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ABSTRACT: Calmodulin (CaM) is a widely studied Ca2+-
binding protein that is highly conserved across species and
involved in many biological processes, including vesicle release,
cell proliferation, and apoptosis. To facilitate biophysical
studies of CaM, researchers have tagged and mutated CaM
at various sites, enabling its conjugation to fluorophores,
microarrays, and other reactive partners. However, previous
attempts to add a reactive label to CaM for downstream studies
have generally employed nonselective labeling methods or
resulted in diminished CaM function. Here we report the first
engineered CaM protein that undergoes site-specific and bioorthogonal labeling while retaining wild-type activity levels. By
employing a chemoenzymatic labeling approach, we achieved selective and quantitative labeling of the engineered CaM protein
with an N-terminal 12-azidododecanoic acid tag; notably, addition of the tag did not interfere with the ability of CaM to bind
Ca2+ or a partner protein. The specificity of our chemoenzymatic labeling approach also allowed for selective conjugation of CaM
to reactive partners in bacterial cell lysates, without intermediate purification of the engineered protein. Additionally, we prepared
CaM-affinity resins that were highly effective in purifying a representative CaM-binding protein, demonstrating that the
engineered CaM remains active even after surface capture. Beyond studies of CaM and CaM-binding proteins, the protein
engineering and surface capture methods described here should be translatable to other proteins and other bioconjugation
applications.

■ INTRODUCTION

Chemoenzymatic protein labeling exploits the inherent
selectivity of enzymes to achieve site-specific incorporation of
functional tags into proteins of interest. Proteins can be labeled
co-translationally or post-translationally in vivo, or in complex in
vitro mixtures, with bioorthogonal functional groups that are
useful for downstream bioconjugation applications (see
Rashidian et al.3 for a recent review). Previously, Tate and
co-workers showed that the N-myristoyl transferase (NMT)
enzyme, when recombinantly co-expressed with a natural
substrate protein, appends functionalized fatty acid analogs to
the substrate protein.4,5 In a recent report, we advanced the
utility of NMT for protein labeling purposes by demonstrating
that NMT also transfers a bioorthogonal tag, 12-azidododeca-
noic acid (ADA; Figure 1A, compound 1), to the N-terminus of
non-natural substrate proteins engineered to display an NMT
recognition sequence.6 In the current work, we investigated
whether we could engineer a model calcium (Ca2+)-binding
protein, calmodulin (CaM), for NMT-mediated labeling
without loss of activity.
Ca2+-binding proteins play important roles in mediating

intracellular and intercellular communication, as well as in
activating various protein−protein interactions and correspond-

ing biological processes. Perhaps the most widely studied Ca2+-
binding protein is CaM, a small (16 kDa) and ubiquitous Ca2+

sensor that binds and activates more than 100 other
proteins.7−10 CaM is highly conserved across evolution: its
amino acid sequence is identical in all vertebrates.11,12 CaM is
also found in nearly every tissue of the human body.11,13

Indeed, many cellular and physiological processesranging
from cell proliferation, vesicle release, and apoptosis to
neuronal signaling and muscle contractiondepend on Ca2+/
CaM-activated proteins.9,14−18 While there are many CaM-
binding proteins with well-characterized functions, especially in
neuronal and muscle tissues,9,10,17 there are also a number of
Ca2+/CaM-activated proteins whose biochemical functions and
physiological roles are poorly understood.18−21 Thus, there is a
need for streamlined methods that enable investigations of
CaM, CaM-binding proteins, and their respective interactions.
Previous studies of CaM biochemical function have generally

employed established protein labeling/protein fusion strategies
to measure the binding of Ca2+ to CaM, and subsequent
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binding of CaM to downstream proteins.22−28 Many of these
studies have taken advantage of the fact that CaM is a small
protein with relatively few reactive amino acids; vertebrate
CaM, in particular, possesses no Cys residues. Thus, selective
labeling can be achieved at Cys sites that are introduced in
mutated vertebrate CaM or that are present in nonvertebrate
CaM.26,28 Through the precise introduction into CaM of small
fluorescent probes that are sensitive to their immediate
microenvironment, researchers have elegantly elucidated the
biochemical mechanisms underpinning the binding steps in
which CaM participates. However, a survey of these extrinsic
labeling techniques reveals three main drawbacks: they
generally require purification of CaM both before and after
labeling; they are nonselective in either amino acid site or side-
chain chemistry; and most significantly, they can diminish the
ability of CaM to bind and activate its target proteins.25,27

