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With advancements in protein expression, protein purification,
and data acquisition technologies, protein structure determination
by nuclear magnetic resonance (NMR) is currently most restricted
by the process of preparing a concentrated, nonaggregated sample.
Modern cryogenic probes have considerably lowered the amount
of protein needed. However, protein concentrations of at least 100
µM are still required for structural analysis.1,2 Many proteins or
isolated domains tend to aggregate or precipitate at these concentra-
tions, thus necessitating additional measures to increase their
solubility. Several approaches have addressed this problem, includ-
ing buffer screens and mutational studies on the target protein.3-5

The trial and error nature of such methods led to a preference for
fusion of the onerous target protein to a well behaved protein, which
acts as a solubility enhancement tag (SET).6 The most widely
adopted fusion partners, GST and MBP, facilitate high level
expression, efficient purification, and elevated protein concentration,
but their relatively large size could potentially complicate the
spectral assignment of the protein of interest. Therefore, GST and
MBP fusions are typically removed prior to the recording of NMR
spectra, at which time solubility problems are often reintroduced.
Smaller fusion proteins, such as protein D (95 amino acids) or
protein G (B1 domain) (56 amino acids), have been pursued but
still contribute a cumbersome number of signals.6,7

Here we present a modular system of attaching solubility
enhancement tags that allows for high level expression, facile
purification, and solubility enhancement with the addition of only
a few resonances to the spectrum of the target protein. By utilizing
two distinct expression constructs and by exploiting the tight binding
of a well behaved protein to a peptide fused to the protein of interest,
the system exchanges the isotopically labeled solubility enhance-
ment tag present during expression with a nonisotopically labeled,
and therefore “NMR invisible”, tag.

As a proof of principle we have designed a system based on the
tight binding of human calmodulin (hCaM) to the calmodulin
binding peptide (CBP) (Figure 1).8,9 The first expression construct
carries the target sequence with a cleavable (PreScission protease)
N-terminal GST tag and a noncleavable C-terminal CBP fusion
(26 amino acids KRRWKKNFIAVSAANRFKKISSSGAL). As a
model target protein, we demonstrate the solubility enhancement
of the sterile alpha motif (SAM) domain from the murine transcrip-
tion factor p63, which is characterized by an intrinsic low
solubility.10,11 15N-labeled GST.SAM.CBP fusion protein was
expressed in Escherichia coli and purified using a glutathione
Sepharose column, yielding 40 mg/L of pure protein. Immediately
after purification, the second solubility tag was attached to
GST.SAM.CBP by adding an equimolar amount of nonisotopically
labeled His-tagged hCaM (hCaM.His6) precharged with 4 equiv
of calcium ions. The formation of the GST.SAM.CBP-hCam.His6

complex ensured that a solubility tag remains attached to the target
protein at all times. The isotopically labeled GST tag was

proteolytically cleaved from the target with PreScission protease.
Further purification was achieved by utilizing the poly histidine
moiety of the hCaM.His6 construct, ensuring that only a full length
protein is obtained.

In preparation of NMR experiments, pure SAM.CBP-hCaM.His6

could be concentrated beyond a protein concentration of 2 mM,
whereas SAM.CBP, which was not complexed with hCaM.His6,
precipitated at 100 µM. The calmodulin tag also prolonged the
sample lifetime. After 7 days, the sample of SAM.CBP had
decreased from 100 µM to 35 µM due to precipitation, whereas
SAM.CBP-hCaM.His6 maintained a solubility of 2 mM.

To investigate the effect of the CBP-tag on the spectral quality
of the target protein we compared [15N,1H]-TROSY-HSQC spectra
of untagged SAM, SAM.CBP, and SAM.CBP-hCaM.His6. Final
protein concentrations used for NMR experiments, determined from
UV absorbance at 280 nm, were 100 µM for SAM and SAM.CBP
and 1 mM for SAM.CBP-hCaM.His6.

