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Abstract 
 

Mycobacterium tuberculosis protein kinase G (PknG) is an 82 kDa multidomain eukaryotic - 

like serine / threonine kinase that mediates the survival of pathogenic mycobacteria in host 

macrophages. It has been proven that the N-terminal NORS region of PknG plays a role in 

PknG regulation by (auto)phosphorylation, whereas the following rubredoxin-like metal 

bound motif interacts with the catalytic domain and is involved in redox regulation. In 

addition, it was shown that deletions or mutations within both domains significantly reduce 

the cellular survival of mycobacteria. The objective of this study was, to elucidate the 

structure and the dynamic behavior of the N-terminal regions by using a combination of NMR 

spectroscopy, in vitro kinase assays and MD simulation data, to gain new insights into their 

regulatory role for PknG kinase activity. It was found that the NORS motif is highly flexible 

and intrinsically unstructured, whereas the following RD in its metal-bound state is more rigid 

and mostly well structured. Moreover, based on in vitro kinase assay and MD simulation 

data, we assume that substrate access to the catalytic domain is regulated by the controlled 

folding and unfolding of the RD and that PknG is able to respond to environmental redox 

changes caused by ROS within host macrophages.  
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Zusammenfassung 
 

Mycobacterium tuberculosis protein kinase G (PknG) ist eine 82 kDa große Eukaryonten 

ähnliche multidomainen Serin / Threoninkinase, die das Überleben von pathogenen Myko-

bakterien in Wirtsmakrophagen vermittelt. Die N-terminale NORS-Region von PknG spielt 

nachweislich eine Rolle bei der Regulierung von PknG durch (Auto-)Phosphorylierung, 

während das folgende Rubredoxin-ähnliche Metallbindungsmotiv mit der katalytischen 

Domäne interagiert und an der Regulierung des Redoxzustandes beteiligt ist. Darüber 

hinaus wurde gezeigt, dass Deletionen oder Mutationen innerhalb beider Domänen das 

zelluläre Überleben von Mykobakterien signifikant reduzieren. Ziel dieser Studie war es, die 

Struktur und das dynamische Verhalten der N-terminalen Regionen mit Hilfe einer 

Kombination aus NMR-Spektroskopie, in-vitro Kinaseassays und MD-Simulationsdaten 

aufzuklären, um neue Erkenntnisse über ihre regulatorische Rolle für die Kinaseaktivität von 

PknG zu gewinnen. Es wurde festgestellt, dass das NORS-Motiv hochflexibel und intrinsisch 

unstrukturiert ist, während die folgende RD im metallgebundenen Zustand rigider und meist 

gut strukturiert ist. Darüber hinaus gehen wir davon aus, dass der Zugang des Substrats zur 

katalytischen Domäne durch die kontrollierte Faltung und Entfaltung der RD reguliert wird 

und das PknG in der Lage ist, auf Redoxänderungen in seiner Umwelt zu reagieren, die 

durch ROS in Wirtsmakrophagen verursacht werden.  
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1. Biological Background 

 

Tuberculosis (TB) is an infectious bacterial disease caused by Mycobacterium tuberculosis 

(Mtb) and ranks alongside HIV as a leading cause of mortality worldwide. In 2014 more than 

9.6 million people are estimated to have fallen ill with TB. Globally, an estimated 3.3 % of 

new TB cases are infected with multi drug resistant strains (MDR-TB).The increasing 

prevalence of MDR-TB demands the need for the development of novel treatment strategies 

1-3. The fact, that the virulence of pathogenic mycobacteria is coupled to their capacity to 

survive for extended periods of time within human macrophages, makes mycobacterial 

protein kinase G (PknG) an attractive and promising drug target 4-6. It was shown that PknG 

is essential for intracellular mycobacterial survival by blocking phagosome lysosome fusion, 

and that its inactivation results in mycobacterial cell death 7.In addition to its role in Mtb 

pathogenicity, it was further demonstrated that PknG is also involved in the regulation of the 

glutamate metabolism through the in vivo phosphorylation of the Mtb glycogen accumulation 

regulator (GarA) 8-12. 

PknG is one of eleven eukaryotic like serine / threonine kinase (eSTK) encoded in the Mtb 

genome 13,14. As a multidomain soluble protein, PknG consists of four regulatory domains 

and has a total molecular weight of 82 kDa. The conserved canonical kinase domain is 

flanked C-terminally by a tetratricopeptide repeat domain (TPRD), a motif involved in 

mediating protein-protein interactions, and N-terminally preceded by a presumably natively 

disordered NORS (no regulatory secondary structure) region and a rubredoxin domain (RD) 

15. The redox sensitive RD is characterized by two conserved CXXCG motifs which can 

tetrahydrally coordinate a divalent metal ion, based on previous in vitro studies, this can be 

either zinc, iron, or cadmium 15-18. The metal ion which is coordinated naturally or in vivo is 

still unknown. Mutations of all key cysteines, to alanine or serine impairs the kinase activity 

and renders PknG insensitive to a regulation by redox changes 15,19. Furthermore, it was 

shown that a deletion of the RD results in a higher activity of the catalytic domain against a 

17mer peptide substrate derived from the endogenous protein GarA. The authors propose 

that the RD regulates the intrinsic PknG kinase activity by restricting the accessibility of the 

active site 16. Contrary to most other Mtb eSTK's, PknG is classified as a non-RD-kinase, 

which is accompanied by the lack of a regulatory S/T autophosphorylation residue within the 

activation segment of the catalytic core 20-22. However, it could be shown that the N-terminal 

NORS region is autophosphorylated in vivo on the threonine residue T32 and that the 

phosphorylation does not affect kinase activity but is required for survival of mycobacteria 

within host macrophages 19,23.  
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However, the published crystal structures provide no insight into the structure as well as the 

dynamic behavior of the intrinsically disordered N-terminal NORS region in absence or 

presence of phosphorylated residues. Moreover, the exact mechanism for the regulation of 

the kinase activity under oxidative stress conditions through the redox sensitive RD has not 

been elucidated yet.  

For a better understanding of how the catalytic activity of PknG is regulated by its N-terminal 

regions a protocol for the design, expression and purification of the NORS region as well as 

for the redox sensitive RD was established 18. Furthermore, the structure and dynamics of 

the NORS region as well as for the RD in different redox states were characterized by NMR 

spectroscopy 24. Complementary, in vitro kinase assays and MD simulations were performed 

to investigate how the RD regulates the accessibility to catalytic site of PknG under oxidizing 

or reducing conditions 25. 
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2. NMR Spectroscopy of Biomolecules 

 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful non-destructive analytical 

tool for the structural determination of biological macromolecules. As a versatile technique 

NMR provides insights into motional and molecular information at atomic resolution. Its broad 

field of application allows the study of unique and essential dynamic and interaction profiles, 

containing pivotal information on protein folding and function. Molecular details obtained from 

NMR data assist target-directed drug discovery and design. 

 

2.1 Basic principles  

 

For a more comprehensive understanding of the physical principles of NMR, the reader is 

referred to the literature 26-31. 

 

2.1.1 Nuclear Spin 

 

Nuclear magnetic resonance (NMR), is a physical phenomenon based on the fact that nuclei 

of atoms posses an intrinsic angular momentum I�, known as spin. The nuclear spin is 

specified by the spin quantum number I which can be integer (0, 1, 2....) or half integer 

(1
2� , 3

2� ..). For NMR spectroscopy of biomolecules, the most important nuclei with spin 1
2�  

are 1H, 15N, 13C, 19F, 31P and 2H, 14N for nuclei with spin 1, respectively. Atomic nuclei with a 

zero-spin quantum number I, such as 12C,are not detectable. The intrinsic angular 

momentum I� for the z-direction can be described as follows (Eq. 1.1), 

 

I	

� = ℏm Eq. 1.1 
 

 

where ℏ is the reduced Planck constant (ℏ=h/2π) and m is the magnetic quantum number, 

whose value can vary from -I to +I by integer steps and can take the values for a nucleus 

with spin 1
2�  (e.g. 15N, 13C) of m = + 1

2�  and m = − 1
2�  respectively. These two permitted 

orientations, are termed as the α- and β-state, whereas α is the lower state (m = + 1
2� ) and β 

the upper or excited state (m = − 1
2� ).   
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However, in absence of a static magnetic field these two states are degenerate, this means 

that they have the same energy and no preferred orientation. 

 

Table 1.1: Magnetic properties of some biologically useful nuclei 

Nucleus 
Spin quantum number 

I 
Natural abundance 

[%] 
Gyromagnetic ratio 

γ( 10
7
 T

-1
s

-1
) 

1
H 1/2 99.99 26.7522

 

2
H 1 0.012 4.1066 

14
N 1 99.63 1.934 

15
N 1/2 0.37 -2.7126 

13
C 1/2 1.07 6.7283 

31
P 1/2 100 10.839 

 

In a static magnetic field B0, which by definition is oriented along the z-axis, the nuclear 

magnetic moment µ of the spins interact with the magnetic field resulting in a splitting of 

energy levels (Zeeman-splitting) (Figure 1.1, left panel). The energy E of the interaction 

between the magnetic moment µ	 (projection of µ on to B0) and the magnetic field, is 

according to equation (Eq. 1.2), 

 

E = −μB = −μ	B� = −γI	B� = −γmℏB� Eq. 1.2 
 

 

where γ is the gyromagnetic ratio, a characteristic constant for a particular nucleus.  

The equation Eq. 1.2 is of the utmost significance for the sensitivity of NMR experiments and 

illustrates that the energy difference ∆E is proportional to the magnetic field strength and 

depends on the gyromagnetic ratio γ of the corresponding nucleus. Table 1.1 summarizes 

relevant magnetic properties of some biologically useful nuclei. The energy difference 

between the two Zeeman energy states amounts to, 

 

ΔE = −γℏB� = ℏω� Eq.1.3 
 

 

where ω0 is precessional frequency, or Lamor frequency of a nuclear spin, for an applied 

magnetic field strength. As described above, the two Zeeman energy states α and β will be 

unequally populated in a static magnetic field and the ratio can be predicted, at thermal 

equilibrium, by the Boltzmann distribution (Eq. 1.4), 

 

N�

N�
= e���/� ! Eq. 1.4 
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where kB is the Boltzmann constant and T the temperature.  

 

Since, the population differences for 1H nuclei, which possess the highest gyromagnetic ratio 

among the spin 1
2�  nuclei in proteins, amount to only 0.002% for B0 = 2.35 T at room 

temperature the sensitivity of NMR spectroscopy compared to other spectroscopic 

techniques is rather weak 29.  

Moreover, the natural abundance of the NMR active nuclei 15N and 13C is very low, as can be 

seen in Table 1.1. To overcome the problem of detecting heteronuclei in biomacromolecules, 

special isotope enrichment techniques have been developed 32. Furthermore, the availability 

of superconducting, high field magnets as well as of cryogenic circuitries and the 

development of relaxation optimized pulse sequences have improved the sensitivity of 

measurements in NMR spectroscopy 33. 

 

Figure 1.1: Basic concepts of NMR: (left panel): Energy level diagram: representation of the 

energy separation ∆E, between nuclear spin states α and β (Zeeman splitting) adopted by nuclei with 

spin $
%�  without magnetic field (B0=0) and with increasing field strength. (right panel): Schematic 

illustration of the bulk magnetization in presence of the magnetic field: Nuclear spins, 

represented by thin arrows, precess about the magnetic field along the z-axis of the laboratory frame 

according to their Lamor frequency ω0. The macroscopic magnetization, labeled as red bolt arrow, is 

generated by the population differences between the two Zeeman states, and is parallel to the 

direction of the magnetic field B0. Following a 90° radio frequency (rf) pulse along the x-axis, spins are 

phase coherent in the transverse plane, causing the projection of bulk transverse magnetization (blue 

bolt arrow) along the -y axis. 

 

The sensitivity of NMR experiments is related to the signal to noise ratio (S/N) which can be 

described by the following equation (Eq. 1.5), 

 

S

N
∝ nγ)*+γ,)-

.
/ B�

.
/(NS)

2
/T�3T4 Eq. 1.5 
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where n denotes the number of nuclear spins being observed, γexc the gyromagnetic ratio of 

the excited nuclei and γdet that of the detected nuclei, B0 the magnetic field strength, NS the 

number of accumulated spectra, T symbolize the temperature and T2 the spin-spin relaxation 

rate, a time constant characterizing the signal decay. As implied by Eq. 1.5 the signal to 

noise ratio in NMR experiments cannot only be improved by higher magnetic field strengths 

but also by increasing the number of nuclei, which can be achieved by raising the sample 

concentration. Furthermore the S/N in NMR spectra depends on the quotient of the 

gyromagnetic ratios of the excited and of the detected nuclei. Most solution-state NMR 

experiments utilize 1H excitation and detection in consequence of its high gyromagnetic ratio 

(see Table 1.1). 

Based on the resonance condition (Eq. 1.2) transitions between the two Zeemann levels can 

be stimulated by electromagnetic radiofrequency (rf) pulses, according to equation Eq. 1.6, 

 

ω56 = ω� = ΔE/ℏ Eq. 1.6 
 

 

where ωrf is the angular frequency of the rf pulse, often called transmitter or carrier frequency 

and ω0 is the Lamor frequency. The irradiation of a short rf pulse within the transverse plane, 

whose frequency is equal to the Lamor frequency of the respective spins (Eq. 1.6), results in 

phase coherence and the bulk magnetization vector is deflected in the xy- plane of the 

laboratory frame (Figure 1.1, right panel). This disturbance from the thermal equilibrium 

state, which induces an electromagnetic induction detectable by the coil, is the key to 

produce an NMR signal. 

 

The observed variation in NMR signals for nuclear spins of the same isotope depends on the 

chemical environments of individual nuclei and they are referred to as chemical shift which is 

indicated by the symbol δ. This phenomenon is caused by an effect called nuclear shielding 

where the circulation of electrons generates local secondary magnetic fields which can 

augment or diminish the effect of the main field B0. The effects of shielding on the 

precessional frequency ω of individual nuclei can be considered, according to Eq. 1.7, 

ω = −γ(1 − σ)B� Eq. 1.7 

 

 

where σ is the average, isotropic, shielding constant.  

Since, resonance frequencies are directly proportional to the static magnetic field B0, the 

differences in chemical shift between two resonance signals measured in frequency units 

also rise or fall depending on the used magnetic field strength B0.  
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In practice, chemical shifts are measured in parts per million (ppm) in terms of a standard 

reference, according to Eq. 1.8, 

 

δ =
Ω − Ω5)6
ω�

∗ 10< = (σ5)6 − σ) ∗ 10< Eq. 1.8 
 

 

where Ω and Ωref are the offset frequencies of the signal of interest and the reference signal, 

respectively 27,28,30 The most common reference standards in biomolecular NMR are  for 1H 

and 13C (DSS, TSP and TMS) and for 15N (NH3, NH4Cl, urea and nitromethane) 34,35. 

 

2.1.2 Relaxation 

 

Relaxation is one of the fundamental aspects of magnetic resonance, which describes the 

coherence loss of the magnetization in the x-y plane as well as the return of the excited spins 

back to the equilibrium state. These two types of relaxation processes are defined as: The 

longitudinal or spin-lattice relaxation, which concerns the recovery of spin populations 

according to the Boltzmann equation and the transverse or spin-spin relaxation, which 

characterizes the decay of spin coherence. The longitudinal and transverse relaxation rates 

are termed R1 and R2 and their corresponding time constants are defined as T1 and T2, 

respectively. The behavior of the nuclear magnetization M as a function of time t in presence 

of relaxation times T1 and T2 can be described by the following equations (Eq. 1.9, Eq. 1.10) 

 

M	(t) = M	,)?@1 − e�-/!2A Eq. 1.9 
 

 

M*B(t) = M*B(0)e�-/!/ Eq. 1.10 
 

 

Time-dependent fluctuations of the magnetic or electric fields that fulfill the resonance 

condition (Eq. 1.2) and thus the stimulation of energy emission are the driving forces for the 

relaxation of excited spins back to the equilibrium. Fluctuations of local magnetic fields are 

generated by random molecular motions of other surrounding nuclei, changes in chemical 

shielding or unpaired electrons. In case of T1 relaxation the exchange of energy with the 

surrounding ("lattice") occurs due to various intra- and intermolecular interactions, including 

dipolar-dipolar interactions, chemical shift anisotropy, spin rotation, scalar couplings and 

interactions with unpaired electrons in paramagnetic compounds.  
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The probability function of finding motions at a given angular frequency ω can be described 

by the spectral density function J(ω), according to Eq. 1.11, 

 

J(ω) = 2τ+1 + (ωτ+)4 Eq. 1.11 
 

 

where τc represents the isotropic rotational correlation time. This characteristic time constant 

is expressed as the average time it takes for a molecule to move to a position at an angle of 

about 1 radian from its starting position and is used to describe the rate of random motions. 

