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1. Introduction

While solution state NMR is very well suited for analysis of protein-protein interactions
occurring with a wide range of affinities, it suffers from one significant weakness, known as
the molecular weight limitation. This limitation stems from the efficient nuclear relaxation
processes in macromolecules larger than 30 kDa (Wider & Wiithrich, 1999). These relaxation
processes cause rapid decay of NMR signals. Although the use of transverse relaxation
optimized spectroscopy (TROSY) approaches has made solution state NMR of large proteins
and protein-protein complexes more feasible, it is still limited by the ability to produce
isotope enriched proteins (Pervushin et al., 1997). However, there is a significant number of
proteins for which no convenient system for stable isotope incorporation exists. We recently
utilized reductive methylation methodology to demonstrate that it is possible to introduce
13C-enriched methyl groups into lysine residues in otherwise unlabeled proteins with the
purpose of studying protein-ligand and protein-protein interactions by NMR (Abraham et
al., 2008).

Reductive methylation is commonly used to improve crystallization of proteins (Schubot &
Waugh, 2004). Studies show that success of protein crystallization improves significantly
through reductive methylation of solvent exposed lysines due to a reduction in surface
entropy. Reductive methylation does not alter significantly protein structures and native
protein-protein interactions (Gerken et al., 1982; Kurinov et al., 2000; Rayment, 1997; Walter
et al., 2006). Despite clear advantages offered by reductive methylation, this technique
remains underutilized in solution NMR. Here we show that reductive methylation allows
characterization of high molecular weight protein-protein complexes that is not achievable
using traditional NMR approaches.

* Corresponding Author

www.intechopen.com



46 Protein Interactions

For reductive methylation of NMR protein samples, 13C-enriched carbonyl compound (e.g.
1BC-formaldehyde) and reducing agents are required. The primary amine of lysine in
polypeptide molecules acting as a nucleophile attacks the carbonyl group of formaldehyde.
This reaction results in formation of an intermediate imine through the carbonyl-
condensation process. The intermediate imine subsequently reacts with a proton donor to
give rise to the higher order amine (Scheme 1). The solvent exposed lysine residues are
frequently dimethylated when a sufficient amount of formaldehyde is present.
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Scheme 1.

The reductive methylation technique offers several advantages. First, proteins purified from
their native hosts can be directly used for enrichment with stable isotopes. In this way, the
protein molecules are likely to retain their correct fold and post-translational modifications.
Second, since only a small amount of 13C-labeled formaldehyde is used in the reaction the
reductive methylation procedure is significantly more economical than the traditional
isotope enrichment protocols. Finally, the use of 13C-labeled methyl groups in lysines offers
an opportunity to observe NMR signals with favorable relaxation properties in large
molecular weight proteins due to reduced order parameters for lysine side-chains (Abraham
et al., 2009). In this report we not only demonstrate that observation of NMR signals in high
molecular weight non-isotope enriched proteins is possible but also that investigation of
conformational changes due to binding in protein-protein complexes is amenable to solution
state NMR through reductive methylation.

2. Cardiac muscle proteins: Actin, tropomyosin, and troponin complex

Muscle contraction is caused by cyclic interaction between myosin and actin filaments. In
cardiac muscle, regulation of contraction is controlled by the troponin complex and
tropomyosin which bind to the actin filament (Galiiska-Rakoczy et al., 2008; Kobayashi et
al., 2008; Kobayashi & Solaro, 2005). The actin filaments consist of polymerized actin (F-
actin) molecules which contain myosin binding sites. At rest, the myosin binding site is
concealed by tropomyosin forming a coiled-coil dimer that lies in the two grooves of actin.
Seven actin molecules interact with one tropomyosin dimer. Each tropomyosin dimer also
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binds one troponin complex composed of three subunits: troponin C, troponin I, and
troponin T. The N-terminal domain of troponin C has a calcium binding pocket. The
troponin complex, together with tropomyosin, regulate muscle contraction in a Ca2*-
dependent manner. This is accomplished by altering accessibility of actin binding sites to
myosin. Being a Ca2* sensor, troponin functions as an on/off switch for muscle contraction.
Muscle contraction occurs when Ca2* binds to the regulatory site in troponin C. Conversely,
the muscle relaxes when Ca2* dissociates. When Ca2* concentration is high, Ca?* binding to
troponin C induces a structural change in the troponin complex that causes relocation of
tropomyosin away from the actin groove. Due to tropomyosin relocation, the myosin
binding site on actin is exposed and cross-bridge formation is initiated between actin and
myosin. Troponin I is known to inhibit myosin cross-bridge formation by inducing
relocation of tropomyosin. Troponin T associates with troponin C and I to form the
complete troponin complex. Troponin T also binds to tropomyosin and actin to inhibit
myosin binding to thin filaments.