Therefore, a method enabling bioorthogonal and site-specific
functionalization of CaM, without disruption of CaM activity,
would greatly benefit the Ca2+ and CaM research communities.
For example, controlled attachment of CaM to biosensor
surfaces in a single orientation would permit downstream
functional assays with a uniform CaM array. Furthermore, the
use of a bioorthogonal tag would allow for selective conjugation
in lysate samples or cells, thus circumventing an extra
purification step and providing a platform for live-cell
conjugation experiments with CaM.
We sought to achieve site-specific, bioorthogonal labeling of

CaM while maintaining wild-type levels of binding and activity
by taking advantage of recent advances in chemical biology. We
selected an NMT-based chemoenzymatic labeling strategy in
part because the N-terminus of CaM appears solvent-accessible
in both the Ca2+-bound and protein-bound states (Figure 1B
and C). Our previous work also demonstrated that quantitative
labeling of engineered, non-natural substrate proteins may be
attained with NMT.6 In addition, NMT-mediated protein
labeling is especially well-suited for a key objective of the
current studies: surface capture of CaM for downstream
applications. Because NMT is orthogonal toward bacterial
proteins,29 surface capture of an ADA-tagged protein can be

achieved directly from lysate,6 thus simplifying experimental
protocols and potentially improving protein yields.
Here, we report the preparation of an engineered CaM

protein that is labeled site-specifically, selectively, and
quantitatively by NMT with ADA with no loss of wild-type
binding and activity levels. We also present a surface capture
strategy enabling rapid generation of CaM-affinity resins that
are highly effective for purifying a representative CaM-binding
protein. The methods and advances described here provide a
promising platform for future studies of CaM. Additionally,
they constitute a general set of translatable techniques that
should aid in the labeling and surface capture of other proteins.

■ RESULTS AND DISCUSSION

Preparation and LC-MS Characterization of Engi-
neered CaM Proteins. We designed a family of CaM
proteins that were engineered to display different N-terminal
amino acid sequences (Figure 1D). An NMT recognition
sequence was incorporated into each construct in order to
achieve NMT-mediated protein labeling.30 The selected
recognition sequences were derived from two well-known
NMT substrate proteins: human calcineurin B (CaN) and yeast
ADP ribosylation factor.31,32 In addition, two linker sequences
were chosen for inclusion between the NMT recognition
sequence and CaM itself: a linker employed in a previously
reported CaM fusion protein,33 and a hexahistadine tag that
could aid in protein purification and identification.
In total, five engineered CaM constructs were cloned and co-

expressed with human NMT1 in Escherichia coli using LB
medium supplemented with ADA. Wild-type (WT) CaM and
the engineered CaM proteins were purified on phenyl
sepharose resin (SI Figure S1). Of the five engineered CaM
proteins, the highest yield of purified protein was consistently
achieved for ADA-RS1-CaM (SI Table S1). Notably, the ADA
label did not interfere with CaM purification, which depends on
hydrophobic interactions between the protein and resin.34 In
addition, the ADA label does not appear to affect protein
solubility; both in the current work and in our previous

Figure 1. Schematic representation of reagents and proteins. (A) Reagents used in this study: 12-azidododecanoic acid (ADA, 1),
azadibenzocyclooctyne-amine (ADIBO-NH2, 2), and azadibenzocyclooctyne-(PEG)4-amine (ADIBO-PEG-NH2, 3). (B,C) CaM crystal structures,
with CaM shown in red and Ca2+ ions shown as gold spheres; arrows point to the N-terminus of CaM. (B) Ca2+-bound CaM, PDB ID: 1CLL.1 (C)
CaM bound to a peptide (blue helix) derived from the regulatory domain of calcineurin, PDB ID: 4Q5U.2 (D) CaM was engineered to display NMT
recognition sequences (RS1 and RS2) and linker regions (L1 and L2) to produce a small library of enzymatically labeled, ADA-tagged proteins.
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research, we have not observed ADA-labeled proteins
precipitating from solution,6 a result that is in agreement with
related reports.4,5,35

We have previously shown that NMT appends ADA
specifically to the N-terminus of non-natural substrate proteins
engineered to display an NMT recognition sequence.6 To
determine the extent of NMT-mediated labeling of the
engineered CaM proteins, purified CaM proteins were analyzed
by whole-protein liquid chromatography−mass spectrometry
(LC-MS). The results confirmed that all five engineered
constructs were labeled with ADA by NMT in a near-
quantitative manner (Table 1).