For approximately spherical globular proteins τc  can be calculated by Stoke's law (Eq. 1.12): 

 

τ+ = 4πηrHI3kJT  with rH = N 3M54πρNP
. + rQ  Eq. 1.12 

 

 

in which η is the dynamic viscosity of the solvent, T the temperature, kB is the Boltzmann 

constant and rH is the effective hydrodynamic radius of the protein. The latter can be very 

roughly estimated from the molecular mass Mr of the protein, the Avogadro constant NA as 

well as by assuming that the average density ρ for proteins is 1,37 g cm-3 and that a 

hydration layer of rw = 1.6 to 3.2 Å surrounds the protein 28. 

 

 
Figure 1.2: Schematically representation of the relaxation time constants T1 and T2 as a 

function of the rotational correlation time τc. The diagram is based on the simplified theory  in 
which all interactions are assumed to have the same correlation time. Within the figure T1 is 
highlighted in red and T2 is shown in black [adapted from 30,36,37] 
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The equations Eq. 1.11 and Eq. 1.12 implies that the rate of molecular tumbling increases as 

a function of solvent viscosity and the hydrodynamic radius, which is related to the molecular 

size of the protein. For an aqueous solution of normal viscosity, T1 relaxation is inversely 

proportional to correlation time which is in the range of 10-12 to 10-13 seconds for small molecules 

with molecular weights less than 100, whereas macromolecules have a τc of around 10-8 

seconds. A practical rule of thumb in estimating the rotational correlation time, is that the value of 

τc of a monomeric protein in an aqueous solution is approximately 0.6 times of its molecular 

weight in kDa. As shown in Figure 1.2. both the longitudinal and the transverse relaxation are 

related to the correlation time τc and it is evident that T1 is severely affected by intermediate 

motions, and insensitive to very slow or very fast motions. T2, however decreases with the same 

rate for small molecules or a slower rate for macromolecules (solids), hence T2 ≤ T1. The slow 

tumbling of macromolecules (longer τc) in solution leads to faster relaxation of transverse 

magnetization (short T2) due to enhanced spin-spin interactions and this is associated with an 

increased line width of NMR signals.  

To overcome the problem of resonance broadening one simple, albeit limited, solution is to 

increase the overall molecular tumbling rate by recording NMR spectra at elevated temperatures. 

Another generally applicable approach is to suppress the spin diffusion by minimizing spin-spin 

interactions through perdeuteration of the proteins 38-40.  
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2.1.3 Nuclear Overhauser Effect (NOE) 

 

The Nuclear Overhauser Effect (NOE) is defined as a change in the absorption intensity of 

one NMR resonance when the absorption of another resonance is perturbed from equilibrium 

by saturation or inversion. The nuclei involved may be either heteronuclear or chemically 

shifted homonuclear nuclei. The intensity change caused by NOE originates from zero-

quantum and double-quantum transitions between the energy levels of spins that are dipolar 

coupled through space and are in spatial proximity to each other.  

 

 

Figure 1.3: Relaxation pathways: Representation of the populations and energy levels (I - IV) 

for a two spin system with JIS = 0 (left panel):  The two "I" as well as the two "S" transitions have 

the same frequencies and are represented as w1
I
 and w1

S
. The "S" transitions are saturated by 

continuous RF irradiation (shown as black dashed arrow) at the resonance frequency of spin "S". 

Cross relaxation pathways immediately after saturation of the "S" transition (right panel): The 

probabilities for zero-, and double-quantum transitions are represented by w0 and w2 [adapted from 
30

]. 

 

The origin of the steady state NOE can be clearly illustrated for a two-spin system, in which 

the two spins "I" and "S" are coupled by dipolar-dipolar interactions under the assumption 

that no J coupling is between them (see Figure 1.3, left panel). By continuous irradiation of 

the "S" transitions for a sufficiently long time with a weak rf pulse, the target spin system is 

being saturated which results in equally populated Zeeman levels. After the irradiation, the 

system will try to restore the equilibrium through all allowable relaxation processes. Since the 

longitudinal relaxation pathways, denoted in the Figure 1.3 as w1 do not alter the population 

differences of the spin s, the system relax via the dipole-dipole cross relaxation pathways w0 

and w2 (see Figure 1.3, right panel).  

It depends on the correlation time which of the pathways predominates the relaxation of the 

system, and hence the motion of the molecule. For small molecules (MW < 1 kDa) which are 

tumbling rapidly, double-quantum transitions (w2) are the dominant relaxation pathway, 

resulting in observed intensity enhancement - positive NOE, whereas, zero-quantum 

transitions (w0) are the prevailing relaxation pathway for large molecules (MW > 3 kDa) that 

are tumbling slowly.  
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This results in an observed intensity reduction and thus in a negative NOE. For medium 

sized molecules (MW 1 - 3 kDa) the NOE is very weak or may theoretically be zero, if w2 = 

w0 (see Figure 1.4, left panel). 

The NOE enhancement can be calculated by the steady state NOE enhancement factor η, 

according to the following equation (Eq. 1.13), 

 

η =
γS

γT

(w4 −w�)

(2w3 +w4 +w�)
 

 

Eq. 1.13 
 

 

where γI/S are the gyromagnetic ratios of the spin "I" and spin "S", respectively. The term (w2 - 

w0) represents the cross relaxation rate and the term (w1 + w2 + w0) describes the total 

relaxation rate or dipolar spin-lattice relaxation. For homonuclear NOEs (γI =γS) the maximum 

enhancement is approximately fifty per cent (see Figure 1.4, right panel), whereas for 

heteronuclear NOEs the enhancement is also multiplied by the quotient of the gyromagnetic 

ratios.  

  

 

 
Figure 1.4: Graphic illustration of the effect of the molecular size and motion of molecules on 

the NOE: Representation of the longitudinal relaxation time constant T1 as a function of the 

rotational correlation time τc. (left panel)  Depending on the size of the molecule and / or the 

viscosity of the solvent, the NOE can be either positive or negative. Representation of the signal 

intensity of homonuclear NOEs as a function of τcω. (right panel): The NOE enhancement is 

close to zero, when τcω ~ 1. 
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2.2 Two - Dimensional NMR experiments 

 

2.2.1 Insensitive Nuclei Enhanced by Polarization Transfer (INEPT) 

 

The INEPT (Insensitive Nuclei Enhanced by Polarization Transfer) pulse sequence is the 

most utilized building block of many multidimensional NMR experiments which is used to 

transfer nuclear spin polarization from a sensitive nucleus with a high gyromagnetic ratio 

(usually 1H) to a less sensitive nucleus with a lower gyromagnetic ratio (usually 15N or 13C). 

As a result, the detected signal from the heteronucleus will be increased. In contrast to NOE 

experiments, the INEPT step uses J-coupling for the polarization transfer and is thus 

independent of relaxation mechanisms. The pulse sequence as well as a vector 

representation of an standard INEPT experiment is shown in the figure below (see Figure 

1.5). 

 

The magnetization transfer of an INEPT sequence is as follows: 

 

   I- spin:  90°x - τ - 180°x - τ - 90°y 

   S - spin:     180°x        90°y - acquisition 

 

The initial 90° excitation pulse on the I-spin (see Figure 1.5, right panel - step1) generates 

transverse magnetization (Eq. 1.14).  

 

I	 + S	 = −IB + S	 Eq. 1.14 
 

 

After one evolution delay of τ (with τ = 1/4JIS), simultaneous 180° pulses on both spins 

refocus the chemical shift but scalar couplings fully evolves for the whole of the period of 2τ, 

so that the spins undergo the following transformation (Eq. 1.15): 

 

−IB +  (
γ

S

γ
T

)S	

   πTU   
VWWX

   πSU   
VWWWX

4πYZ[τ4T\S\
VWWWWWWWX IB cos 2πJTSτ − 2I*S	 sin 2πJTSτ − (

γ
S

γ
T

)S	 Eq. 1.15 
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Figure 1.5: The basic INEPT experiment: Pulse sequence (left panel): The enhancement of the 

NMR signals results from the transfer of a nuclear spin polarization from the I spin, with large 

Boltzmann population differences such as 
1
H, to the nuclear spin of interest (S spin) usually an 

insensitive nuclei with low Boltzmann population differences such as 
15

N or 
13

C. The fixed delay τ is 

equal to 1/4JIS, 90° pulses are shown as filled black rectangles and 180° pulses are highlighted in 

grey. Behavior of the I spin magnetization vectors in an INEPT experiment (right panel): After an 

initial 90°x pulse the two magnetization vectors are flipped in the xy plane (1) where they process for a 

period of τ until they accumulate a relative phase angle of 90° (2). A 180° pulse applied on the I spins 

inverts both vectors within the transverse plane (3) while at the same time a second 180° pulse on the 

S spins interchanges the I spin labels α and β (4). Free precession for a further period of τ leads to an 

antiparallel formation of the vectors along the ± x-axis (5). The last 90° pulse about the y-axis realigns 

the magnetization vectors to the longitudinal direction (6) [adapted from 
41

]. 

 

The following 90° pulse rotates the I-spin magnetization components back to the z axes and 

the 90° pulse on the S-spin brings the coupled magnetization components back to the x-y 

plane, which results in detectable anti-phase magnetization (Eq. 1.16, Eq. 1.17). 

 

IB cos 2πJTSτ  ± 2I	S	 sin 2πJTSτ − (
γ

S

γ
T

)S	 Eq. 1.16 
 

 

IB cos 2πJTSτ  ±  2I	SB sin 2πJTSτ − (
γ

S

γ
T

)SB Eq. 1.17 
 

 

After the subtraction of the two experiments with an alternating phase, the following term is 

retained (Eq. 1.18). 

 

−2I	SB sin 2πJTSτ Eq. 1.18 

 

 

Through the INEPT sequence, the sensitivity of the S-spin is enhanced by spin I for a factor 

of γI / γS and the signal maximum will be achieved, when the term sin 2πJTSτ = 1. 
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2.2.2 The HSQC experiments  

 

The HSQC (heteronuclear single-quantum coherence) and HMQC (heteronuclear 

multiquantum correlation) are the basic building blocks of many multidimensional 

experiments, described in the next section. The HSQC experiment employs two INEPT 

magnetization transfers.  The first one creates an antiphase heteronuclear coherence 

whereas the second one is used to convert this coherence back to an observable 

magnetization. The enhancement in sensitivity which is reached by this sequence is 

significantly higher than the enhancement obtained by using the nuclear Overhauser effect in 

simple heteronuclear correlated spectra. The pulse sequence of a 1H-15N HSQC experiment 

is outlined in figure 4.  

The first INEPT step (see Figure 1.5)  generates a proton antiphase magnetization during the 

period τ. To refocus chemical shift modulation during this period, a 180°C pulse on both 

spins will be applied in the middle of these period. Subsequently, the coherence is 

transferred to the directly attached heteronucleus (usually 15N or 13C) by the simultaneous 

application of 90° pulses on both spins.  

The antiphase heteronuclear single quantum coherence evolves during the subsequent t1 

evolution period and a 180° pulse in the middle of these period refocuses the evolution of the 

1H heteronuclear JIS scalar coupling interaction.  

The second INEPT step is used to transfer the frequently labeled heteronuclear single 

quantum coherence back to the 1H magnetization for detection. Evolution in terms of the 

product operators is described for a two-spin system as follows (Eq. 1.19).  

 

I	

   TU    
VWWX − I`

4TZ[T\S\
VWWWWX − I` cos πJTSτ + 2I*S	 sin πJTSτ

τa3/4YZ[
VWWWWX 2I*S	

(TbcdSU)
VWWWWWX −2I	S`

Te & (gh-2)S\
VWWWWWWWWX 2I	S` cos Ωit3 − 2I	S* cos Ωit3

(TcdSU)
VWWWWX 2I*S	 cos Ωit3

− 2I*S* sin Ωit3

4TZ[T\S\
VWWWWX I` cos Ωit3 − 2I*S* sin Ωit3 

 

Eq. 1.19 
 

 

where I refers to proton spin and S to the heteronucleus spin. The delay τ is given by τ = 

1/4JIS and the chemical shift of the heteronucleus is denoted as ΩS. Prior to the detection 

there is the in-phase magnetization represented by the operator I` cosΩit3 as well as a 

multiple quantum coherence term 2IxSx.  
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The second one is unobservable and can therefore be neglected. Moreover, two-step phase 

cycles are necessary to filter out magnetization obtained from protons attached to 12C or 14N 

nuclei and four step phase cycles for the complete elimination of undesirable double 

quantum terms.  

 

 
Figure 1.6: 

1
H-

15
N HSQC experiment - Representation of the pulse sequence (left panel): Filled 

black rectangles and filled grey rectangles represent 90° and 180°, respectively. The nominal value for 

2τ = 1/(2JNH). Phase cycling is given by: Φ1 = x, -x; Φ2 = 2(x), 2(-x); Φ3 = 4(y), 4(-y) and the receiver = 
2(x, -x, -x, x) [adapted from 

28
]. Schematic representation of the correlations occurring in an 

HSQC within the protein backbone (right panel). 

 

Additionally to the conventional HSQC pulse sequence, described above (see example for 

1H-15N HSQC in Figure 1.6), a number of modifications have been proposed in the literature 

to improve the sensitivity, to achieve better resolutions or to remove peak artifacts. Pulse 

field gradient (PFG) versions for example were incorporated to suppress undesirable 

coherence pathways and to achieve a superior suppression of solvent signals. Moreover, 

PFG's allow a clear distinction between 1H - 12C versus 1H - 13C magnetization, which results 

in the collection of high quality HSQC spectra under standard routine conditions 42,43. The 

Echo / Anti-Echo method is one of the most widely used protocols to achieve coherence 

selection by using PFG's 44. On the other hand the preservation of equivalent pathways 

(PEP) methodology was introduced to enhance the sensitivity by the factor of √2 for a two 

spin system through the implementation of a second refocused INEPT step in a regular 

HSQC pulse sequence 45. Moreover, in 1992 Kay and coworkers have published a 

sensitivity-enhanced HSQC pulse sequence which combines the sensitivity enhancement of 

the PEP methodology with pulse field gradients for coherence selection 45. This combination 

was implemented later on for a three dimensional HNCO 46,47. Nowadays, both modifications 

are frequently used to improve a variety of multidimensional NMR experiments 48. 
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2.3 Triple Resonance Experiments  

 

2.3.1 HNCA and HNCO 

 

The HNCA experiment correlates 15N and NH chemical shifts with interresidue 13Cα shifts 

(see Figure 1.8, right panel), whereas the HNCO experiment correlates the amide 1H and 15N 

chemical shifts with the 13C shifts of the carbonyl resonance of the preceding amino acid (see 

Figure 1.7, right panel). The figures Figure 1.7 (left panel) and Figure 1.8 (left panel) 

represents the pulse sequences of an HNCO and a non constant time HNCA, respectively. In 

both experiments the magnetization originating from the amide 1H is transferred to the 

attached 15N via JNH coupling during INEPT sequence. In the subsequent t1 period, the 15N 

magnetization evolves exclusively under the influence of 15N chemical shift whereas 1H, 13C', 

and 13Cα decoupling is achieved by applying 180° refocusing pulses in the middle of t1 period. 

After the evolution of t1, the 15N magnetization becomes antiphase during the delay δ with 

respect to the coupled 13Cα spins in the HNCA and with respect to the polarization of the 

carbonyl spin of the preceding residue in the HNCO.  

 

 
Figure 1.7: 3D HNCO experiment - Representation of the pulse scheme (left panel): Filled black 
rectangles and filled grey rectangles represent 90° and 180°pulses, respectively. Pre-saturation of the 
water resonance is required during the recovery period and during both δ periods. The nominal value 

for 2τ = 1/(2JNH). The phase cycling scheme employed is as follows: Φ1 = x, -x; Φ2 = 2(y), 2(-y); Φ3 = x; 
Φ4=4(x), 4(-x); Φ5=8(x), 8(y), 8(-x), 8(-y) and the receiver is given by = 2(x), 4(-x), 2(x), 2(-x), 4(x), 2(-x) 
[adapted from 

28
].Schematic representation of the correlations occurring in an HNCO within the 

protein backbone (right panel).  
 