Alpha-helical coiled-coil tropomyosin assembles into filaments in the end-to-end
configuration and interacts with actin polymers. When bound to polymerized actin,
tropomyosin filament spans seven consecutive actin monomers forming a 369 kDa complex.
One troponin binds to each tropomyosin coiled-coil dimer such that the molecular ratio for
actin, Tm, and troponin is 7:2:1. There are two kinds of interaction between the troponin
complex and actin-tropomyosin. One is Ca2?*-independent binding through troponin T,
anchoring the troponin complex to actin-tropomyosin. The other is Ca2*-dependent
regulatory interactions through inhibitory C-terminal half of troponin I, turning muscle
contraction "on" and "off'. The cytoplasmic Ca2* concentration is essential for muscle
contraction. However, allosteric regulation of the troponin complex is also known to be an
important contributor. Solution NMR can detect conformational changes in protein
molecules and thus is a good tool to study the allosteric regulation. We utilize the reductive
methylation technique because the thin fiber is a large protein-protein complex containing
molecules that are difficult to produce as recombinant proteins for enrichment with stable
isotopes.

2.1 Conformation of reductively methylated cardiac troponin C free and as part of the
cardiac troponin complex in the presence and absence of ca*

2.1.1 Methods of preparation of reductively methylated troponin complex

Reductive methylation of troponin C for NMR experiments was performed using 13C-
enriched formaldehyde and borane-ammonia complex (NHs.BH3) as a reducing agent.
Briefly, 20 pL of 1 M borane-ammonia complex and 40 pL of 13C formaldehyde were added
to 1 mL of troponin C in methylation buffer (10 mM HEPES pH 7.6, 50 mM MgCl,, 50 mM
CaCly, and 1 mM B-mercaptoethanol). The reaction mix was incubated at 4 °C with stirring
for 2 h. The procedure was repeated one more time with a final addition of 10 pL of 13C
formaldehyde and was incubated at 4 °C with stirring overnight. The reaction was stopped
by adding 200 mM glycine and the undesired reaction products and excess reagents were
removed by extensive dialysis against 10 mM Tris/HCI pH 7.6, 50 mM MgCl,, 50 mM
CaCl,, and 1 mM [-mercaptoethanol. To obtain the troponin complex, troponin I and
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troponin T were added to methylated troponin C in the 1:1:1 molar ratio. To obtain larger
molecular weight complexes tropomyosin was added to the troponin complex containing
methylated troponin C in the 2:1 molar ratio.

The NMR experiments were performed on samples containing 20 pM troponin C (either
alone or in complex) in NMR buffer containing 40 mM Tris-HCl (pH 10.0), 50 mM KCI, 1
mM B-mercaptoethanol, and either 50 mM CaCl, or 50 mM MgCl,. All 1H-13C heteronuclear
single-quantum correlation (HSQC) spectra were acquired on the 600 MHz Bruker Avance
spectrometer fitted with a cryoprobe using 128 indirect points at 25 °C. The data were
processed using NMRPipe software (Delaglio et al., 1995).

2.1.2 Results

NMR 1H-13C HSQC experiments were performed on free reductively methylated troponin C
in the presence and absence of Ca2* and on the cardiac troponin complex containing
reductively methylated troponin C in the presence and absence of Ca2*. The results of these
experiments are shown in Figure 1. All of the acquired spectra display the expected 12 signals
representing methyl groups on eleven lysines in troponin C and one on the N-terminal
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Fig. 1. An overlay wof 13C-1H HSQC spectra of reductively methylated 20 pM troponin C
(blue) and the troponin complex consisting of full length troponin C, troponin I, and
troponin T (red). The spectra in (A) were recorded in the presence of 50 mM Ca?*. The
spectra in (B) were recorded in the absence of Ca2* and the presence of 50 mM Mg2*. The
spectra were acquired at 600 MHz at 25 °C with 256 indirect points. The buffer conditions
are 40 mM Tris-HCl (pH 10.0), 50 mM KCl, 1 mM B-mercaptoethanol, 50 mM CaCl; (A) or 50
mM MgCl, (B).
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primary amine. Comparison of spectra of free troponin C in the presence and absence of
Ca?* (Fig. 1A and 1B) reveals significant differences in methyl chemical shift values. These
chemical shift perturbations indicate expected structural rearrangements in the N-terminal
domain of troponin C caused by Ca?* binding. Comparison of NMR spectra of free Ca2*-
bound troponin C with Ca2*-bound troponin C in the troponin complex reveals significant
perturbations in nine out of twelve methyl chemical shifts (Fig. 1A). This observation
suggests involvement of troponin C in intermolecular interactions with components of the
troponin complex. In the absence of Ca2* only five out of twelve signals experience
significant chemical shift perturbations (Fig. 1B). One possible explanation of this is that in
the absence of Ca2*, troponin C is less extensively engaged in protein-protein interactions
within the troponin complex. Together, we demonstrate that using reductive methylation it
is possible to characterize protein-protein interactions within the troponin complex by NMR
despite the high molecular weight of the protein system.