Comparison of the spectra of SAM and SAM.CBP shows that
the addition of the tag does not influence the conformation of the
protein since chemical shift differences in the NMR resonances of

Figure 1. Schematic representation for attaching an “NMR invisible”
solubility enhancement tag. The target protein is expressed as an isotopically
labeled fusion protein. Addition of nonisotopically labeled His-tagged
calmodulin (hCaM.His6) leads to calcium dependent complex formation
with the calmodulin binding peptide at the C-terminus of the target sequence
(Step 1). Removal of the labeled GST tag by protease cleavage leaves the
target protein with an unlabeled, i.e., “NMR invisible,” solubility tag (Step
2). A similar calmodulin based system has been used for the measurement
of residual dipolar couplings.12
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the SAM domain can only be detected for the last amino acid. Of
the 26 amino acids and the 2 amino acids used as a linker
between the end of the SAM domain and the CBP tag (Ser Arg),
only 3 are visible as additional peaks. This relatively low number
can be explained with the unfolded nature of the tag in the absence
of calmodulin that facilitates fast exchange of the amide protons
with water. The spectral quality of the SAM.CBP spectrum is worse
than the quality of the SAM spectrum, and SAM.CBP tends to
aggregate even more than SAM alone, most likely due to the
presence of an extra stretch of 28 unfolded amino acids. This shows
that the CBP tag by itself does not lead to higher solubility and
rather worsens the situation (Supporting Information).

The binding of calmodulin to SAM.CBP induces structure within
the tag, causing 23 additional signals to become observable
(Supporting Information). Differences in chemical shifts caused by
the addition of calmodulin are detectable for the last amino acid,
as well as some minor changes for some amino acids of the
C-terminal helix. In case the addition of calmodulin leads to
significant differences in chemical shifts of the protein of interest,
the linker length between the protein and the CBP tag could be
increased.

Although the “invisible” calmodulin solubility tag does not
contribute signals to the target protein, it does increase its effective
size. The larger mass translates into a slightly increased line width.
However, the average line broadening for amide proton resonances
of the SAM domain was 2 Hz, and therefore, the gain in sensitivity

achieved through higher solubility outweighs this small increase
in peak width.

The most comparable efforts toward an “NMR invisble” SET
have utilized the intein ligation system to ligate an isotpocially
labeled target protein with a nonisopically labeled solubility tag.13

The intein systems are elegant, and the final product possesses no
additional resonances due to added tags. The system is, however,
experimentally more complicated since it entails enzymatic splicing
of amide bonds, a process with a highly variable yield.

In conclusion, we have developed a modular and post-
translational system of adding a protein solubility enhancement tag
based on calmodulin and the calmodulin binding peptide. The
system effectively enhances solubility, and because one component
is expressed separately in a nonisotopically labeled medium, a
minimal number of resonances are added to the target spectra. In
principle, the solubility of the system can be easily further enhanced
without increasing the number of resonances by fusing another
protein (for example, protein G (B1 domain), protein D or even
MBP) to hCaM. This might be necessary for proteins with very
low intrinsic solubility. Such a fusion might also be necessary for
modifying the pI of the entire Protein.CBP-hCaM.His6 construct
(pI of CBP-hCaM.His6: 4.8). Moreover our system is not restricted
to the interaction of hCaM and CBP but can be replaced by any
protein-peptide pair that has a submicromolar binding constant.
One very tempting alternative could be the use of PDZ domains,
which tightly bind to very short peptide sequences.14 Such
noncalcium dependent solubility enhancement tags would be
important for proteins that are affected themselves by the presence
of calcium ions.
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Figure 2. Comparison of [15N,1H]-TROSY-HSQC spectra of SAM (A)
and SAM.CBP-hCaM.His6 (B). The spectrum in (A) was measured with 4
scans per increment at a concentration of 100 µM, and the spectrum in (B)
with 2 scans per increment and at a concentration of 1 mM. Cross sections
shown above each spectrum were taken from the position indicated by the
red line. Asterisks mark the position of the amide proton of D524
(numbering according to full length TAp63R). Both spectra were measured
on a Bruker Avance spectrometer operating at a 1H frequency of 600 MHz
and equipped with a cryogenic probe.
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