Engineered CaM Proteins Bind Ca2+ and Activate
Calcineurin. We used an electrophoretic gel-shift assay33,36 to
examine the Ca2+-binding ability of the ADA-labeled CaM
constructs. CaM undergoes a shift in electrophoretic mobility
in the presence of either excess Ca2+ or excess EDTA, a Ca2+

chelator. The shift is caused by the conformational change of
CaM upon binding Ca2+, which results in the protein running
to a relatively lower mass during SDS-PAGE analysis.
Conversely, in excess EDTA, CaM gives up its Ca2+ ions and
runs to a relatively higher mass. Notably, the Ca2+-induced
conformational change is also required for binding by CaM of

most target proteins. We observed the same shift for the five
labeled, engineered CaM proteins as for WT CaM, suggesting
that the engineered constructs bind Ca2+ in a manner similar to
WT CaM (Figure 2A and B). The ADA label does not interfere
with the conformational change.
Upon binding calcineurin (CaN), CaM activates CaN

phosphatase activity by regulating the enzyme’s response to
Ca2+ transients and increasing its turnover rate (Vmax).

37,38 To
further characterize the behavior of the engineered CaM
proteins, we tested their ability to activate CaN. Specifically, we
performed CaN phosphatase activity assays, which measure the
amount of free phosphate (PO4

3−) generated upon incubation
of CaN with a phosphopeptide substrate in the presence of
CaM and Ca2+; appreciable dephosphorylation of the
phosphopeptide occurs only when CaN is bound and activated
by CaM. For our assays, we varied either the Ca2+

concentration or the CaM concentration, while holding the
other components constant (Figure 2C and D). Both the Ca2+-
and CaM-dependent assays demonstrated that ADA-RS1-CaM
maintains the ability to activate CaN in a manner similar to WT
CaM. However, CaN phosphatase activity does plateau at a
lower level in the presence of some of the other engineered
CaM constructs as compared to WT CaM. The EC50 and
maximal percent activity values relative to WT CaM,
summarized in Table S2, were estimated based on best fit to
the Hill equation (eq S1, SI Materials and Methods) for each
labeled, engineered CaM protein. Notably, previous studies
have demonstrated that increasing Ca2+ and CaM concen-
trations increase the enzymatic activity of CaN but have little
effect on the Kact or EC50 for CaN activity.37 Similarly, our
studies show that WT CaM and the engineered CaM proteins
increase CaN enzymatic activity in a concentration-dependent
manner (Figure 2). Together, the results of the activity assays
show ADA-RS1-CaM to be equivalent to WT CaM;
considering the small size of CaM, as well as its documented
sensitivity to structural modifications,25,27,39 it is quite
significant that the labeled, engineered ADA-RS1-CaM protein

Table 1. Engineered CaM Proteins Are Labeled with ADA In
Situ with High Efficiency

protein
expected mass

(Da)
observed mass

(Da)
%

labeleda

ADA-RS1-CaM 17,735.02 17,731.59 >98%
ADA-RS1-L1-CaM 18,419.83 18,416.77 93%
ADA-RS2-CaM 17,506.84 17,504.05 88%
ADA-RS2-L1-CaM 18,191.65 18,188.88 >98%
ADA-RS2-L2-CaM 18,329.68 18,327.36 >98%
aCalculated from the relative abundance of peaks corresponding to
labeled and unlabeled forms of each protein.