Thereafter, antiphase 15N magnetization will be converted into 15N - 13C' two spin coherence 

(HNCO) or in NH - 15N - 13Cα three spin coherence (HNCA) by applying a 90° pulse to the 

13C' spins (HNCO - 90° pulse (Φ4)) or to both 1H and 13Cα spins (HNCA, see Figure 1.8).  
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The contributions of 15N and 1H chemical shifts are removed during the t2 period by the 

execution of 180° pulses. In addition, 13C' - 13Cα decoupling is achieved by applying 180° 

pulses at the midpoint of t2 to the 13Cα (HNCO) or to the 13C' (HNCA) respectively. Finally, the 

magnetization is transferred back to the amide protons by reversing the transfer steps 

described previously, with the exception that the t1 period is omitted. 

 

 
Figure 1.8 Non constant time 3D HNCA experiment - Representation of the pulse sequence (left 
panel): Filled black rectangles and filled grey rectangles represent 90° and 180°pulses, respectively. 
The delay δ is adjusted to be an integral multiple of 1/JNH and to allow maximal magnetization transfer 
between the 

15
N and 

13
C spins. The phase cycling employed is as follows: Φ1 = x, -x; Φ2 = 4(x), 4(y), 

4(-x), 4(-y); Φ3 = 2(x), 2(-x) and the receiver is given by = x, -x, -x, x, -x, x, x, -x [adapted from 
28

] 
Schematic representation of the correlations occurring in a HNCA within the protein backbone 
(right panel). 

 

The HNCA pulse sequences can be described concisely by the operator formalism as, 

 

I	

            
VWWX −2I	NB

           
VWWX 2I	NB cosΩkt3 cosπ Jkl′t3

            
VWWX −4IBN*AB cosΩkt3 cosπJkl′t3

           
VWWX 4IBN*AB cosΩkt3 cosπJklt3 cosΩPt4

           
VWWX I* cosΩkt3 cosπJkl′t3 cosΩPt4 

Eq. 1.20 
 

 

under the assumption that the two-bond coupling between 15N(i) and 13 Cα(i-1) is zero and 

that the delay δ=1/(2JNA). The characters I, N, and A denote the intraresidue 1H, 15N and 13C 

spins and the carbonyl spin of the preceding residue is designated by C'. The chemical shifts 

of the intraresidue 15N and Cα are denoted as ΩN and ΩA and JNC' represents the interresidue 

15N-C' coupling constant. Eq. 1.20 indicates that the detected signal is amplitude modulated 

by the t1 and t2 dimensions, resulting in pure absorption lineshapes after a three dimensional 

Fouríer Transformation. When recording a HNCA experiment two sets of correlations are 

obtained: the intraresidue Cα(i) - 
15N(i) - NH(i) connectivity via one bond JNCα coupling and the 

interresidue Cα(i-1) - 15N(i) - NH(i) connectivity via two bond JNCα coupling (see also Figure 

1.8).  
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Denoting 1H, 15N and 13C spins by I, N, S, respectively, the pulse sequence of the HNCO 

experiment can be described as follows,  

 

I	             VWWX −2I	NB     -2      VWWX 2I	NB cosΩkt3            VWWX 4N*SBI	 cosΩkt3
    -/      VWWX4N*SBI	 cosΩkt3 cosΩSt4 cosπJklαt4 no cosπ J�it4�

p
             VWWX I* cosΩkt3 cosΩSt4 cosπJklαt4 no cosπ J�it4�

p 

Eq. 1.21 
 

 

assuming that the J coupling and the chemical shift effects, which are removed by 180° 

pulses, have been omitted and that T=T'. Moreover, the two bond interresidue 15N - Cα is 

often small in proteins and has been neglected in Eq. 1.21. ΩN and ΩS denote the 15N and C' 

chemical shift offsets and JNCα refers to the intraresidue 15N-Cα coupling and JKS to the 

coupling between the carbonyl carbon and other protons, k. Eq. 1.21 shows that the detected 

in-phase signal (Ix) is modulated in amplitude by the chemical shift offsets ΩN and ΩS in the t1 

and t2 dimension, respectively, evoking a purely absorptive 3D NMR signal after three 

dimensional Fourier Transformation.  

The highly sensitive 3D HNCO and the 3D HNCA experiment are powerful tools in the 

sequential assignment of NMR resonances in protein backbones, but no information can be 

obtained on the side chain atoms of the individual amino acids. 
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2.3.2 CBCANH / HNCACB 

 

The CBCANH 49 and the HNCACB 50 are standard tools in biomolecular NMR to correlate the 

resonances of the amide moiety with alpha and beta carbon resonances in proteins, whether 

these are intra- or interresidue correlations (Figure 1.9 - right panel). However, the HNCACB 

has some advantages over the CBCANH experiment. Thus it could be shown that the 

HNCACB is more sensitive, because it exploits the long T2 relaxation properties of the amide 

15N nuclei relative to those of the 13Cα/β spins. This should provide higher S/N ratios for large 

proteins where sensitivity losses due to relaxation become problematic. Moreover, the 

HNCACB experiment can be used to assign the side chain amide groups and carbon atoms 

of the amino acids asparagines and glutamine. The pulse sequence of a commonly used out 

and back HNCACB is outlined in Figure 1.9 (left panel). It represents an extension of the 

HNCA experiment originally described by Kay et al 51 and contains several well-known pulse 

sequence building blocks. The magnetization transfer of an HNCACB experiment is as 

follows: 

 

Hk
          
VWX N

           
VWWX Cα

           
VWWX Cα,β(t3)

          
VWX Cα

           
VWWX N(t4)

           
VWWX Hk(tI)  

 

After an initial INEPT transfer from 1H to 15N, the 5N magnetization is allowed to refocus 

relative to the coupling to the HN for a period δ1= 1/(2JNH), after which the proton decoupling 

is turned on. Throughout the period of the half of the delay τ, a buildup of antiphase 15N 

magnetization, relative to the 13Cα resonances of the intra residue (i) and of the preceding 

residue (i-1), occurs. Thereafter, antiphase 15N magnetization is converted to antiphase 

coherence with respect to the 13Cα spins by the simultaneous application of 90° pulses on 

nitrogen and carbon (Φ2). During the following period of 2δ2, the JCαCβ scalar coupling is 

active, due to the fact that the 180° pulse applied to 13Cα / 
13Cβ in the middle of this period is 

non-selective. Following the first period of 2δ2, the relevant terms are given by Eq. 1.22: 

 

−N	CB
α(cosπ JPJs2δ4t) + 2N	C*

αC	
β

(sin JPJs2δ4t) Eq. 1.22 
 

 

The relative magnitudes of the transfer functions are determined by the value of 2δ2. If 2δ2 = 

1/(8 JCαCβ) the magnitudes of the operators are approximately equal and correlations to 13Cα 

and 13Cβ are observed in the final spectra, whereas only 13Cβ are observed in the final 

spectra with a maximum magnitude, if the value of 2δ2 = 1/(4 JCαCβ). Subsequently, a 90° 

pulse (Φ3) rotates the carbon magnetization. 
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−N	CB
α − 2N	C	

αC*
β
 Eq. 1.23 

 

 

During t1 evolution time, the chemical shifts of the 13Cα and 13Cβ nuclei as well as the carbon - 

carbon scalar couplings (JCαCβ, JCβCγ) evolve, whereas nitrogen and carbonyl spins are 

decoupled by 180° pulses. 

 

 
Figure 1.9: 3D HNCACB experiment - Representation of the pulse scheme of an out and back 
(left panel): Filled black rectangles and filled grey rectangles represent 90° and 180° pulses, 
respectively with phase x, unless indicated. Rounded bars represent selective 180° pulses applied to 
13

CO spins. The phase cycle is given by Φ1 = x, -x; Φ2 = 2(x), 2(-x); Φ3 = y,  Φ4= y, Φ5= x, Φ6= 4(x), 4(-
x)  and the receiver by = x, -x, x, -x, x, x, -x. States TPPI is employed in t1 and t2 to obtain quadrature 
detection and the phase rotation, induced by the non-resonant effects of the 180° pulses applied to the 
13

CO spins during t1 can be compensated by adding a correction to pulse phases Φ4 and Φ5 [adapted 
from 

28
]. Schematic representation of the correlations occurring in an HNCACB within the 

protein backbone (right panel) 

 

After the following 90° pulse the magnetization can be described according to,  

 

−N	CB
α(cosπΩlαt3) + 2N	C*

αC	
β
(sinΩlβ t3) 

Eq. 1.24 
 

 

where ΩCα and ΩCβ are the chemical shifts of the corresponding spins. After refocusing of the 

preceding operators during the second period of 2δ2 the magnetization can be described by,  

 

−N	CB
α(cosπΩlαt3) + 2N	CB

α(sinΩlβ t3) Eq. 1.25 
 

 

The terms for the 13Cα and 13Cβ chemical shifts are of sign opposite, indicating that the 

correlation peaks for the corresponding 13Cα and 13Cβ spins are of opposite phase. 
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The inverted phases are useful for distinguishing of arising crosspeaks in the final spectra for 

both manual and automated assignment. Within the remaining pulse sequence the same 

magnetization transfer steps are repeated in opposite order to transfer the magnetization 

back to the HN, for detection 28,50,52. 

 

2.4 Nuclear Overhauser Enhancement Spectroscopy 

(NOESY) 

 

All of the triple resonance experiments described above, based on magnetization or 

coherence transfer via scalar coupling to provide orientational information between protons 

and heteronuclei of the same or the preceding residue within a protein backbone 28. 

Therefore, no information on the distance between spins for structural and dynamic studies 

of molecules in solution can be obtained by J - modulated experiments. However, NOESY 

experiments provide short range as well as long range internuclear distance restraints by 

using dipolar couplings in the form of cross relaxation, to correlate protons that are close in 

space (distance smaller than 5 Å). This makes NOESY experiments an attractive tool in the  

structural characterization of molecules in solution. Small size molecules, are generally 

measured using one dimensional NOESY experiments, whereas for larger molecules such 

as proteins two or multidimensional experiments are preferred, especially to overcome signal 

overlaps. 

 

2.4.1 3D 15N edited HSQC NOESY 

 

The 3D 1H-15N NOESY HSQC experiment is a combination of a standard NOESY sequence 

after removing the acquisition period with a standard HSQC sequence 53,54. The pulse 

sequence of such a 1H-15N NOESY HSQC experiment is illustrated in Figure 1.10 and the 

magnetization transfer is given by, 

 

H(t3)  
   ku�   
VWWWX H 

   Yvw   
VWWWX N(t4)

   Yvw   
VWWWX H(tI)  

 

Initially, an element consisting of the t1 evolution period flanked by two 90° proton pulses 

(90°Φ1 - t1 - 90°Φ2), is used to frequency label the spins and returns the magnetization back to 

the z-axis. The scalar coupling between 15N and 1H is refocused by a 180° pulse to the 

heteronuclei at the midpoint of the t1 evolution time.  
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Following the evolution of the 1H chemical shifts, the magnetization is transferred to vicinal 

protons via cross relaxation during the NOESY mixing time τm. The first 90° proton pulse 

following τm is equivalent to the first 90° proton pulse in a HSQC experiment 28,31. Afterwards, 

the magnetization of the HN spins is transferred to 15N and then back to HN after the evolution 

of 15N chemical shifts in the same pathway as in a standard HSQC experiment 31.  

For two 1H spins (HA and HB)  and a 15N spin that is scalar coupled only to the 1HA spin, the 

coherence transfer through 1H-15N NOESY HSQC pulse sequence is given concisely by the 

operator formalism as 28, 

 

H	P + H	J
π

4@HUxdHU A�-2
4 �πkU�-2

4 �π4@HUxdHU A
VWWWWWWWWWWWWWWWWWWWWWWWWWWX H	P cos@ΩHxt3A o cos@πJHxηt3A

η

+ H	J cos@ΩH t3A o cos@πJH λt3A
λ    τy    VWWX H	P[αHxHx(τ{) cos@ΩHxt3A o cos@πJHxηt3A

η

+αHxH (τ{) cos@ΩH t3A o cos@πJH λt3A]
λ

π

4@HUxdHU A�τ�π@HUxdHU A,πkU�τ�π4@HexdHe A,π4(kU)
VWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWX
− 2H	PNB [αHxHx(τ{) cos@ΩHxt3A o cos@πJHxηt3A

η

+αHxH (τ{) cos@ΩH t3A o cos@πJH λt3A]
-/
4 �π@HUxdHU A�-/

4VWWWWWWWWWWWWX
λ

− 2H	PNB cos(Ωkt4) [αHxHx(τ{) cos@ΩHxt3A o cos@πJHxηt3A
η

+αHxH (τ{) cos@ΩH t3A o cos@πH λt3A]
λ

π

4@HUxdHU A,π4kU�τ�π@HUxdHU A,πkU�τ
VWWWWWWWWWWWWWWWWWWWWWWWWWWWX
− H*P cos(Ωkt4)[αHxHx(τ{) cos@ΩHxt3A o cos@πJHxηt3A

η

+αHxH (τ{) cos@ΩH t3A o cos@πJH λt3A]
λ

 

 

Eq. 1.26 
 

 

in which the evolution time is given by τ = 1/(4JHk), Ω represents the chemical shift of the 

corresponding spin and αHxHx(τ{) and αHxH (τ{) are transfer functions for dipolar cross - 

relaxation. Homonuclear scalar couplings to other proton spins are represented by the terms 

JHxη and JH λ. 
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Figure 1.10: 3D 
1
H - 

15
N NOESY HSQC experiment - Representation of the pulse scheme (left 

panel): Filled black rectangles and filled grey rectangles represent 90° and 180° flip angles, 

respectively. The nominal value for τ=1/(4JHN) and τm is the mixing time. The phase cycle is given by 
Φ1 = 2(x), 2(-x); Φ2 = 4(x), 4(-x); Φ3 = x, -x; and the receiver by x, -x, -x, x, -x, x, x, -x (adapted from 

28
) 

Schematic representation of the correlations occurring in an 
1
H - 

15
N NOESY HSQC within the 

protein backbone (right panel).  

 

As mentioned above, correlations between spins that are close in space occur via cross 

relaxation. The intensity of the arising cross peaks, is not only proportional to the cross 

relaxation rate, but also comes from spin diffusion and increases as the mixing time τm 

increases. However, spin diffusion can be minimized, by using shorter mixing times. Usually, 

a mixing time of 30 - 200 ms is recommended for measurements of protein samples to avoid 

the effect of spin diffusion. Another limitation of NOESY experiments exists for the 

measurement of small and medium size molecules (molecular weight app. 1000 Da) in the 

"crossover" region where ωτc is approximately 1, resulting in an NOE enhancement close to 

zero (see Figure 1.4 - right panel) 31.  
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2.5 Residual Dipolar Couplings (RDC) 

 

In recent years Residual Dipolar Couplings (RDC) have emerged as a new tool for analyzing 

of biomolecules by liquid-state NMR. They provide crucial global orientational information 

and significantly complements classical short-range restraints obtained from the chemical 

shift, the scalar coupling constant as well as the NOE's in the determination of biomolecular 

structures 55. Moreover, RDC's can provide valuable information regarding internal dynamics 

over a wide range of timescales 56,57. The structural and dynamic insights gained from 

measurements of RDC's make them extremely useful for investigations of protein folding, 

ligand - protein and protein - protein interactions. Furthermore, they will be used for the 

structure determination of nucleic acids as well as for the analysis of carbohydrates in its free 

form or in protein-bound state 58,59.  

 

For a more complete overview of the applications of RDC's in structural biology and for the 

physical theory behind , the reader is being referred to the following reviews 55,56,58,60-64.  

 

2.5.1 Theoretical Framework 

 
The physical basis of residual dipolar coupling's (RDC) is the dipole - dipole (DD) interaction 

between two magnetic active nuclei in an external magnetic field B0. As a result of rotational 

Brownian diffusion, dipolar couplings average to zero under isotropic solution conditions but 

can be observed under slightly anisotropic solution or solid-state conditions. The spin-spin 

coupling for the nuclei I and S in the anisotropic phase is given by (Eq. 1.27),  

 

ωTS = DTS + πJTS Eq. 1.27 
 

 

where the secular part of the dipole-dipole coupling DIS can be described by the following 

equation (Eq. 1.28), 

 

DTS = D{�*〈(3cos
4
θ− 1)/�2〉�� Eq. 1.28 

 

 

where θ is the angle between the internuclear bond vector and the external magnetic field B0 

(see Figure 1.11, left panel). The pointed brackets around the θ dependent term denote time 

or ensemble averaging and Dmax is the dipole-dipole coupling constant, which can be 

determined according to Eq. 1.29,  
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D{�* = −
µ
�
hγ

P
γ
J

8πIr
PJ

I
 Eq. 1.29 

 

 

where µ0 is the vacuum permeability, h is the Planck's constant, γI and γS are the 

gyromagnetic ratios of nuclei I and S, respectively, and rIS is the distance between nuclei I 

and S. The dipole - dipole coupling constant Dmax is bond type dependent and usually on the 

order of 103 Hz (see Figure 1.11, middle panel). Furthermore, it can be seen from equation 

Eq. 1.29 that the value of Dmax strongly depends on the internuclear distance between the 

coupled nuclei I and S, which means that Dmax decreases rapidly with increasing internuclear 

distance as a function of r-3.  