2.2 NMR experiments with reductively methylated 369kDa actin-tropomyosin complex
suggest that a global conformational rearrangement is induced in polymerized actin
upon tropomyosin binding

2.2.1 Methods of preparation of reductively methylated actin-tropomyosin complex

Globular actin was dialyzed into 10mM phosphate buffered saline, pH 7.4, 0.1mM MgCl,,
1mM dithiothreitol, 0.1mM ATP, and 0.01% NaNj3, to make actin filaments. Initially 20mM
borane ammonia complex and 40mM 13C-formaldehyde (20% w/w in H2O) were added into
0.7mL of 60 uM F-actin and the mixture was stirred for 2 hours at 4°C. Addition of borane
ammonia complex and 3C-formaldehyde was repeated and mixture was incubated for
another 2 hours at 4°C. After incubation, 10 mM borane ammonia complex was added to the
mixture. The mixture was incubated at 4°C with stirring overnight. To quench the reaction,
the 50 pL of 2M Tris-HCl was added. To study the change in actin structures upon binding
of Tm, Tm is added into 13C methylated F-actin to make 7.5 pM of final Tm concentration
whereas the concentration of F-actin is 37uM. The molar ratio of actin and tropomyosin was
5 to 1. The samples were dialyzed against 10mM phosphate buffered saline, pH 7.4, with
1ImM MgCl,, 0.lmM ATP, 0.01% NaNs and 10% DO was added for further NMR
experiments. All NMR experminents were carried out on Bruker Avance 600 or 900 NMR
spectrometers equipped with cryogenic probes. The 2D 1H-13C edited HSQC experiments
were processed with NMRPipe software (Delaglio et al., 1995).

2.2.2 Results

To assess conformational changes occurring in polymerized actin upon binding
tropomyosin we performed a reductive methylation reaction on actin and carried out 1H-13C
HSQC experiments on actin alone and on actin in the presence of tropomyosin (Fig. 2). In
the spectrum of polymerized actin seven out of nineteen expected signals were observable.
Significant chemical shift changes in four out of seven signals in actin were detected upon
Tm binding. Lysines are evenly distributed in the actin structure with no accumulation in
any one particular area. Therefore, the data shown here indicates that binding of
tropomyosin causes a global conformational change in the structure of polymerized actin.
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This observation is contrary to many computational models that propose that tropomyosin
binding sites in actin are small and global changes do not occur in the actin-tropomyosin
complex.
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Fig. 2. An overlay of 1H-13C HSQC spectra of reductively methylated polymerized actin
(red) and actin-tropomyosin complex (blue). The spectra were acquired at 900 MHz at 25 °C
with 256 indirect points. The buffer conditions are 10 mM phosphate buffered saline (pH
7.4), 150 mM KCl, 50 mM MgCl,, and 1 mM ATP.

3. Conclusion

In conclusion, we have described an important novel application of the reductive
methylation methodology to observation of conformational changes in high molecular
weight protein-protein complexes by NMR. Using cardiac troponin C as a model system, for
which structural information is available, we confirmed that the proposed methodology
allows detection of conformational rearrangements in cardiac troponin C upon Ca2*
binding. This was done in the context of the full-length troponin complex. Similar
experiments would have been very difficult to perform using conventional NMR
approaches due to the high molecular weight limitation. We also show that reductive
methylation can be used to discover novel conformational changes in a 369 kDa actin-
tropomyosin complex. For the first time we show that actin undergoes a global
conformational change upon tropomyosin binding. This appears to be the only way such
molecular events can be observed. The available computational models were unable to
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predict this phenomenon. Electron microscopy images of the cardiac thin fiber are too low
resolution to detect a conformational change in actin. Crystallization of polymerized actin is
not feasible due to heterogeneity of actin fibers. In addition, there is no good procedure for
production of recombinant actin that would allow traditional approaches for stable isotope
enrichment for NMR. The functional significance of actin conformational rearrangements
upon binding of tropomyosin is still under investigation. However, the discovery that these
conformational changes occur in actin is a significant step forward.
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