Figure 2. Ca2+-binding and CaN activation by ADA-labeled CaM proteins. (A,B) Ability of ADA-labeled CaM proteins to bind Ca2+ was examined in
an electrophoretic mobility assay. SDS-PAGE buffers contained (A) excess Ca2+ or (B) excess EDTA. Coomassie staining revealed a Ca2+-dependent
shift in apparent mass for all CaM proteins. Lysozyme served as a negative control for Ca2+-dependent mobility. * = protein marker. (C,D) Ability of
ADA-labeled CaM proteins to activate 10 nM CaN phosphatase activity at (C) varying Ca2+ ([CaM] = 1 uM) or (D) varying CaM ([Ca2+] = 0.5
mM) concentrations is presented as % activity of WT CaM; n ≥ 4. Error bars correspond to SD. The lines represent the best fits of the experimental
data to the Hill equation (eq S1, SI Materials and Methods). Best-fit parameters are summarized in Table S2. No difference in activity is observed
between ADA-RS1-CaM and WT CaM.
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retains wild-type properties. Gratifyingly, the highest protein
yields were also achieved with ADA-RS1-CaM, as noted earlier.
ADA-RS1-CaM Reacts Selectively in Lysate with an

Alkyne Probe. After establishing that ADA-RS1-CaM is the
most active of the labeled, engineered CaM constructs, we
sought to assess the bioorthogonal reactivity of the ADA-RS1-
CaM azide group. RS1-CaM and hNMT1 were coexpressed in
the presence of ADA, and the cells were harvested and lysed.
Then alkyne-TAMRA, a fluorescent probe (SI Figure S2), was
reacted with the lysate in the standard copper-catalyzed azide−
alkyne “click” reaction.40−42 SDS-PAGE analysis of the probe-
treated lysate revealed a single fluorescent band at the expected
mass of ADA-RS1-CaM (Figure 3A, lane 2), confirming that

the azide moiety of ADA-RS1-CaM is reactive, and that the
orthogonality of NMT in bacteria enables selective labeling of
only ADA-RS1-CaM. Negative controls, in which protein
expression was not induced or the copper catalyst was omitted
from the reaction mixture, are dark (Figure 3A, lanes 1 and 3).
These results suggest that it should be possible to achieve
selective, covalent surface capture of a single protein, in this
case ADA-RS1-CaM, directly from lysate, with no need for
intermediate purification.
CaM-Sepharose Affinity Resins Prepared from ADA-

RS1-CaM are Superior to Conventional Resins Prepared
from Purified WT CaM. Since we had determined that ADA-
RS1-CaM is highly expressed, quantitatively and selectively
labeled in bacteria, similar to WT CaM in activity, and reactive
toward alkyne probes, we proceeded to prepare CaM-affinity
resins from ADA-RS1-CaM. Protein-affinity resins are critical
components of many protein-purification protocols. For
example, CaM-affinity resin is often employed in the
purification of CaM-binding proteinsincluding CaN, CaM
kinase, muscle light chain kinase (MLCK), and nitric oxide
synthetases (eNOS and nNOS)and has been utilized in the
pull-down purification of proteins engineered to display CaM-
binding peptides.43−49 The preparation of protein-affinity resins
is generally labor-, time-, and resource-intensive, partly because
the protein used for resin preparation must itself be purified
prior to reaction with the resin. Instead, we sought to prepare a
protein-affinity resin directly from cell lysate (Figure 4A). We

also anticipate that our methods could be translated to proteins
other than CaM and to bioconjugation applications other than
production of protein-affinity resins.
Six CaM-affinity resins were prepared and evaluated for their

ability to bind and purify CaN, which served as a representative
CaM-binding protein. Two resins were produced following the
conventional approach of attaching purified WT CaM via its
Lys side-chains to amine-reactive sepharose beads; specifically,
we worked with amine-reactive resins that had been activated
by treatment with cyanogen bromide (CNBr) or activated with
N-hydroxy succinimidyl ester (NHS).43,44 In addition, four
resins were produced with lysate prepared from a recombinant
expression of a CaM protein: NHS-activated resin was first
functionalized with ADIBO-NH2 or ADIBO-PEG-NH2 (Figure
1A, compounds 2 and 3) to take advantage of the strain-
promoted azide−alkyne cycloaddition reaction,50,51 then
treated with lysate containing ADA-RS1-CaM or WT CaM.
To ensure that all six resins were exposed to the same amount
of CaM, whether purified or in lysate, the concentration of
CaM in each lysate was determined (SI Figure S3). Finally, all
six CaM-affinity resins were incubated with lysate resulting
from a recombinant expression of CaN, washed, and CaN was
eluted from the resin with EGTA buffer.
To evaluate the effectiveness of each resin for purifying CaN,