 

 
Figure 1.11: Basics of RDC's - Diagram illustrating the relationships between an RDC 

internuclear vector IS and an arbitrary molecular frame (left panel): B0 represents the external 

magnetic field and θ is the instantaneous angle between the internuclear vector IS and B0. The 

projection angles of B0 onto each axis of the molecular frame are given by αx, αy, αz. rIS represents the 

distance between the nuclei I and S. Schematic representation of characteristic values for the 

static dipolar coupling constant in a protein backbone 
64

 (middle panel). Illustration of the 

steric alignment of biomolecules with bicelles aligning with their bilayer normal perpendicular 

to the external magnetic field B0 (right panel). 

 

2.5.2 Measurement of residual dipolar couplings 

 

In recent years, there have been numerous experiments designed to accurately measure 

RDC's and they are all based on two basic techniques . The frequency displacement 

technique, where separation of peak centers is measured in a frequency domain and 

quantitative J-modulation techniques, where the couplings are determined by variations in 

peak intensities induced by both J-couplings and RDC's 55,65. The frequency displacement 

techniques can be further categorized into three distinct kinds of experiments.  
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Firstly in experiments for the direct measurement of the resolved J-couplings from 

heteronuclear edited spectra for small and medium sized molecules, secondly in spin-state-

selection techniques such as the IPAP experiment 66, S3E 67,68 and S3CT 69 scheme for 

resolved crowded spectra and thirdly in exclusive correlation spectroscopy (E.COSY) type 

experiments 70.  

The latter ones are suitable to resolve small couplings between a pair of spins through a 

larger coupling between another pair of spins. Moreover, transverse relaxation optimized 

spectroscopy (TROSY) experiments are widely used in RDC measurements for the studying 

of large biomolecules or complexes 71. Some useful pulse sequences for the measurement of 

RDC's in small and medium sized proteins, including the IPAP [1H-15N]- HSQC, were 

summarized by Prestegard and coworkers in 2004 55.  

 

2.5.2.1 IPAP - HSQC - experiment  

 

The in-phase anti-phase (IPAP) HSQC experiment is used to measure RDC between amide 

1H and 15N spins and is carried out by acquiring two data sets in an interleaved manner. A 

representation of the pulse sequence of an IPAP [1H-15N]- HSQC experiment is shown in Fig 

8A. In contrast to a standard HSQC experiment, the pulse scheme of an IPAP HSQC 

optionally includes a spin-echo element (represented as white rectangle in Figure 1.12, left 

panel) on 15N preceding the t1 evolution period. In the absence of the spin-echo element, the 

experiment behaves like a regular HSQC with 1H coupled to 15N during t1 evolution. The 15N 

chemical shifts are modulated by cos (JHNt1) and the resulting doublets are in-phase. In the 

presence of the spin-echo element, the 15N anti-phase term is transferred to an in-phase term 

prior to the 15N evolution. After the 15N evolution period, only the term modulated by sin 

(JHNt1) is detected and the generating doublets are in anti-phase. The 90° purge pulse on 1H 

prior to the t1 evolution period is used to transfer the remaining residual cos (πJHN∆)HzNx to 

unobservable multiple quantum terms and the two low power 90°-x shape pulses (see Figure 

1.12. left panel) surrounding the final 1H 180° pulse are a part of the water signal 

suppression. A simple pictorial way to visualize the separation of the multiplets is the addition 

or subtraction of the in-phase and anti-phase spectra (see schematically representation in 

Figure 1.12, right panel). The resulting two spectra look like regular HSQC's with 15N 

chemical shifts displaced by either +JNH/2 or -JNH/2. The couplings can then easily be 

determined by the frequency differences of corresponding peaks. Therefore the separation 

step of the multiplet components is an interesting way to enhance the spectral resolution and 

to enable the measurement of small couplings, that are hampered by overcrowding problems 

28,55,66,72. 
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Figure 1.12: IPAP [
15

N, 
1
H]- HSQC experiment - Representation of the pulse scheme (left panel). 

Filled black rectangles and filled grey rectangles represent 90° and 180° flip angles, respectively with 

phase x, unless indicated. The ∆/2 - 180° (
1
H /

15
N) - ∆/2 90°σ4 sequence, represented by filled white 

rectangles, will be used in the IPAP [
15

N, 
1
H]- HSQC experiment for generating the anti-phase (AP) 

spectrum and is absent for generating the in-phase (IP) spectrum. The in-phase- and the anti-phase 

spectra are recorded in an interleaved manner. The two low power 90°-x shape pulses surrounding the 

final 
1
H 180° pulse are for water-solvent-suppression. The delay durations are 2τ = 1/(2JNH) and ∆ = 

1/(2JNH). During the time t1 the decoupling of the 
13

C nuclei takes place (not shown in the figure). 

Phase cycling is given by: Φ1 = -y, y; Φ2 = 2(x), 2(-x) for the in-phase experiment and by Φ1 = -y, y; Φ2 

= 2(y), 2(-y); Φ3 = 4(x), 4(y), 4(-x), 4(-y); Φ4 = 8(x), 8(-x) for the anti-phase experiment. Receiver = x, 

2(-x), x, -x, 2(x), -x for anti-phase [adapted from 
66

]. Schematic representation of a procedure for 

extracting 
1
H-

15
N couplings from an IPAP [

15
N, 

1
H]- HSQC experiment by addition or subtraction 

of the in-phase (IP) and anti-phase (AP) spectra (right panel) [adapted from 
72

] 

 

2.5.3 Alignment Media 

 

As outlined previously, in an isotropic solution, nuclear dipolar couplings are averaged to 

exactly zero by Brownian rotational diffusion. Therefore the partial alignment of dissolved 

molecules is clearly essential for the measurement of residual dipolar couplings by solution 

state NMR. In general, two mechanisms of partial alignment are described in literature. In the 

first one, high magnetic fields and inherent anisotropies in magnetic susceptibilities of the 

molecules of interest will be used to directly induce non isotropic distributions whereas in the 

second case liquid crystalline media will be added to the molecule under study to indirectly 

induce non isotropic distributions through collisional interactions 55.  In recent years, several 

types of media have been published to align macro molecules in solution 55,56,65. The most 

commonly used media, their properties as well as their advantages and drawbacks are 

summarized in Table 1.2 
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2.5.3.1 Bicelles 

 

Disc-shaped bicelles were the first medium used to collect RDC's in biomolecules and were 

originally developed in 1990 by Prestegard, Sanders and coworkers 73-75. The most common 

medium consists of a mixture of phospholipid typical of those found in biological membranes, 

dimyristoylphosphatidylcholine (DMPC), and a detergent-like lipid, dihexanoylphosphatidyl-

choline (DHPC) in low concentration to form planar bicelles (depicted in Figure 1.11 - right 

panel) where DMPC constitutes the planar bilayer region and DHPC stabilizes the rim of the 

bicelles 76,77. The mixture out of DMPC / DHPC was found to be particularly robust and is 

usually stable in a temperature range of 25 - 45°C 61. However, temperature studies have 

shown that bicelles align in the presence of an external magnetic field at 35°C, whereas they 

are isotropic at 25°C 78.  

This can particularly be observed with diluted samples (< 70 mg/ml), which tend to be 

unstable close to the lower temperature range (25 - 30°C), which then often leads to a 

separation into an aligned and an isotropic phase 61.  

In order to avoid phase separation, small amounts of charged amphiphile such as sodium 

dodecyl sulfate (SDS) or cetyltrimetylammonium bromide (CTAB) can be added to 

DMPC/DHPC bicelle preparations. Alternatively, charged phospholipids such as DMP-serine, 

DMTAP, DMPG or DMPC can be used 61,79. Charged amphiphiles prevent the aggregation of 

the phospholipid bilayers by the introduced electrostatic repulsion which also results in an 

extended temperature range of the stable liquid crystalline phase. Moreover, due to the 

charge introduction the biomolecule studied will additionally be oriented by electrostatic 

interactions. Therefore, the partial alignment of dissolved molecules in a bicelle solution can 

be very complex and includes steric interactions, electrostatic interactions, as well as specific 

surface associations 76. 

However, the formation of a homogenous liquid crystalline phase is not only dependent on 

temperature, but it also relies on a number of other factors, such as the absolute 

concentration, the molar ratio of the mixture and the ionic strength 61. The molar ratio of 

DMPC/DHPC is a critical factor, notably in solutions with a low bicelle concentration. If the 

molar ratio is too low, the lipids form small size discs that are too small to generate 

measurable alignment, whereas a ratio too high can result in non-planar bicellles that may 

collaps to spherical micelles through DMPC 61. The preparation of bicelle samples is 

straightforward and is described in the literature 61,80. Accordingly, a molar ratio of the lipids of 

3 - 3.5 is recommended to form bicelles with a diameter of 200 - 250 Å and a thickness of 

approximately 40 Å.  
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2.5.3.2 Filamentous Phages  

 

Filamentous phages are another liquid crystalline medium to align biomolecules and were 

introduced in parallel in 1998 by Clore et. al. and Pardy and coworkers 81,82. The most widely 

used phages are the bacteriophage Pf1 and the bacteriophage fd. The tobacco mosaic virus 

and the phage M13 are other examples of rod shaped viruses that are suitable for the partial 

alignment of biomolecules 81. 

Filamentous phages are highly negatively charged particles. Therefore, the orientation of 

biomolecules studied is largely induced by electrostatic interactions, making bacteriophages 

especially useful for the study of negative proteins as well as nucleic acids, including DNA 

and various types of RNA 55. Moreover, the strong charge - charge repulsion produces order 

with minimal line broadening 76. 

In comparison to bicelles, the liquid crystalline phase formed by filamentous phages is stable 

over a wider temperature range (5 - 50°C). Furthermore, the handling of phage-based liquid 

crystal media is more convenient and the measured protein samples can be easily recovered 

by high-speed centrifugation of the virus particles. 

Limitations with the alignment of biomolecules by phages arises in the presence of high salt 

concentrations and at low pH values 83. Recommended pH values for phage solutions are 

between pH 6.5 and 8. Below pH 6, the partial protonation of aspartate and glutamate 

sidechains of the phage coat protein reduces the net charge of the virus particles, leading to 

aggregation and consequently the sample loses liquid crystallinity. In addition high salt 

concentrations should be avoided at lower phage concentrations (cPf1 < 13mg/ml), because 

they influence the nematic phase boundary, resulting in isotropic samples 61. 
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Table 1.2: Commonly used alignment media for the measurement of RDC's in biomolecules 

media type composition charge 
temp 
(°C) 

advantages & disadvantages ref 

Liquid crystals       

 
 
ester linked 
phospholipid- 
bicelles 
 

 
DMPC/DHPC 

 
neutral 

 
25 - 45 

 
(+) easy preparation 
(-) degradation at low pH values, 
expensive 
(-) not stable in presence of 
detergents and lipids 

 
 
 
77,84

 

ether linked 
phospholipid 
bicelles 

DIODPC / CHAPSO neutral 10 - 55 

 
(+) stable at low pH values 
(-)  not stable at neutral pH 
values, and in presence of 
detergents and lipids 
(-) expensive 

85
 

lamellar liquid 
crystalline phases 

CmEn / n-hexanol neutral 0-40 

 
(+) inexpensive, insensitive to 
pH, low binding affinity for  
biomolecules 

86
 

purple membrane 
fragments 

 
2D crystalline 
fragments of lipids and 
bacteriorhodopsin 
 

negative 0 - 70 (+) reduced line broadening 
87,88

 

 
cetylpiridinium - 
based media / 
Helfrich phases 
 

CPCl, n-hexanol, NaCl 
CPBr, n-hexanol, NaBr 

positive 15 - 60 

 
(+) CPCl suitable for high ionic 
strength 
(+) CPBr suitable for low ionic 
strength 
(-) CPBr is a surfactant 

61,89,90
 

rod-shaped 
viruses 

 
bacteriophage Pf1 
bacteriophage fd 
tobacco mosaic virus 

negative 5 - 60 

 
(+) sample is recoverable 
(-) loss of liquid crystallinity at  
pH < 6 and at high ionic strength 

81,82,90,9

1
 

hydrogels      

stretched / 
compressed gels 

polyacrylamide neutral 5 - 45 

 
(+) easy sample recovery 
(+) high compatibility with 
biomolecules 
(-) inhomogeneous, line 
broadening 

88,92-94
 

charged gels 
polyacrylamide / 
acrylate 

negative 5 - 45 
 
(+) decreased line broadening 
(-) complicate preparation 

95
 

Others      

composite media 
Combination of 
bacteriophages and 
polyacrylamide 

negative - 
 
(+) steric and electrostatic 
interactions  

96
 

DNA based 
media 

DNA nanotubes 
G-tetrad DNA 

negative - 

 
(+) compatible against 
detergents 
(+) G-tetrad DNA is less 
expensive 
(+) partially compatible in 
presence of detergents 
(-) expensive 

97,98
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3. Material and Methods 

 

3.1 Material 
 

Chemicals were purchased by Carl Roth GmbH & Co KG (Karlsruhe, Germany), SERVA 

Electrophoresis GmbH (Heidelberg, Germany), Sigma-Aldrich Chemie GmbH (Taufkirchen, 

Germany), VWR International GmbH (Ismaning, Germany) and Roche Diagnostics GmbH 

(Unterhaching, Germany), unless stated otherwise. Isotopes such as 15NH4Cl, 13C-glucose 

and D2O were ordered by Euroiso-top (Saint-Aubin, France), Cambridge Isotope 

Laboratories, Inc (Tewksbury, USA) or Sigma-Aldrich Chemie GmbH (Taufkirchen, 

Germany).  

 

3.2 Methods 

3.2.1 Plasmid preparation  
 

Expression plasmids (pET15b) for mycobacterium tuberculosis PknG1-750 (wild type, 

NORS-RD-KD-TPRD, Uniprot accession no. P9WI73), PknG 74-750 (n-terminal truncated 

version, RD-KD-TPRD) as well as for  PknG 1-147 (NORS-RD) were kindly provided by Dr. 

Nicole Scherr and Prof. Dr. Jean Pieters from the Biozentrum of the University of Basel. Wild 

type and PknG mutant constructs had been prepared by inserting the respective coding 

sequence into a pET15b vector (Novagen) using the Nde1 and XhoI restriction enzyme sites 

23. The use of this plasmid allows to express PknG proteins with an N-terminal six residues 

long histidine-tag that is embedded into several other residues and followed by a thrombin 

cleavage site as well as a histidine (MGSSHHHHHHSSGLVPRGSH-).  

PknG1-75, PknG74-147, PknG74-420 as well as the N-terminal quadrupole mutant PknG1-

147 4C/4S (Cys106, Cys109, Cys128, Cys131) were constructed by using the QuickChange site-

directed mutagenesis method (Stratagene, La Jolla, CA). Table 2.1 summarizes the used 

template DNA's as well as the corresponding forward and reverse primers.  

The expression plasmid for PknG1-75 was obtained by introducing a stop codon at amino 

acid position G76, which corresponds to a change of the DNA sequence from 5’-GGC-3’ to 

5’-TGA-3’. For generating PknG74-420 a stop codon at amino acid position T421 was 

inserted, corresponding to a change of DNA sequence from 5'-ACA-3' to 5'-TAA-3'. 
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For the preparation of the PknG 74-147 expression plasmid a factor Xa cleavage site (IEGR) 

was introduced by mutating residues 70 to 73 (PVRR), corresponding to a change of the 

DNA sequence from 5’-CCGGTCAGA-3’ to 5’-ATCGAAGGC-3’. 

In addition, the region containing the thrombin protease site (LVPRGS) was mutated and the 

following histidine to a factor Xa recognition site (PRGSH to IEGR), corresponding to a 

change of the DNA sequence from 5’-CCGCGCGGCAGCCAT-3’ to 5’-ATCGAAGGCCGC-3’. 

The construct prepared following that procedure, allows to purify PknG 1-147 with the native 

N-terminus. For the preparation of the quadrupole mutant, the cystein's of the two CXXCG 

motifs (motif 1: 106CWNCG110 & motif 2: 128CPYCG132) within the rubredoxin domain were 

mutated to serine's, corresponding to a change of the DNA sequence for motif 1 from 5'-

TGCTGGAACTGT-3' to 5'-TCTTGGAACTCT-3' and for motif 2 from 5'-TGTCCCTATTGC-3' 

to 5'-TCTCCCTATTCT-3'. 

