as a function of the thermal unfolding of the protein in a microplate
format [19–23]. For WT CaM, the non-methylated apoprotein had a Tm at approximately 51
°C, which is in relative agreement to the thermal stability of CaM determined using CD
spectroscopy [35]. For the WT-Me CaM apoprotein, the Tm was determined to be 43 °C,
which was 8 °C less than the non-methylated WT apoprotein Tm, as determined by DSF
(Figure 4A, Table 1). When examining how methylation affects the apoprotein stabilities of
randomly selected individual central linker library members, the Tm increased differentially
for each sequence (Figure 4B, Table 1). This suggests that this post-translational
modification, when applied to a diverse library of sequences, will have differential effects on
protein structure, leading to increased diversity (beyond encoded) in function. Studies
examining the relationship between methylation and alteration of function within this library
of sequences are currently being pursued. In addition, these data further support earlier
findings, that alterations in the central linker region do not affect CaM KMT recognition and
the ability to post-translationally modify CaM [28, 29].

Conclusions
We have presented a novel dual-expression system, utilizing a recently characterized CaM
KMT, to enable the post-translational modification of a library of CaM sequences during
bacterial expression. All tested library proteins were able to be over-expressed with CaM
KMT and modified. Furthermore, trimethylation had differential effects on the allosteric
changes associated with the binding of calcium, and the thermal stability of the apoprotein.
These findings support that this recently identified CaM KMT, is able to incorporate
modifications extensively used in nature for regulating protein activity, and provides a novel
and valuable tool for CaM combinatorial protein library design.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• E. coli co-expression system for post-translationally modifying protein libraries

• Library proteins were over-expressed with CaM KMT and post-translationally
modified

• Trimethlyation differentially affected protein stability and allosteric changes
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Figure 1.
Central linker library sequences co-expressed with CaM KMT. The central linker region of
the mammalian CaM (positions 68–92) consist of two α-helices (Helix 4, Helix 5) separated
by a seven residue hinge domain. The CaM WT sequence and the library defined nonpolar
(n) and polar (p) residue positions are shown for reference [17]. Only sequences that are
unique from WT are shown for clarity.
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Figure 2.
E. coli co-expression and in vivo methylation analysis of representative central linker library
members with CaM KMT. A) As described previously, SDS-PAGE analyses show that each
central linker library sequence individually overexpressed (− lanes) in E. coli (band between
15–20 kDa; molecular weight marker, MW) and was able to be purified (P) from soluble
cell lysate (L), using TAPP-sepharose calcium dependent resin. When each protein was co-
expressed with CaM KMT (+ lanes; band ~ 50 kDa, arrow), the library protein still
overexpressed and was able to be purified. B) To measure the success of in vivo
methylation, purified library proteins from either single, non-methylated protein expression
(N), and methylated CaM KMT co-expression (M) were incubated in vitro with [3H-methyl]
AdoMet and purified CaM KMT for 1h. Samples were run on SDS-PAGE gels and analyzed
for incorporation of radiolabel by autoradiography with 24 hours and 14 day exposure. All
library protein co-expressed with CaM KMT showed trace amounts of in vitro incorporation
of radiolabel following 14 day exposure, confirming nearly complete methylation of these
sequences during co-expression. These results are representative of all library sequences
tested.
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Figure 3.
Far-UV CD spectra of purified WT CaM and methylated CaM in the presence and absence
of calcium. CD spectra for WT CaM (left) and methylated CaM (right), in 5 mM HEPES
buffer pH 7.5, were recorded at 25 °C in the presence (+ 1 mM CaCl2, more negative
spectra, filled squares) and absence (+ 1 mM EGTA, less negative spectra, open circles) of
calcium. Additional CD measurements in excess CaCl2 and EGTA show no significant
differences.
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Figure 4.
Thermal denaturation curves of non-methylated (open symbols) and methylated (filled
symbols) WT CaM (A; circles) and library protein K4 (B; diamonds) in the absence of
calcium (+1 mM EGTA), as measured by DSF. Tm values (Table 1) show that methylation
has differential effects on the thermal stability of the apo (calcium free) form of WT and
central linker library CaM proteins.
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Table 1

The thermal denaturation of methylated and non-methylated WT and Hinge CaM protein library members, as
determined by DSF. All proteins were measured in triplicate, in 20 mM HEPES buffer + 100 mM KCl, pH
7.4, with 2 mM EGTA. The Tm was calculated as described previously [19].

Protein Non-methylated Tm (°C) Methylated Tm (°C) ΔTm (°C)

WT 51 43 −8

P1 38 39 +1

P2 47 48 +1

P5 52 54 +2

K4 44 48 +4
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