we analyzed the CaN purification fractions by SDS-PAGE
(Figure 4B−E; SI Figure S4). We were pleased to find that both
resins produced from lysate containing ADA-RS1-CaM were
highly effective in purifying CaN (Figure 4B; SI Figure S4A).
Interestingly, a higher yield of CaN was obtained with ADA-
RS1-CaM-resin prepared from ADIBO-PEG-resin versus
ADIBO-resin (Table 2). The higher CaN yield associated
with ADIBO-PEG-resin could be due to the increased distance
between RS1-CaM and the resin beads, which could improve
the accessibility of RS1-CaM for CaN binding. The hydrophilic
PEG spacer may also reduce nonspecific hydrophobic
interactions between the RS1-CaM protein and the resin,
again improving the probability of successful CaM/CaN
binding events. Both negative control resins, in which
ADIBO-PEG-resin or ADIBO-resin was treated with WT
CaM lysate, showed no evidence of eluted CaN (Figure 4C; SI
Figure S4B). These data strongly suggest that the CaN
purification results observed with ADA-RS1-CaM-resins are
due to specific capture of ADA-RS1-CaM from lysate via the
azide−alkyne cycloaddition. Finally, we found that both resins
prepared from ADA-RS1-CaM lysate were much more effective
for CaN purification than the two positive control resins
prepared from purified WT CaM (Figure 4D and E).
Measurement of purified CaN yields from each resin across
independent replicates revealed that, on average, a 10-fold
enhancement in CaN yield was achieved when using either
ADA-RS1-CaM-resin versus either WT CaM resin (Table 2).
Taken together, our CaM-affinity resin experiments show

that RS1-CaM remains active through protein engineering,
labeling with ADA, and surface immobilization from lysate, thus
establishing a streamlined approach to the preparation of CaM-
affinity resins for purification of CaM-binding proteins. Our
CaM-affinity resins would also be useful for pull-down of
proteins engineered to display CaM-binding peptides; in fact,
CaM-based tandem affinity purification strategies have been
employed extensively to purify and identify protein complexes
from bacterial, plant, and mammalian systems.47,48 Further-
more, two key advantages of our methods are applicable to any
protein engineered to display an NMT recognition sequence:

Figure 3. NMT selectively labels RS1-CaM in E. coli. RS1-CaM and
NMT were co-expressed in the presence of ADA; expression of both
RS1-CaM and NMT was controlled by IPTG-inducible promoters.
Resultant lysates were reacted with alkyne-TAMRA in a copper-
catalyzed “click” reaction, then analyzed via SDS-PAGE. * = protein
marker (17 kDa band is myoglobin red). (A) Fluorescent band
appears only at the MW of ADA-RS1-CaM (∼18 kDa), only when
protein expression is induced and the copper catalyst is included. (B)
Coomassie staining shows protein loading across all lanes. The
structure of alkyne-TAMRA is presented in Figure S2.
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(1) NMT-mediated labeling enables surface capture directly
from lysate, owing to the orthogonality of NMT toward
endogenous bacterial proteins, and (2) site-specific conjugation
of an ADA-labeled protein to a reactive partner, particularly a
functionalized surface, may confer significant advantages over
random attachment via primary amine chemistry or other
nonspecific methods. Indeed, the latter point may be
responsible for the difference in purified CaN yields between
the ADA-RS1-CaM resins and the conventionally prepared WT
CaM resins, since primary amine chemistry gives rise to a
mixture of attachment points and, as a result, a variety of
protein orientations on the resin. Thus, our work enables the

purification of other CaM-binding proteins with ADA-RS1-
CaM resins and the production of other protein resins in a
similar fashion.
In summary, we have successfully engineered a CaM protein