 

Table 2.1: Template DNA and primer for site directed mutagenesis 

PknG1-75 

Template DNA pET15b::PknG1-147 

forward primer 5’-GACGGCTGGGCTGAGGCCTGGTGGAAATC-3’ 

reverse primer 5’-GATTTCCACCAGGCCTCAGCCCAGCCGTC-3’ 

PknG74-147 

Template DNA pET15b::PknG1-147 

forward primer 5’-CCAGCCGGGTGCGCCCGATCGAAGGCCGGCTGGGCGGCGGC-3’ 

reverse primer 5’-GCCGCCGCCCAGCCGGCCTTCGATCGGGCGCACCCGGCTGG-3’ 

PknG74-420 

Template DNA pET15b::PknG74-750 

forward primer 5'-CCCAGTCGGTCGTAATTTGGAGTGGACCTGCTGG-3' 

reverse primer 5'-CCAGCAGGTCCACTCCAAATTACGACCGACTGGG-3' 

PknG1-147 4C/4S 

Template DNA pET15b::PknG1-147 

Forward primer (C
106

,C
109

) 
5'- AAGCGGTTCTCTTGGAACTCTGGACGTCCCGTC-3' 

Reverse primer (C
106

,C
109

) 5'- GACGGGACGTCCAGAGTTCCAAGAGAACCGCTT-3' 

Forward primer (C
128

,C
131

) 5'-GGGAGCTTCAGAGGGCTGGTCTCCCTATTCTGGCAGCCCG-3' 

Reverse primer (C
128

,C
131

) 5'-CGGGCTGCCAGAATAGGGAGACCAGCCCTCTGAAGCTCCC-3' 

PknG1-147 (thrombin to factor Xa cleavage site) 

Template DNA pET15b::PknG1-147 

Forward primer  5’-GCGGCCTGGTGATCGAAGGCCGCATGGCCAAAGCG-3’ 

Reverse primer  5'-CGCTTTGGCCATGCGGCCTTCGATCACCAGGCCGC-3' 
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The Phusion® High-Fidelity DNA Polymerase used and the restriction enzyme DpnI were 

obtained from New England Biolabs. The used sample compositions and the temperature 

profile for site directed mutagenesis are listed in Table 2.2 and Table 2.3. The isolation of 

plasmid DNA was carried out by using Wizard® Plus SV Miniprep Kit (Promega). The 

authenticity of the generated mutants was confirmed by DNA sequencing.  

 

Table 2.2: Temperature profile  

Segment Cycles Temperature Time 

1 1 95°C 1min 

2 18 

95°C 50s 

60°C 50s 

68°C 6 min* 

3 1 
68°C 7 min 

4°C ∞ 

* based on the length of the template vector 

 

Table 2.3: Composition of PCR approaches 

Component Volume [50 µl] 

dsDNA template (5-50ng) 0.5 -1 µl 

Oligonucleotide primer forward (125 ng) 2.5 µl 

Oligonucleotide primer reverse (125 ng) 2.5 µl 

50 x dNTP mix (10 mM each) 1 µl 

5 x reaction buffer (HF or GC) 10 µl 

ddH2O 30,5 - 33 µl 

DMSO 0 - 1.5 µl 

Pfusion High-Fidelity DNA polymerase 0.5 - 1 µl 
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3.2.2 Protein Expression 
 

All PknG constructs were finally expressed by Escherichia coli BL21 (DE3) cells (Novagen). 

100 ml of LB medium supplemented with 100 µg/ml ampicillin were inoculated with a single 

colony of transformed cells and grown at 37 °C overnight for a large scale culture in rich 

medium (LB) or throughout the day for a large scale culture in minimal medium (M9). 

Cultures were usually grown in a shaking flask incubator at 125 rpm. For expression in LB 

medium supplemented with 100 µg/ml ampicillin the preculture was diluted 1:40. For 

expression in M9 medium, the preculture was diluted 1:200 in 100 ml unlabeled M9 minimal 

medium, supplemented with 100 µg/ml ampicillin. The prepared second starter culture was 

grown at 37°C over night and the next morning diluted in labeled M9 minimal medium so that 

the starting OD600 was about 0.05. The cells were grown at 37°C to an OD600 of about 0.4-0.6 

and then induced with IPTG as described in the following: 

His-PknG 1-147: The protein expression of His-tagged PknG 1-147 in the metal free state 

was induced with 0.1 mM IPTG for 16 h at 15°C. For the expression of the protein in metal 

bound state 0.1 mM ZnCl2 were added at the same time as the IPTG. His-PknG1-75: Protein 

expression of His-tagged PknG 1-75 was induced with 1 mM IPTG for 3 h at 37 °C.  His-

PknG 74-147: Protein expression of His-tagged PknG 74-147 was induced with 0.1 mM 

IPTG for 16 h at 15°C. 0.1 mM ZnCl2 were added at the same time as the IPTG. His-PknG1-

147 4C / 4S: Protein expression of His-tagged PknG 1-147 4C / 4S was induced with 1 mM 

IPTG for 2 h at 37 °C. His-PknG74-420:  Protein expression of labeled His-tagged PknG74-

420 was induced with 0.1 mM IPTG for 16 h at 15 °C in M9 media, containing 70 % D2O.  

For in vitro kinase assays His-tagged PknG1-750, His-tagged PknG74-750 and His-tagged 

PknG74-420 were expressed in rich LB medium after the induction with 0.1mM IPTG for 16h 

at 15°C.    

The preparation of the M9 minimal medium was based on a published recipe 32. The M9 

minimal medium used contained M9 salts w/o NH4Cl, 2 mM MgSO4, 0.1 mM CaCl2, 1x BME 

vitamin solution (Sigma), 4 g/l unlabeled glucose or 2 g/l 13C-glucose, and 1 g/l 15NH4Cl. 

Additionally to this recipe, the medium was supplemented with 1x trace element solution (134 

µM EDTA, 31 µM FeCl3 x 6H2O, 6.2 µM ZnCl2, 0.76 µM CuCl2 x 2H2O, 0.42 µM CoCl2 x 

2H2O, 1.62 µM H3BO3, 0.081 µM MnCl2 x 4H2O). 15N labeled proteins were prepared in 

minimal medium containing 15NH4Cl as the sole nitrogen source. Additional 13C labeling was 

achieved by providing 13C-glucose as the sole carbon source.  
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3.2.3 Protein extraction and purification 
 

Cells expressing a PknG fragment were harvested by centrifugation at 4 °C (30 min, 

4000xg). The cell pellet was resuspended in 50 ml lysis buffer (20 mM Tris, 500 mM NaCl, 

20 mM imidazole, 10 mM benzamidine, 50x Roche protease inhibitor cocktail EDTA free, pH 

7.5). PMSF (1 mM) was added just before the cell disruption by sonication (Sonopuls 

Bandelin, UV3200) for 15 min on ice, with a power level of 40 % and a pulse length of 5s.  

After the sonication the lysate was cleared by a centrifugation for 30 min at 28k rpm and 4°C 

using an ultracentrifuge. The supernatant was loaded on a gravity flow column filled with 5 ml 

Ni-NTA agarose beads (Qiagen). The column was washed with ∼50 ml buffer containing 20 

mM Tris, 500 mM NaCl, 50 mM imidazole, pH 7.5. The His-tagged protein was eluted by 

increasing the imidazole concentration in the buffer stepwise to 100 mM, 200 mM and finally 

500 mM imidazole. For each step 20 ml buffer were used. The collected 10 ml fractions were 

analyzed by SDS-PAGE using 15 % polyacrylamide gels.  

His-PknG1-147. Fractions from the Ni-affinity chromatography containing based on the SDS-

PAGE analysis significant amounts of PknG 1-147 were pooled and concentrated at 3500xg 

at 4°C to 5-10 mg/ml using Amicon® Ultra Centrifugal Filter Units (MWCO 10.000, Merck 

Millipore). The resulting concentrated protein solution was further purified by size exclusion 

chromatography using a 200 pg Superdex™ HiLoad™ 16/600 column (GE Healthcare) 

coupled to an ÄKTA Prime FPLC system (GE Healthcare). Before loading the protein, the 

column had been equilibrated with 20 mM Tris, 150 mM NaCl pH 7.5. The flow rate was 1 

ml/min. His-PknG1-147 eluted at about 80 ml. Fractions containing highly pure protein were 

pooled and concentrated as described above. If a protein expression was induced without 

addition of ZnCl2, the refolding of the RD domain in the NMR tube could be achieved by 

adding 10 mM TCEP and 0.2 mM ZnCl2 if the protein concentration was < 0.2 mM (1 Zn2+ per 

protein molecule needed, data not shown). The protein concentration was determined by UV 

spectroscopy and the correct molecular weight was confirmed by mass spectrometry.   

PknG1-147. The preparation of PknG1-147 with its native N-terminus was only tried from LB 

medium. Fractions from the Ni-affinity chromatography run containing His-PknG1-147 with a 

factor Xa site preceding residue 1 were pooled, diluted with 20 mM Tris, 150 mM NaCl, pH 

7.5 to a concentration level of 50 mM imidazole and then concentrated at 3500xg at 4°C to 5-

10 mg/ml in Amicon® Ultra Centrifugal Filter Units (MWCO 10.000, Merck Millipore).  
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To further reduce the imidazole and salt concentration, the sample was washed with 20 mM 

Tris 5 times, 150 mM NaCl pH 7.5 by cycles of (using a dilution factor of 1:5) concentrating 

each time down to about 1 ml and filled up with buffer to a volume of about 5 ml. The final 

concentration was measured by UV spectroscopy and was about 1 mg/ml. After the addition 

of 2 mM CaCl2 from a concentrated stock, the protein solution prepared was digested with 

1U factor Xa (New England Biolabs) per 50 µg protein sample buffer 25 °C for about 10 

minutes. Size exclusion chromatography may be used to remove the cleaved off His-tag 

PknG1-147. Alternatively, this may be achieved by a second Ni-affinity chromatography run.  

His-PknG1-75: Fractions containing PknG 1-75 were pooled, diluted with 20 mM Tris, 150 

mM NaCl pH 7.5 to reduce the imidazole concentration to 50 mM and concentrated at 

3500xg at 4°C to 5-10 mg/ml in Amicon® Ultra Centrifugal Filter Units (MWCO 3.000, Merck 

Millipore). The resulting concentrated protein solution was loaded on a semi-preparative C4 

column (Jupiter® 5µm C4 300Å, 250 x 10 mm Phenomenex) coupled to a HPLC system 

(Äkta Purifier, GE Healthcare) and equilibrated at 10 % HPLC buffer B (90 % acetonitrile/ 0.1 

% TFA). HPLC buffer A was 0.1 % TFA in water. For the elution of the protein a gradient 

from 10 % to 90 % buffer B within 70 min (1.14 %/min) was applied with a flow rate of 4 

ml/min. The collected protein fractions were analyzed by 15 % SDS-PAGE. PknG1-75 eluted 

around 35 % B. The lyophilized protein was resuspended in 20 mM Tris, 150 mM NaCl pH 

7.5, washed and concentrated at 3.500xg and 4 °C in Amicon® Ultra Centrifugal Filter Units 

(MWCO 3.000, Merck Millipore). Instead of using RP-HPLC as a second purification step, we 

also tried size exclusion chromatography, which was performed as described for His-PknG1-

147. PknG1-75 eluted at about 110 ml. In this case the fractions containing PknG1-75 were 

only pooled and concentrated. The protein concentration was determined by UV 

spectroscopy and the correct molecular weight was confirmed by mass spectrometry.  

PknG74-147: Fractions from the Ni-affinity chromatography run containing His-PknG1-147 

with a factor Xa site preceding residue 74 were pooled, diluted with 20 mM Tris, 150 mM 

NaCl, pH 7.5 to a concentration level of 50 mM imidazole and then concentrated at 3500xg 

at 4°C to 5-10 mg/ml in Amicon® Ultra Centrifugal Filter Units (MWCO 10.000, Merck 

Millipore). To further reduce the imidazole and salt concentration, the sample was washed 

with 20 mM Tris, 150 mM NaCl pH 7.5 5 times by cycles of (using a dilution factor of 1:5) 

concentrating each time down to about 1 ml and filled up with buffer to a volume of about 5 

ml. The final concentration was measured by UV spectroscopy and was about 5-10 mg/ml. 

The protein solution prepared was digested with 1U factor Xa / mg in sample buffer 

supplemented with 2 mM CaCl2 at 25 °C overnight.   
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To separate the His-tagged PknG1-73 fragment from the PknG74-147 fragment (Fig. 1B), 

the digested protein solution was loaded on a semi-preparative C4 column (Jupiter® 5µm C4 

300Å, 250 x 10 mm Phenomenex). The RP-HPLC was performed as described for PknG1-

75. The collected protein fractions were analyzed by 15 % SDS-PAGE. PknG74-147 eluted 

around 46% B. The lyophilized protein sample was refolded in a buffer containing 20 mM 

Tris, 150 mM NaCl, 2 x molar excess of TCEP, 1.5 x molar excess of ZnCl2 pH 7.5. The 

protein concentration for refolding was usually about 15-20 µM. Refolded PknG74-174 was 

washed with the same buffer and concentrated using Amicon® Ultra Centrifugal Filter Units 

(MWCO 3.000, Merck Millipore) at 3.500xg and 4°C. The protein concentration was 

determined by UV spectroscopy and the correct molecular weight was confirmed by mass 

spectrometry.  

His-PknG1-147 4C/4S: Fractions containing PknG1-147 4C/4S were pooled, diluted with 20 

mM Tris, 150 mM NaCl pH 7.5 to reduce imidazole concentration to 50 mM and concentrated 

at 3500xg at 4°C to 5-10 mg/ml in Amicon® Ultra Centrifugal Filter Units (MWCO 3.000, 

Merck Millipore). The resulting concentrated protein solution was loaded on a semi-

preparative C4 column (Jupiter® 5µm C4 300Å, 250 x 10 mm Phenomenex). The RP-HPLC 

was performed as described for PknG1-75. The lyophilized protein was resuspended in 20 

mM Tris, 150 mM NaCl pH 7.5, washed and concentrated at 3.500xg and 4 °C in Amicon® 

Ultra Centrifugal Filter Units (MWCO 3.000, Merck Millipore). The protein concentration was 

determined by UV spectroscopy and the correct molecular weight was confirmed by mass 

spectrometry.  

His-PknG74-420, His-PknG74-750 & His-PknG1-750: Fractions from the Ni-affinity 

chromatography containing based on the SDS-PAGE analysis significant amounts of PknG  

were pooled and concentrated at 3500xg at 4°C to 5-10 mg/ml using Amicon® Ultra 

Centrifugal Filter Units (MWCO 10.000, Merck Millipore). The resulting concentrated protein 

solution was further purified by size exclusion chromatography using a 200 pg Superdex™ 

HiLoad™ 16/600 column (GE Healthcare) coupled to an ÄKTA Prime FPLC system (GE 

Healthcare). Before loading the protein, the column had been equilibrated with 20 mM Tris, 

500 mM NaCl pH 7.5. The flow rate was 1 ml/min. Fractions containing highly pure protein 

were pooled and concentrated as described above. The protein concentration was 

determined by UV spectroscopy. 

The yield of all tested proteins was usually about 10-15 mg per liter rich medium and about 

5-10 mg per liter minimal medium. 
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3.2.4 NMR sample preparation 
 

The protein concentration of the 15N- and 15N-13C-labeled samples of His-PknG 1-75, His-

PknG1-147 in the reduced, Zn-bound state, or PknG 74-147 in the reduced Zn-bound or 

oxidized, metal-free state in 20 mM Tris (pH 7.5), 150 mM NaCl (95 % H2O, 5% D2O) ranged 

from 0.1 - 0.8 mM in 20 mM Tris, 150 mM NaCl, pH 7.5 

The samples of PknG74-147 which was refolded from the lyophilized protein obtained after 

RP-HPLC purification contained furthermore 0.02-0.06 mM TCEP and 0.02-0.05 mM ZnCl2.  

The sample of 15N-13C-PknG74-147 (0.2 mM) for measuring residual dipolar couplings 

contained ∼17 mg/ml PF1 phages (ASLA Biotech). The protein concentration of 15N-D-

PknG74-420 in 20 mM Tris (pH 7.5), 500 mM NaCl, 10 mM TCEP, 0.5 mM MgCl2, and 0.5 

mM ATP was 0.1 mM.  

 

3.2.5 NMR spectroscopy 
 

NMR spectra were acquired at 298 K on Bruker Avance 500, 600, and 900 MHz 

spectrometers, the 500 and 900 MHz ones equipped with cryogenic probes. The data were 

processed with NMRPipe 99 and analyzed using NMRView 100. The backbone assignment for 

13C, 15N, and 1H nuclei were based on three dimensional constant time HNCA 46,101, HNCACB 

50,102, CCONH-TOCSY 103-108, HNCO 46,101,109 and HNHA 110,111 spectra.  

The 13Cα and 1Hα secondary shifts were calculated as the difference between the measured 

chemical shift value and the random coil value for the respective amino acid 112. 3JHNHα 

coupling constants were obtained from three-dimensional HNHA spectra 111. Information 

about the backbone dynamics were derived from 15N relaxation data including T1 (spin-lattice 

relaxation), T2 (spin-spin relaxation), and 1H-(15N)c-NOE. 15N-1H residual dipolar couplings 

were obtained from the analysis of 15N-1H-IPAP-HSQC data 66. The maximal 1DN-H for 

PknG74-147 was 15.7 Hz.  
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3.2.6 In vitro phosphorylation observed by NMR 
 

NMR samples used to monitor substrate phosphorylation based on 1H-15N-HSQC spectra 

contained 0.1 mM of 15N-His-PknG1-75 or 1-147 (substrate) in the presence of 1 mM ATP 

and 5 mM MgCl2 in 20 mM Tris (pH 7.5), 150 mM NaCl, 0.05 % NaN3, 5% D2O, and 10 µM of 

unlabeled, catalytically active His-PknG74-420. Consecutive spectra were acquired at 298K 

on a Bruker Avance 500 MHz spectrometer equipped with a cryogenic probe. Overnight 

incubation of the NMR sample at 310K was done using a thermostated waterbath. 

 

3.2.7 Kinase activity assay 
 

In vitro kinase assays were performed as 25 µl reactions in 20 mM Tris (pH 7.5) 

supplemented with 150 mM NaCl, 10 mM MgCl2, 2 mM MnCl2, and 40 µM [γ-32P] ATP with 

an activity of 0.5 µCi. For the activity measurements 0.6 µM kinase (His-PknG1-750 or His-

PknG74-750 or His-PknG74-420) and a 5-fold molar excess of substrate (His-PknG1-147 or 

His-PknG1-75) were incubated at 30 °C for 30 minutes. The kinase reaction was stopped by 

adding 6x SDS PAGE sample buffer and by boiling the sample at 95 °C for 10 minutes. The 

kinase and / or the substrate with the RD in the oxidized form were obtained by adding a 40-

fold molar excess of H2O2 and EDTA and incubation at 4 °C overnight. The next morning a 

buffer exchange was carried out using a gravity flow SuperdexTM G-25 M PD-10 column (GE-

Healthcare). Afterwards the protein solution was concentrated using Amicon® ultra 

centrifugal filter devices (MWCO 10 kDa) at 10k rpm and 4°C. Aliquots taken during the 

kinase assays were separated by SDS-PAGE using 15% polyacrylamide gels. 

Phosphorylation of the substrate was detected by applying a phosphor image screen onto 

the gel using a Typhoon 9200 PhosphorImager. The analysis of the kinase assay data was 

done with the program ImageQuant (GE Healthcare). 
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3.2.8 Molecular dynamics simulations 
 

Full atomistic molecular models of PknG74-420 with the RD in the Fe2+ and oxidized states 

were constructed based on the crystal structure of PknG74-750 in complex with the inhibitor 

AX20017 (PDB ID: 2PZI) 15. The loops missing in the crystal structure were modeled using 

ModLoop 113. The models were solvated in a water box with Na+/Cl- ions, mimicking a 100 

mM salt concentration.  

The molecular systems comprising ca. 62500 atoms, were simulated in an NPT ensemble at 

T = 310 K and p = 101.3 kPa for 250 ns, using a 2 fs integration time step, and treating long-

range electrostatic effects using the Particle Mesh Ewald (PME) approach. Simulations were 

performed using NAMD 2.9 114 with the CHARMM27 force field 115 and force field parameters 

for the Fe2+-4Cys center obtained from the literature116. The interaction energy between the 

PknG protein and the ATP-Mg2+ complex was computed at Poisson-Boltzmann (PB) 

continuum electrostatics level using MEAD 117,118. The dielectric constant ε for the protein and 

the ATP-Mg2+ complex was set to 4, whereas the solvent was modeled using ε=80. A three-

step focusing procedure was used to solve the PB equation numerically with grid dimensions 

of 189, 189, and 381Å, respectively, and a corresponding grid spacing of 1.0Å, 0.4Å, and 

0.1Å.Visual Molecular Dynamics (VMD) 119 was used for analyzing  the MD trajectories. 
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Expression and purification of the natively disordered and redox 

sensitive metal binding regions of Mycobacterium tuberculosis 

protein kinase G 

 
Matthias Wittwer, Sonja A. Dames 

 

Mycobacterium tuberculosis protein kinase G (PknG) is a eukaryotic-like serine/threonine 

kinase consisting of four functional domains which is essential for the survival of the 

pathogen in the human host. The N-terminal regions are responsible for regulating the kinase 

activity of the catalytic domain (aa 147-405). They consist of the non-regulatory secondary 

structure (NORS aa 1-75) region harboring the only autophosphorylation residue T63, 

followed by the redox sensitive rubredoxin domain (RD aa 74-147). As these domains are 

highly flexible, NMR is the most suitable method for the analysis of their regulatory function. 

For this purpose, a variety of samples containing individual domains or multidomain 

constructs are investigated.NMR depends on demanding sample conditions in terms of 

isotope labeling, quantity and concentration. In this publication optimized preparation 

conditions of various PknG constructs suitable for NMR investigations are presented. This 

includes the generation of different expression plasmids as well as the expression and 

purification of the respective proteins. By applying site directed mutagenesis on the plasmid 

for His-tagged PknG1-147 the following plasmids were obtained: His-PknG1-75, by 

introducing a stop codon at position G76, PknG74-147, by introducing a factor Xa recognition 

site before position 74, and a modified expression plasmid for PknG1-147, by mutating the 

N-terminal thrombin to a factor Xa recognition site. For all fragments protocols for the 

expression of isotopically labeled protein in M9 minimal medium, purification to high purity as 

controlled by SDS PAGE-analysis as well as sufficient yield and concentration for NMR 

spectroscopy are established. It was shown that the addition of ZnCl2 before induction is 

necessary for the expression of the RD in its folded, metal bound state. 1H-15N-HSQC 

spectra of the PknG constructs feature well dispersed backbone signals, which are amenable 

for sequential assignment. The initial NMR experiments demonstrate the feasibility of 

structural and dynamic characterization of the regulatory N-terminus, facilitating binding 

studies of potential drugs against tuberculosis.  

Matthias Wittwer designed and conducted experiments in the wet lab, carried out data 

analysis and was involved in writing the manuscript
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a b s t r a c t

Mycobacterium tuberculosis protein kinase G (PknG) is secreted into host macrophages to block lysosomal
degradation. The catalytic domain (�147–405) is C-terminally flanked by a tetratricopeptide repeat
domain (TPRD). The preceding rubredoxin-like metal-binding motif (RD, �74–147) mediates PknG redox
regulation. The N-terminal �75 residues were predicted to show no regulatory secondary structure
(NORS) and harbor the only site (T63) phosphorylated in vivo. Deletions or mutations in the NORS or
the redox-sensitive RD significantly decrease the survival function. Here, we show that the RD appears
only to be present in the folded, metal-bound state if ZnCl2 is added upon induction of protein expression
in minimal medium. Since factor Xa cleaves at the end of its recognition site (IEGR), a modified expression
plasmid for PknG1–147 was obtained by mutating the N-terminal thrombin to a factor Xa recognition
site. This allows preparing PknG1–147 with its native N-terminus. We further present a fast approach
to generate expression plasmids for only the NORS or the RD by site-directed mutagenesis of the expres-
sion plasmid for His-tagged PknG1–147. An expression plasmid for PknG1–75 was obtained by introduc-
ing a stop codon at position 76 and one for PknG74–174 by introducing a factor Xa recognition site before
position 74. SDS–PAGE analysis shows that all fragments are highly expressed in E. coli and can be pur-
ified to high purity. Thereby, the established preparation protocols pave the route for the NMR structural
characterization of PknG regulation by its N-terminal regions, which is demonstrated by the recorded
initial 1H–15N-HSQC spectra.

� 2015 Elsevier Inc. All rights reserved.

Introduction

Protein kinase G (PknG)1 is one of eleven eukaryotic-like serine/
threonine protein kinases encoded in the genome of M. tuberculosis,
the causative agent of tuberculosis [1,2]. PknG promotes cellular sur-
vival of pathogenic mycobacteria by blocking their lysosomal deliv-
ery and thus degradation [3]. Since PknG is secreted into the host

macrophages, it is an attractive drug target [3]. PknG is 750 residues
long and contains different functional regions (Fig. 1A). The N-term-
inal about 75 residues were suggested to be intrinsically disordered
and thus to show no regulatory secondary structure (NORS).
However, this region harbors the only site (T63) that has been shown
to be phosphorylated in vivo [4]. Mycobacterial survival in host
macrophages has further been suggested to require autophospho-
rylation [5]. Genetic and structural analysis revealed that PknG is
the only mycobacterial kinase in which the catalytic domain is
N-terminally flanked by a redox-sensitive rubredoxin motif (RD)
containing two conserved C–X–X–C-motifs [2,6]. The RD interacts
with both, the N-terminal and the C-terminal lobes, of the kinase
[6]. Mutations of cysteines in the conserved C–X–X–C motifs to ser-
ine or alanine influence the catalytic activity and render PknG insen-
sitive to a regulation by redox changes [4,5]. The C-terminus consists
of a tetratricopeptide repeat (TPR) domain, a structural motif typi-
cally involved in protein–protein interactions [6,7]. Since deletion
of the TPRD reduces the catalytic activity of PknG, it may regulate
PknG function by dimerization [4,6].

http://dx.doi.org/10.1016/j.pep.2015.03.015
1046-5928/� 2015 Elsevier Inc. All rights reserved.
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doxin-like domain, in case of PknG corresponding to residues 74–147; RP-HPLC,
reversed phase high performance liquid chromatography; SDS–PAGE, sodium dodecyl
sulfate polyacrylamide gel electrophoresis; TCEP, Tris(2-carboxyethyl)phosphine; TFA,
trifluoroacetic acid.

Protein Expression and Purification 111 (2015) 68–74

Contents lists available at ScienceDirect

Protein Expression and Purification

journal homepage: www.elsevier .com/ locate /yprep

http://crossmark.crossref.org/dialog/?doi=10.1016/j.pep.2015.03.015&domain=pdf
http://dx.doi.org/10.1016/j.pep.2015.03.015
mailto:sonja.dames@tum.de
http://dx.doi.org/10.1016/j.pep.2015.03.015
http://www.sciencedirect.com/science/journal/10465928
http://www.elsevier.com/locate/yprep


In order to be able to structurally characterize the N-terminal
natively disordered region and the role of the RD for the redox
regulation of PknG by multidimensional, heteronuclear NMR tech-
niques, we established expression and purification protocols for
different size constructs of these regions. Depending on the expres-
sion conditions for PknG1–147 (Fig. 1), 1H–15N-HSQC spectra indi-
cate that the RD is either present in the folded, metal bound form
or appears as the NORS region unfolded. To facilitate the NMR
resonance assignment and to be able to use the NORS and the RD
separately for binding studies, tag-free PknG1–147 and shorter
fragments encompassing only residues 1–75 or 74–147, respec-
tively, were obtained by introducing either a factor Xa recognition
site or a stop codon at suitable positions in the expression plasmid
for His-tagged PknG1–147. The 1H–15N HSQC spectra of PknG1–75
and 74–147 represent almost completely subspectra of the reso-
nances of the respective regions in PknG1–147. All proteins
express well in minimal medium, which allows obtaining high
yields of isotope labeled, highly pure proteins.

Materials and methods

Plasmid preparation

An expression plasmid for M. tuberculosis PknG1–147 (Uniprot
accession No. P9WI73) was kindly provided by Dr. Nicole Scherr
and Prof. Dr. Jean Pieters from the Biozentrum of the University
of Basel. This construct had been prepared by inserting the

respective coding sequence into a pET15b vector (Novagen) using
the Nde1 and XhoI restriction enzyme sites [5]. Use of this plasmid
allows to prepare PknG1–147 with an N-terminal six residues long
histidine-tag that is embedded by several other residues and fol-
lowed by a thrombin site and a histidine (MGSSHHHHHHSSGLV
PRGSH–, Fig. 1B). To obtain an expression plasmid that allows to
prepare PknG1–147 with its native N-terminus, we mutated the
region containing the thrombin protease site (LVPRGS) and the fol-
lowing histidine to a factor Xa recognition site (PRGSH to
IEGR? HisXa-PknG1–147, Fig. 1B), corresponding to a change of
the DNA sequence from 50-CCGCGCGGCAGCCAT-30 to 50-ATCGA
AGGCCGC-30. The sequences of the used forward and backward
PCR primers were 50-GCGGCCTGGTGATCGAAGGCCGCATGGCCA
AAGCG-30 and 50-CGCTTTGGCCATGCGGCCTTCGATCACCAGGCCGC-
30, respectively. Expression plasmids to prepare His-tagged
PknG1–75 (His-PknG1–75) and tag-free PknG74–147 (PknG74–
147) were constructed by site directed mutagenesis (Fig. 1C). The
one for His-PknG1–75 was obtained by introducing a stop codon
at amino acid position G76, corresponding to a change of the
DNA sequence from 50-GGC-30 to 50-TGA-30. The sequences of the
used forward and backward PCR primers were 50-GACGG
CTGGGCTGAGGCCTGGTGGAAATC-30 and 50-GATTTCCACCAGGCC
TCAGCCCAGCCGTC-30, respectively. For the preparation of the
PknG74–147 expression plasmid a factor Xa cleavage site (IEGR)
was introduced by mutating residues 70–73 (PVRR), corresponding
to a change of the DNA sequence from 50-CCGGTCAGA-30 to 50-
ATCGAAGGC-30. The sequences of the used forward and backward

Fig. 1. Domain structure of mycobacterium tuberculosis protein kinase G (PknG) and schematic representation of the generation of different expression plasmids for the N-
terminal regions based on a site-directed mutagenesis approach. A: PknG contains different functional regions. The N-terminal �75 residues are predicted to show no regular
secondary structure (NORS). The following redox-sensitive rubredoxin-like domain (RD) is N-terminal of the catalytic ser/thr kinase domain that is C-terminally flanked by a
tetratricopeptide repeat domain (TPRD). The metal coordinating CXXC motifs of the RD are indicated above. B: To be able to prepare PknG1–147 with the native N-terminus,
we prepared a construct in which the N-terminal thrombin site and the subsequent histidine were mutagenized to a factor Xa site. Since factor Xa cleaves at the end of the
recognition site, the resulting PknG1–147 fragments starts with the native N-terminal methionine (M1). C: Generation of expression plasmids for only the NORS region or the
RD based on the available expression plasmid for His-tagged PknG1–147 (His-PknG1–147) by sited directed mutagenesis. The one for the preparation of His-PknG1–175 was
obtained by introducing a stop codon at position 76 and the one for PknG74–174 by replacing residues 70–73 by a factor Xa recognition site.
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PCR primers were 50-CCAGCCGGGTGCGCCCGATCGAAGGCCGGCT
GGGCGGCGGC-30 and 50-GCCGCCGCCCAGCCGGCCTTCGATCGGGCG
CACCCGGCTGG-30, respectively. The used Phusion� High-Fidelity
DNA Polymerase and the restriction enzyme DpnI were obtained
from New England Biolabs. Isolation of plasmid DNA was carried
out by using a Wizard� Plus SV Miniprep Kit (Promega). The suc-
cess of the mutagenesis was verified by DNA sequencing.

Physicochemical parameters of PknG constructs (UniProt accession No.