to accept a bioorthogonal chemical label (ADA) in an E. coli
expression system, and we have shown that neither the RS1
peptide sequence nor the ADA tag interferes with the ability of
CaM to bind Ca2+ and activate a downstream binding partner,
calcineurin. Additionally, we have demonstrated that ADA-RS1-
CaM retains its wild-type function even after surface
immobilization. In ongoing work, we are implementing this
strategy to incorporate CaM proteins into other surface-based
assay formats; in particular, we are interested in probing the
mechanisms underlying the ability of CaM to bind and activate
other downstream partners in varying Ca2+ conditions. Based
on the current work as well as previous research,4−6,35 we
anticipate that natural NMT substrate proteins and proteins
that are engineered for NMT labeling may be tagged with
chemically functional myristic acid analogs without reduction in
their inherent function. Furthermore, labeling a protein with a
bioorthogonal tag allows for conjugation of the protein directly
from lysate without harsh purification conditions that may
detrimentally affect protein function or result in decreased
protein recovery. Such methods facilitate streamlined assay
development and protein bioconjugation to fluorophores,
enrichment tags, or biosensors to investigate protein structure,

Figure 4. Preparation and use of protein-affinity resins. (A) Schematic representation showing preparation of a protein-affinity resin directly from
bacterial lysate, followed by purification of a binding protein from lysate. (1) ADIBO-functionalized resin is incubated with clarified bacterial lysate
containing an ADA-tagged protein, which reacts covalently with the ADIBO-resin via the strain-promoted azide−alkyne reaction. (2) Protein-affinity
resin is washed and equilibrated with binding buffer. (3) Protein-affinity resin is incubated with clarified lysate containing the protein to be purified
(binding protein). (4) Protein-affinity resin is washed, and the binding protein is eluted. (B−E) Representative results of CaN purification from
lysate with the following CaM-affinity resins: (B) ADIBO-PEG-resin prepared by reacting NHS-activated resin with ADIBO-PEG-NH2 and
incubated with lysate containing ADA-RS1-CaM, (C) ADIBO-PEG-resin incubated with lysate containing WT CaM, (D) NHS-activated resin
reacted with purified WT CaM, (E) CNBr-treated resin reacted with purified WT CaM. A larger quantity of CaN is recovered with resin prepared
from ADA-RS1-CaM lysate than with either control resin prepared from purified WT CaM. CaN bands appear at the expected MW values for the
CaN-A subunit (60 kDa) and CaN-B subunit (19 kDa), highlighted by red arrows. * = protein marker, CL = clarified lysate, FT = flow-through, W =
wash, and E = elution.

Table 2. Purified CaN Yields from CaM Resins

resin functionalization CaM source
quantity of CaNa

(μg)

NHS ADIBO-PEG-NH2 ADA-RS1-CaM lysate 190.0 ± 70.8
NHS ADIBO-PEG-NH2 WT CaM lysate N.D.
NHS ADIBO-NH2 ADA-RS1-CaM lysate 127.1 ± 82.1
NHS ADIBO-NH2 WT CaM lysate N.D.
NHS - Purified WT CaM 14.7 ± 12.8
CNBr - Purified WT CaM 16.6 ± 10.8

aQuantity of CaN purified from each resin in μg (mean ± SD); n = 4.
Representative SDS-PAGE gels are shown in Figures 4 and S4. N.D. =
not detected.
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measure protein function, and investigate protein−protein
interactions.

■ MATERIALS AND METHODS
Full details regarding reagents and experimental procedures
used in this study can be found in the Supporting Information
file.
Cloning, Protein Expression, and Protein Labeling.

The template plasmid for all engineered CaM constructs was
pDrosCaM, pET-15b encoding Drosophila melanogaster WT
CaM.39,52 Primers encoding the NMT recognition sequences
and linker sequences were used with the QuikChange site-
directed mutagenesis kit (Agilent) to prepare plasmids
encoding the engineered CaM proteins, following the Two-
Step PCR method.53 Plasmids were transformed into chemi-
cally competent BL21(DE3) E. coli cells already containing the
pHV738 plasmid encoding human NMT1.54 Expression
cultures were grown in an incubator/shaker (37 °C, 250
rpm) in LB medium supplemented with 50 μg mL−1 kanamycin
and 100 μg mL−1 ampicillin. Once cultures grew to an OD600 of
0.8−1.0, protein expression was induced with 1 mM IPTG,
with simultaneous addition of 500 μM ADA (compound 1,
from a 500 mM stock in DMSO). After 3−4 h of protein
expression, cells were harvested via centrifugation. Cell pellets
were washed with cold PBS and stored at −80 °C until use.
(See SI Table S3 for a summary of plasmids and SI Table S4 for
a summary of strains.)
Preparation of CaM-Affinity Resins. CNBr-Sepharose

and NHS-Sepharose (GE Healthcare Biosciences) were
prepared for primary amine reaction according to the
manufacturer’s instructions. Resins made with purified CaM
were prepared according to previously published methods.43,44

Briefly, 1 column volume of 0.5 mg mL−1 purified porcine brain
CaM in 50 mM HEPES (pH 7.5) was incubated with either
CNBr-treated resin or NHS-activated resin for 2−3 h at 4 °C
on a rotator. To prepare ADIBO- and ADIBO-PEG-function-
alized resins, one column volume of 12.5 mM ADIBO-NH2 or
ADIBO-PEG-NH2 (compound 2 or 3) in 50% DMSO and 10
mM HEPES (pH 7.5) was added to the NHS-activated resin.
All resins were quenched with 4 column volumes of 1 M Tris
(pH 8.0) for 1 h. ADIBO- and ADIBO-PEG-resins were
equilibrated for CaM coupling with 4 column volumes of 50
mM Tris (pH 7.5). Frozen cell pellets from 100 mL E. coli
cultures expressing ADA-RS1-CaM or WT CaM were lysed in
CaM Lysis Buffer (50 mM Tris [pH 7.5], 10 mM KCl, 0.5 mM
EGTA, 0.5 mM EDTA, 1 mg mL−1 lysozyme, 10 units DNase)
via sonication, then clarified via centrifugation. The total
protein concentration of each clarified lysate was quantified
with a Pierce 660 nm Protein Assay. One column volume of
clarified lysate at 3.5 mg mL−1 total protein concentration (0.5
mg mL−1 estimated CaM concentration) was incubated with
ADIBO- or ADIBO-PEG-resin overnight at 4 °C on a rotator.
CaM-conjugated resins were washed 3 times with 10 column
volumes of the following wash buffers: Wash 1 (100 mM
ammonium carbonate [pH 8.6], 2 mM EGTA), Wash 2 (10
mM Tris [pH 7.5], 1 M NaCl, 2 mM CaCl2), and Wash 3 (100
mM sodium acetate [pH 4.6], 2 mM CaCl2). The resins were
either equilibrated for CaN purification with Buffer A (25 mM
Tris [pH 7.5], 2 mM CaCl2, 0.1 mM EDTA, 0.5 mM DTT) or
stored in 20% ethanol.
Purification and Quantification of CaN. CaN purifica-

tion was performed according to previously published
methods.55 Briefly, a frozen cell pellet from a 500 mL E. coli

culture expressing CaN was lysed in CaN Lysis Buffer (25 mM
Tris [pH 7.5], 3 mM MgCl2, 100 mM NaCl, 2 mM CaCl2, 0.5
mM PMSF, Roche Complete Protease Inhibitor Cocktail, and 1
mg mL−1 lysozyme). Clarified lysate (2 mL) and 1 mL of resin
equilibrated with Buffer A were incubated for 30 min at 4 °C on
a rotator. Resins were washed sequentially with Buffer A, Buffer
A plus 1 M NaCl, and Buffer A. During the final wash, resins
were transferred to BioRad MicroSpin columns that were
prewashed with CaN Lysis Buffer. Elution was accomplished
with sequential additions of 0.5 mL EGTA Elution Buffer (25
mM Tris [pH 7.5], 3 mM MgSO4, 1 mM EGTA, 0.5 mM
DTT). Elution fractions were analyzed via SDS-PAGE and
pooled. Quantif ication: The concentration of CaN in the
pooled elution sample for each resin was determined via SDS-
PAGE. Resin elution samples, as well as BSA (66 kDa) and
lysozyme (14 kDa) standards, were run in duplicate on protein
gels. A Li-Cor Odyssey system was employed to image the gels
and quantify the integrated band intensities. Concentrations (in
μg mL−1) of the CaN-A subunit (60 kDa) and the CaN-B
subunit (19 kDa) were interpolated from the BSA and
lysozyme standard curves, respectively, then added together
to yield the total concentration of purified CaN for each resin.
Finally, the quantity of purified CaN (μg) for each resin was
calculated as the concentration (μg mL−1) multiplied by the
pooled elution volume (mL).
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