P9WI73)

His-PknG1–147

=PknG1–147 including an N-terminal His-tag and a thrombin recognition
site:

MGSSHHHHHHSSGLVPRGSH-PknG1–147, 20 + 147 = 167 residues
Mw = 18,001 Da, pI = 6.22, e280nm = 13,980 M�1 cm�1.
HisXa-PknG1–147

=PknG1–147 including an N-terminal His-tag and a factor Xa recognition site:
MGSSHHHHHHSSGLVIEGR-PknG1–147, 19 + 147 = 166 residues
Mw = 17,923 Da, pI = 5.94, e280nm = 13,980 M�1 cm�1.
His-PknG1–69Xa74–147

=PknG1–147 including an N-terminal His-tag and a thrombin recognition site
as well as a factor Xa recognition site replacing residues 70–73:

MGSSHHHHHHSSGLVPRGSH-PknG1–69-IEGR-74–147, 20 + 147 = 167
residues

Mw = 17,949 Da, pI = 5.86, e280nm = 13,980 M�1 cm�1.
PknG1–147
147 residues, Mw = 15,838 Da, pI = 4.99, e280nm = 13980 M�1 cm�1.
His-PknG1–75

=PknG1–75 including an N-terminal His-tag and a protease recognition site:
MGSSHHHHHHSSGLVPRGSH-PknG1–75, 20 + 75 = 95 residues
Mw = 10,241 Da, pI = 7.11, e257nm = 600 M�1 cm�1.
PknG1–75

75 residues, Mw = 8078 Da, pI = 5.67, e257nm = 600 M�1 cm�1.
PknG74–147

74 residues, Mw = 7949 Da, pI = 4.61, e280nm = 13,980 M�1 cm�1.

Protein expression

All PknG constructs were finally expressed from Escherichia coli

BL21 (DE3) cells (Novagen). For some we tried initially also
Escherichia coli Rosetta 2 (DE3) (Novagen), however without any
gain regarding the expression yield. 100 ml of LB medium supple-
mented with 100 lg/ml ampicillin (in case of using Rosetta cells
additionally supplemented with 40 lg/ml chloramphenicol) were
inoculated with a single colony of transformed cells and grown
at 37 �C for 8–16 h. Cultures were usually grown in a shaking flask
incubator at 125 rpm. For large scale expression in LB medium the
overnight starter culture was diluted 1:40. For expression in mini-
mal medium, the LB starter culture that had been growing during
the day was diluted 1:200 in 100 ml unlabeled M9 minimal med-
ium and grown at 37 �C over night. The resulting minimal medium
starter culture was diluted such in labeled M9 minimal medium
that the starting OD600 was about 0.05 and grown at 37 �C. All cul-
tures were grown to an OD600 of about 0.4–0.6 and induced with
IPTG as described in the following:

His-PknG1–147, HisXa-PknG1–147, His-PknG1–69Xa74–147

Expression of the metal free state was induced with 0.1 mM
IPTG overnight (�16 h) at 15 �C. For expression of the protein in
the metal bound state 0.1 mM ZnCl2 were added at the same time
as the IPTG.

His-PknG1–75

Protein expression of His-tagged PknG1–75 was induced with
1 mM IPTG for 3 h at 37 �C.

The used M9 minimal medium contained M9 salts w/o NH4Cl,
2 mM MgSO4, 0.1 mM CaCl2, 1� BME vitamin solution (Sigma),

4 g/l unlabeled glucose or 2 g/l 13C-glucose, and 1 g/l 15NH4Cl [8]
as well as trace elements (134 lM EDTA, 31 lM FeCl3�6H2O,
6.2 lM ZnCl2, 0.76 lM CuCl2�2H2O, 0.42 lM CoCl2�2H2O, 1.62 lM
H3BO3, 0.081 lM MnCl2�4H2O, http://www.embl.de/pepcore/pep-
core_services/protein_expression/ecoli/n15). 15N labeled proteins
were prepared in minimal medium containing 15NH4Cl as the sole
nitrogen source. Additional 13C labeling was achieved by providing
13C-glucose as the sole carbon source.

Protein analysis

Protein samples taken along the expression and purification
were analyzed by SDS–PAGE using 15% polyacrylamide gels. The
used molecular weight markers were Page Ruler Prestained
Protein Ladder 10–170 kDa from Thermoscientifc (Figs. 2 and 4)
and Roti�-Mark 10–150 from Carl Roth� (Fig. 3). The correct mass
of the purified proteins was verified by mass spectrometry and the
protein concentration was determined by UV spectroscopy.

Protein extraction and purification

Cells expressing either PknG fragment were harvested by cen-
trifugation at 4 �C (30 min, 4000�g). The cell pellet was resus-
pended in 50 ml lysis buffer (20 mM Tris, 500 mM NaCl, 20 mM
imidazole, 10 mM benzamidine, 50� Roche protease inhibitor
cocktail EDTA free, pH 7.5). PMSF (1 mM) was added just before
cell disruption by sonication (Sonopuls Bandelin, UV3200) for
15 min on ice with a power level of 40% and a pulse length of
5 s. The lysate was centrifuged for 30 min at 28 k rpm and 4 �C
using an ultracentrifuge. The supernatant was loaded on a gravity
flow column filled with 5 ml Ni–NTA agarose beads (Qiagen). The
column was washed with �50 ml 20 mM Tris, 500 mM NaCl,
50 mM imidazole, pH 7.5. The His-tagged protein was eluted by
stepwise increasing the imidazole concentration to 100 mM,
200 mM, and finally 500 mM imidazole. For each step 20 ml buffer
were used. 10 ml fractions were collected. Fractions containing,
based on the SDS–PAGE analysis, significant amounts of either
PknG protein were pooled and concentrated at 3500�g at 4 �C to
5–10 mg/ml using Amicon� Ultra Centrifugal Filter Units (MWCO
10000 for His-/HisXa-PknG1–147/His-PknG1–69Xa74–147 and
MWCO 3000 for PknG1–75 and 74–147, Merck Millipore).

His-PknG1–147

The protein was further purified by size exclusion chro-
matography using a 200 pg Superdex™ HiLoad™ 16/600 column
(GE Healthcare) coupled to an ÄKTA Prime FPLC system (GE
Healthcare). Before loading the protein, the column had been equi-
librated with NMR buffer (20 mM Tris, 150 mM NaCl, pH 7.5). The
flow rate was 1 ml/min. His-PknG1–147 eluted at �80 ml.
Fractions containing highly pure protein were pooled and concen-
trated as described above. If protein expression was induced with-
out addition of ZnCl2, refolding of the RD domain in the NMR tube
could be achieved by adding 10 mM TCEP and a slightly higher
than equimolar amount of ZnCl2.

HisXa-PknG? PknG1–147

Preparation of PknG1–147 with its native N-terminus was only
tried from LB medium. Fractions from the Ni-affinity chro-
matography run containing His-PknG1–147 with a factor Xa site
preceding residue 1 (HisXa-PknG1–147, Fig. 1B) were pooled,
diluted with NMR buffer to a concentration level of 50 mM imida-
zole and concentrated at as described above. To further reduce the
imidazole and salt concentration, the sample was 5 times washed
with 20 mM Tris, 150 mM NaCl, pH 7.5 by cycles of (using a dilu-
tion factor of 1:5) concentrating each time down to �1 ml and fill-
ing up with buffer to a volume of �5 ml. The washed and
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concentrated protein solution (�1 mg/ml) was supplemented with
2 mM CaCl2 and digested with factor Xa (New England Biolabs, 1 U
per 50 lg substrate protein) at 25 �C for 10 min. The cleaved off
His-tag can be removed by size exclusion chromatography (see
His-PknG1–147).

His-PknG1–75

The concentrated protein solution of Ni-affinity chro-
matography purified protein was loaded on a semi-preparative
C4 column (Jupiter� 5 lm C4 300 Å, 250 � 10 mm, Phenomenex)
coupled to a HPLC system (Äkta Purifier, GE Healthcare) and

equilibrated at 10% HPLC buffer B (90% acetonitrile/0.1% TFA).
HPLC buffer A was 0.1% TFA in water. For the elution of the protein,
a gradient from 10% to 90% buffer B was applied with a flow rate of
4 ml/min within 70 min (= 1.14 %/min). His-PknG1–75 eluted at
�35% B. The protein was lyophilized and resuspended in NMR buf-
fer and washed and concentrated as described above. Instead of
RP-HPLC as second purification step, we also tried size exclusion
chromatography, which was performed as described for
His-PknG1–147. His-PknG1–75 eluted at about 110 ml. In this case
the fractions containing His-PknG1–75 were only pooled and con-
centrated to prepare the NMR sample.

Fig. 2. Expression and purification of His-PknG1–147 and tag-free PknG-1–47 analyzed by SDS–PAGE and NMR analysis of purified isotope labeled His-PknG1–147. A: Flow
diagrams of the purification procedures. B: The positions of the SDS–PAGE bands for His-PknG1–147 (left picture) and HisXa-PknG1–147 and PknG1–147 (right picture) are
indicated by short black arrows. M, molecular weight marker; Left plot (His-PknG1–147): 1–2, M9 minimal medium culture before and after induction; 3–4, supernatant and
pellet after sonication; 5–9, purification of the protein by Ni-affinity chromatography; 5, flow-through after loading; 6, wash fraction; 7–9, representative elution fractions,
10–12, representative fractions of the protein eluted from the size exclusion column; Right plot (HisXa-PknG1–147): 1–9, as left plot but for protein expressed in rich
medium; 10–12, factor Xa digest; 10, before; 11–12 after 5 and 10 min. C: Superposition of the 1H–15N HSQC spectra of 15N–13C-His-PknG1–147 purified from cultures
supplemented with 0.1 mM ZnCl2 upon induction (black) and of 15N-labeled protein obtained from cultures only induced with IPTG (red). Indicated by several well-dispersed
backbone signals (e.g. �8.7–9.7 ppm), the RD regions appears to be present in the folded, metal bound state in the black spectrum. Because the signal dispersion of the
backbone amides of the whole red spectrum is rather narrow (�7.7–8.7 ppm), the RD appears in this sample as unfolded as the preceding natively disordered NORS region.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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His-PknG1–69Xa74–147? PknG74–147

Fractions from the Ni-affinity chromatography run containing
His-PknG1–147 with a factor Xa site preceding residue 74 (His-
PknG1–69Xa74–147, Fig. 1C) were pooled, concentrated and
washed as described for HisXa-PknG1–147. The concentrated pro-
tein solution (5–10 mg/ml) was supplemented with 2 mM CaCl2
and digested with factor Xa (1 U per mg substrate protein) at
25 �C overnight. To separate the His-tagged PknG1–69Xa fragment
from the PknG74–147 fragment (Fig. 1C), the digested protein
solution was loaded on a semi-preparative C4 column (Jupiter�

5 lm C4 300 Å, 250 � 10 mm Phenomenex). The RP-HPLC was per-
formed as described for PknG1–75. PknG74–147 eluted at �46% B.
The fraction containing PknG74–147 was lyophilized and resus-
pended in NMR buffer and refolded by adding a 2-fold molar
excess of TCEP and a 1.5-fold molar excess of ZnCl2. The protein
concentration for refolding was usually about 15–20 lM.
Refolded PknG74–174 was several times washed with the used
refolding buffer (NMR buffer + 22.5–30 lM ZnCl2 + 30–40 lM
TCEP) and concentrated as described above.

The final protein yield was usually about 10–15 mg from 1 liter
rich medium and about 5–10 mg from 1 liter minimal medium.

NMR spectroscopy

NMR samples contained �100–800 lM protein in NMR buffer
supplemented with 5% D2O and where applicable other supple-
ments (TCEP & ZnCl2 – see refolding of PknG1–147/74–147).

NMR spectra were acquired at 298 K on a Bruker Avance 500 spec-
trometer equipped with a cryogenic probe. Data were processed
with NMRPipe [9] and analyzed using NMRView [10].

Results and discussion

Expression, purification, and NMR analysis of unfolded and metal

bound His-PknG1–147

His-PknG1–147 (Fig. 1B) was highly expressed from E. coli BL21
(DE3) cells (Fig. 2B left plot, lanes 1–2). The protein was also well
expressed if E. coli Rosetta (DE3) cells were used (data not shown).
Since the use of Rosetta cells did not increase the yield, however
affords the use of a second antibiotic in the medium, we used for
all subsequent purifications BL21 (DE3) cells. After expression at
15 �C over night, the protein was mostly found in the soluble frac-
tion (Fig. 2B left plot, lanes 3–4). The presence of the natively dis-
ordered N-terminal NORS region (Fig. 1B) did not result in strong
bands for potential degradation products in the soluble fraction
(Fig. 2B left plot, lane 3) or in the elution fractions of the subse-
quent purification steps (Fig. 2B left plot, lanes 7–11). Extraction
of His-PknG1–147 from the centrifuged cell lysate by Ni-affinity
chromatography (Fig. 2B left plot, lanes 5–9) resulted already in
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Fig. 3. Expression and purification of His-PknG1–75 analyzed by SDS–PAGE and
NMR analysis of the purified isotope labeled protein. A: Flow diagram of the
purification procedure. B: The position of the SDS–PAGE band for His-PknG1–75 is
indicated by a short black arrow. M, molecular weight marker; 1–2, M9 minimal
medium culture before and after induction; 3–4, supernatant and pellet after
sonication; 5–11, purification of the protein by Ni-affinity chromatography; 5, flow-
through after loading; 6, wash fraction; 7–11, representative elution fractions; 12,
RP-HPLC purified protein in NMR buffer. C: Superposition of the 1H–15N HSQC
spectra of 15N–13C-His-PknG1–147 purified from cultures supplemented with
0.1 mM ZnCl2 upon induction (black) and of 15N-PknG1–75 purified as second
purification step either with RP-HPLC (red) or size exclusion chromatography
(green). The red and the green spectrum are largely identical. The signals of both
overlap overall very nicely with a subset of peaks of PknG1–147, indicating that the
NORS region is similarly unstructured in all 3 samples. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. Expression and purification of PknG74–147 analyzed by SDS–PAGE and NMR
analysis of the purified isotope labeled protein. A: Flow diagram of the purification
procedure. B: The positions of the SDS–PAGE bands for His-PknG1–69Xa74–147
and PknG74–147 are indicated by short black arrows. M, molecular weight marker;
1–2, M9 minimal medium culture before and after induction; 3–4, supernatant and
pellet after sonication; 5–9, purification of the protein by Ni-affinity chro-
matography; 5, flow-through after loading; 6, wash fraction; 7–9, representative
elution fractions, 10–12, representative elution fractions from the size exclusion
chromatography run; 10–11, factor Xa digest; 10, before; 11 after �16 h; 12,
representative fraction of the RP-HPLC purified protein. C: Superposition of the
1H–15N HSQC spectra of 15N-13C-His-PknG1–147 purified from cultures supple-
mented with 0.1 mM ZnCl2 upon induction (black) and of RP-HPLC purified,
refolded 15N-PknG74–147 (red). Indicated by the almost perfect overlap of several
well-dispersed backbone signals (e.g. �8.7–9.7 ppm), the RD regions appears to
adopt the same folded, metal bound state in both proteins. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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rather clean protein in the elution fractions (Fig. 2B left plot, lanes
7–9). During the subsequent size exclusion chromatography run
the remaining few impurities could be almost completely removed
(Fig. 2B left plot, lanes 10–11).

Fig. 2C shows in red the 1H–15N-HSQC spectrum of 15N-His-
PknG1–147 that had been purified from M9 minimal medium cul-
tures that had only been induced with IPTG. The spectrum that is
characterized by low signal dispersion is overall typical for an
unfolded protein. Since the RD domain may be able to fold to the
metal-bound rubredoxin fold observed in the crystal structure of
PknG74–750 [6] in the absence of the kinase domain, we tested
if we could obtain His-PknG1–147 with the RD in the folded, metal
bound state by adding a divalent metal ion upon induction [11].
Based on the black 1H–15N-HSQC spectrum in Fig. 2C, adding
0.1 mM ZnCl2 upon induction of protein expression with IPTG
was sufficient to obtain His-PknG1–147 with the RD in folded
state. This is indicated by the appearance of several well-dispersed
backbone amide crosspeaks, e.g. in the range from 8.7 to 9.7 ppm,
as well as for example significantly different peak positions for the
side chain amide protons of the tryptophan indole rings (W107 &
W127) around 10–10.5 ppm. The same spectral appearance can
be obtained if a reducing agent (e.g. 10 mM TCEP) andP1 equiva-
lent of Zn2+ per protein molecule (e.g. by adding ZnCl2 from a
50–100 mM stock solution) are added to the protein purified from
cells that were induced without adding ZnCl2 (data not shown).

Generation of a construct for the preparation of PknG1–147 with its

native N-terminus and expression and purification of the respective

protein

Because the presence of the native N-terminus is sometimes
vital for the protein function, for example that of cadherins mediat-
ing cell adhesion [12], and because removal of the His-tag may
facilitate the NMR resonance assignment and/or be beneficial for
future interactions studies, we prepared further an expression
plasmid that allows to prepare PknG1–147 with its native N-termi-
nus (PknG1–147). For this, we replaced the N-terminal thrombin
site that is followed a histidine by a factor Xa site (HisXa-PknG1–
147, Fig. 1B) using site-directed mutagenesis. Compared to throm-
bin that cleaves between the R and the G of its recognition
sequence (LVPR^GS) thereby leaving two non-native residues
(GS), factor Xa cleaves at the end of its recognition sequence
(IEGR^) thereby leaving no non-native residues. Also this PknG
protein expressed well in E. coli cells (Fig. 2B right plot, lanes 1–
2) and was almost completely detected in the soluble fraction
(Fig. 2B right plot, lanes 3–4). The already rather clean protein
obtained from the Ni-affinity purification (Fig. 2B right plot, lanes
5–9) was digested with factor Xa (Fig. 2B right plot, lanes 10–12)
to result in complete removal of the His-tag.

Generation of a construct for the preparation of NORS region and

expression and purification of the resulting His-PknG1–75 protein

Since cloning of a new expression plasmid from scratch can be
rather time consuming, we thought of a faster approach to obtain
an expression plasmid for only the N-terminal NORS region
(Fig. 1A). Because site-directed mutagenesis involving only few
DNA sequence changes is generally highly efficient, we just incor-
porated a stop codon at the position of residue 76 in the expression
plasmid for His-PknG1–147 (Fig. 1C). As His-PknG1–147 (Fig. 1C),
the construct including a stop codon after residue 75 correspond-
ing to His-PknG1–75 was also highly expressed from E. coli BL21
(DE3) cells (Fig. 3B, lanes 1–2). After expression at 37 �C for 3 h,
the majority of the protein was found in the soluble fraction
(Fig. 3B, lanes 1–4). Based on the SDS–PAGE analysis, the
expression and purification of the His-tagged natively disordered

N-terminal NORS region (1–75) alone (Fig. 1C) did also not result
in significant bands for potential degradation products (Fig. 3B).
His-PknG1–75 purified by Ni-affinity chromatography (Fig. 3B,
lanes 5–11) was already rather pure (Fig. 3B, lanes 7–11). To fur-
ther purify the protein we tried size exclusion chromatography
as well as RP-HPLC chromatography. Since His-PknG1–75 is pre-
dicted to be natively disordered and since RP-HPLC under the used
denaturating conditions resulted in slightly higher purity (Fig. 3B,
lane 12), we will use the latter as second purification step for
future purifications. Fig. 3C shows a superposition of the 1H–15N-
HSQC spectrum of 15N-13C-His-PknG1–147 in black, RP-HPLC pur-
ified 15N-His-PknG1–75 in red, and size exclusion chromatography
(SEC) purified 15N-His-PknG1–75 in green. The latter two spectra
are almost identical, indicating that the used method for the sec-
ond purification step for His-PknG1–75 has, as expected for a lar-
gely unfolded protein, no significant influence on the spectral
appearance. Comparing the 1H–15N-HSQC spectra of His-PknG1–
147 and His-PknG1–75 (Fig. 3C) it can further be seen, that the lat-
ter represents largely a subspectrum of the first. This suggests that
residues 1–75 in both PknG fragments are similarly unstructured.

Generation of a construct for the preparation of the RD region and

expression and purification of the resulting PknG74–147 protein

Similar to the preparation of the expression plasmid for His-
PknG1–75, we employed a site-directed mutagenesis approach to
quickly obtain an expression plasmid for PknG74–147. We again
used as basis the expression plasmid for His-PknG1–147, however
introduced this time a factor Xa protease cleavage site (IEGR) just
before residue 74 (Fig. 1C). Like His-PknG1–147 (Fig. 1C), the ver-
sion including a Xa recognition site in the central region (=His-
PknG1–69Xa74–147) was also highly expressed from E. coli BL21
(DE3) cells (Fig. 4B, lanes 1–2). After expression at 15 �C overnight,
almost all of the target protein was found in the soluble fraction
(Fig. 4B, lanes 1–4). As for His-PknG1–147 and His-PknG1–75,
the protein purified from the centrifuged cell lysate by Ni-affinity
chromatography (Fig. 4B, lanes 5–9) was already rather pure
(Fig. 2B, lanes 7–9). In this case the wash fraction (Fig. 4B, lane
6) contained also some target protein, presumably to slight over-
loading of the used Ni-affinity column. Complete cleavage could
be achieved by using a rather low factor Xa concentration and
incubating overnight (�16 h, Fig. 4B, lanes 10–11). PknG74–147
was separated from the N-terminal cleaved off fragment by RP-
HPLC chromatography (Fig. 4B, lane 12). Since the denaturating
conditions during the RP-HPLC result in metal loss and thus
unfolding, refolding was achieved by adding a reducing agent
(e.g. TCEP) and slightly higher than equimolar equivalent of a diva-
lent metal ion (e.g. Zn2+) to the protein dissolved in native buffer.
We prefer to use TCEP as reducing agent. Compared to dithiothre-
itol (DTT) it does not hamper the determination of the protein con-
centration by UV spectroscopy. Moreover it is rather stable under
the used buffer conditions and does smell as intense as for example
b-mercaptoethanol (BME). Instead of Zn ions other divalent ions
maybe tried. In the crystal structure of an N-terminally truncated
fragment, the cysteines of the RD coordinate a cadmium ion [6].
Fig. 4C shows a superposition of the 1H–15N-HSQC spectrum of
15N-13C-His-PknG1–147 in black and refolded 15N-PknG74–147
in red. The peaks of PknG74–147 nicely overlap with the well-
dispersed signals characteristic for the folded, metal-bound RD
region in His-PknG1–147 purified under native conditions. This
suggests that residues 74–147 in both PknG fragments adopt the
same Zn-stabilized fold. By comparing the 1H–15N-HSQC spectra
of His-PknG1–147 with that of His-PknG1–75 and PknG74–147
(Figs. 3C and 4C), it becomes further evident that the spectra of
the two shorter fragments add up to that observed for the
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combined one. Thus the structure and dynamics of the NORS and
RD region appear rather independent of each other.

Conclusion

In summary, we showed that addition of ZnCl2 upon induction
in minimal medium allows obtaining His-PknG1–147 with the RD
in the folded, metal-bound state. We further presented a fast and
efficient method to prepare expression plasmids for PknG1–147
with the native N-terminus or only the NORS (1–75) or the RD
(74–147) of mycobacterial PknG (Fig. 1A) that is based on the
introduction of a stop codon or a protease cleavage site in the
expression plasmid for His-PknG1–147 by site directed mutagene-
sis (Fig. 1B and C). We further describe the expression and purifica-
tion of the respective PknG proteins by Ni-affinity
chromatography, followed by size exclusion chromatography or
RP-HPLC chromatography as second purification step and where
applicable to separate the fragments after a protease digest
(Figs. 2–4B). The presented expression and purification protocols
make the N-terminal regions of M. tuberculosis PknG amenable
for a detailed structural and dynamic characterization by NMR
spectroscopy (Figs. 2–4C) and other techniques and for binding
studies with to be identified binding partners within the host cell
as well as new potential drugs against tuberculosis.
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Chemical shift assignment of the natively disordered N-terminus 

and the rubredoxin domain in the folded, metal bound and 

unfolded, oxidized state of mycobacterial protein kinase G 

 
Matthias Wittwer, Sonja A. Dames 

 

NMR provides valuable insights into the structural details of dynamic proteins which are 

inaccessible to other biophysical methods. In order to analyze residue specific dynamical 

properties, an NMR chemical shift assignment of the backbone signals is required. It is 

assumed that the N-terminal regions of mycobacterial protein kinase G (PknG) are involved 

in regulating the catalytic activity and sensing of the redox environment within the human 

host. This paper reports the chemical shift assignment of the highly flexible natively 

disordered N-terminal NORS region (no regulatory secondary structure) and for the redox 

sensitive rubredoxin domain (RD) in its folded, metal bound and its unfolded, oxidized state 

to the BioMagResBank. Overall, the 1H, 13C and 15N resonance assignments for backbone 

residues of NORS and RD are described, as well as several sidechain 13Cβ and further 13C 

aliphatic resonances. The sidechain chemical shift assignment was limited by the intrinsic 

flexibility of the NORS region. Due to its unfolded character and size, the1H-15N HSQC of the 

N-terminus contains extensive signal overlap, causing problems for further sequential 

resonance assignment.To resolve signal overlap in the crowded region, NMR experiments 

were recorded for single domain constructs (His-PknG1-75 and PknG74-147), as well as for 

a construct encompassing the full N-terminus (His-PknG1-147), previously described in detail 

18. Indeed, the NMR spectra of each subdomain nearly form perfect subspectra of the two-

domain protein, when the RD is in the metal bound state. As expected, the NORS region 

shows low signal dispersion typical for an unfolded protein, whereas the redox sensitive RD 

in the metal bound state shows some well dispersed peaks indicative of a folded protein. 

Upon oxidation the RD shows crowding in the spectral random coil region implying unfolding 

of this motif. The presented chemical shift assignments provide the basis for the structural 

characterization of the regulation of PknG by redox changes and posttranslational 

modifications (phosphorylation).  

Matthias Wittwer designed and conducted experiments, measured and carried out NMR data 

analysis as well as sequential assignment and was involved in writing the manuscript
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Abstract Mycobacterium tuberculosis protein kinase G

(PknG) is a 82 kDa multidomain eukaryotic-like serine/

threonine kinase mediating the survival of pathogenic

mycobacteria within host macrophages. The N-terminal

sequence preceding the catalytic kinase domain contains an

approximately 75 residues long tail, which was predicted to

show no regulatory secondary structure (1–75 = NORS)

but harbors the major in vivo phosphorylation site (T63),

and a rubredoxin-like metal binding motif (74–147 = RD).

In the reduced rubredoxin motif, four conserved cysteine

residues that are present as two C-X-X-C-G motifs coor-

dinate a metal ion. The cysteines are further involved in

sensing the redox environment to regulate PknG catalytic

activity. Here, we report the 1H, 13C, and 15N resonance

assignments of the highly dynamic unstructured N-terminal

region NORS and the RD in the reduced, metal bound,

presumably folded and the oxidized, presumably unfolded

state. Chemical shifts have been deposited at the BioMa-

gResBank under the BMRB accession numbers 26,028 for

the His-PknG1–147 with the RD in reduced, metal bound

state, 26,027 for His-PknG1–75, and 26,030 and 26,029 for

PknG74–147 either in the reduced, metal bound or oxi-

dized state, respectively. The presented chemical shift

assignments pave the route for the structural characteriza-

tion of the regulation of PknG by redox changes and

posttranslational modifications (phosphorylation).

Keywords Mycobacterium tuberculosis protein kinase G �

Redox-sensitive metal binding motif � Rubredoxin �

Intrinsically disordered protein � NMR � Chemical shift

assignment

Biological context

The mycobacterial protein kinase G (PknG) is one of 11

eukaryotic-like serine/threonine kinases encoded in My-

cobacterium tuberculosis and related organisms (Av-Gay

and Everett 2000). PknG is of particular interest regarding

the development of new tuberculosis therapies, because it

is secreted into infected macrophages to block the phago-

some-lysosome fusion and thereby the degradation of

bacteria (Walburger et al. 2004). Thus, drugs targeting

PknG do not have to pass the only low permeable

mycobacterial cell wall. PknG is a soluble, multidomain

82 kDa protein consisting of four different functional

regions (Scherr et al. 2007). The catalytic unit is C-termi-

nally flanked by a tetratricopeptide repeat domain (TPRD),

which mediates dimerization in the crystal structure of

PknG74–750 bound to the inhibitor AX20017 and may

further mediate interactions with other proteins (Scherr

et al. 2007). The preceding rubredoxin-like metal binding

region (RD, residues *74–147) is characterized by two

conserved C-X-X-C-G motifs. In the reduced form, the

four cysteines can coordinate a divalent metal ion such as

Zn2? or Cd2? (Scherr et al. 2007). A PknG mutant, in

which the four cysteines are replaced by serines, is devoid

of kinase activity and deletion of the RD renders the kinase

more active against a 17mer peptide substrate derived from

the in vitro substrate protein GarA (Lisa et al. 2015; Scherr

et al. 2007). Moreover, PknG is more active against GarA

under oxidizing conditions and mutations of the cysteines
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to alanines render PknG insensitive to a regulation by

redox changes (Tiwari et al. 2009). The N-terminal about

75 residues were predicted to show no regulatory sec-

ondary structure (NORS) but harbor the major in vivo

phosphorylation site, namely threonine 63 (Tiwari et al.

2009). Autophosphorylation in the N-terminal tail does not

affect kinase activity but is required for the survival of the

mycobacteria within host macrophages (Scherr et al. 2009).

The structural basis of the role of the N-terminal regions

for the regulation of PknG catalytic activity under different

redox conditions and in different phosphorylation states is

to date not well understood.

Here, we present the assignment of the resonances of

the highly dynamic unstructured N-terminal region

(NORS, residues *1–75) and of the rubredoxin metal

binding motif (RD, residues *74–147) in the reduced,

metal bound and the oxidized, metal free state. The

assignment of the resonances provide the basis for the

structural and dynamic characterization of the N-terminal

regions of PknG under different redox conditions and in

different phosphorylation states by NMR, which will help

to better understand PknG regulation by redox changes

and posttranslational modifications.

Methods and experimental

Cloning and mutagenesis

A pET-15b vector containing the coding sequence for the

N-terminal regions of PknG (residues 1–147) with an

N-terminal His-tag (His-PknG1–147) was kindly pro-

vided by Dr. Nicole Scherr and Prof. Dr. Jean Pieters

from the Biozentrum of the University of Basel. The

sequence of the 20 residue long N-terminal tag com-

prising 6 histidines as well as a thrombin cleavage site

is: MGSSHHHHHHSSGLVPRGSH. Expression plas-

mids for residues 1–75 corresponding to the NORS

region with an N-terminal His-tag (His-PknG1–75) and

residues 74–147 corresponding to the rubredoxin domain

(PknG74–147) were generated based on a mutagenesis

approach by introducing either a stop codon or a factor

Xa cleavage site around residue 74 (Wittwer and Dames

2015).

Expression and purification of the N-terminal

regions of PknG

The expression and purification of the N-terminal con-

structs including His-PknG1–147, His-PknG1–75 and

PknG74–147 has been described in detail earlier (Wittwer

and Dames 2015). All proteins were expressed in Escher-

ichia coli strain BL21 (DE3). Cells were grown in M9

minimal media supplemented with 15NH4Cl and/or 13C-

glucose as sole nitrogen or carbon sources for the prepa-

ration of 15N- or 15N-13C-labeld proteins. His-PknG1–147

was purified in two steps based on Ni-affinity and size

exclusion chromatography (Wittwer and Dames 2015).

His-PknG1–75 was purified in two steps based on Ni-

affinity and size exclusion chromatography or reversed-

phase high performance liquid chromatography (RP-

HPLC) (Wittwer and Dames 2015). PknG74–147 was

purified based on Ni-affinity chromatography, followed by

a factor Xa digest to cleave off His-Pkng1–73 followed by

the factor Xa recognition site (IEGR) and RP-HPLC to

separate the cleavage products (Wittwer and Dames 2015).

Fig. 1 Superposition of the
1H-15N-HSQC spectra of His-

PknG1–147 (black), His-

PknG1–75 (green), and

PknG74–147 (red) recorded at

298 K on a 500 MHz

spectrometer

402 M. Wittwer, S. A. Dames
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Refolding of PknG74–147 was achieved by dissolving the

lyophilized protein from the final RP-HPLC step in NMR

buffer (20 mM Tris, 150 mM NaCl, pH 7.5) containing the

reducing agent Tris(2-carboxyethyl)phosphin (TCEP) and

ZnCl2 and concentrating it (Wittwer and Dames 2015).

NMR spectroscopy

NMR samples contained 15N- or 15N-13C-labelled His-

PknG1–75, His-PknG1–147 with the RD in the reduced,

Zn2?-bound state, or PknG74–147 in the reduced Zn2?-

bound or oxidized, metal free state at a concentration of

*0.4–0.8 in 20 mM Tris, 150 mM NaCl, pH 7.5, supple-

mented with 5 % D2O and additionally 0.02–0.06 mM

TCEP and 0.02–0.05 mM ZnCl2 in the samples of

PknG74–147 that was refolded from the lyophilized protein

obtained after RP-HPLC purification (Wittwer and Dames

2015). NMR spectra were acquired at 298 K on Bruker

Avance spectrometers with a magnetic field strength of

500, 600, and 900 MHz, the 500 and the 900 MHz ones

equipped with cryogenic probes. The backbone assignment

for 13C, 15N, and 1H nuclei were based on three dimen-

sional HNCA (Grzesiek and Bax 1992; Kay et al. 1994),

HNCACB (Muhandiram and Kay 1994; Wittekind and

Fig. 2 1H-15N-HSQC spectrum

of the NORS region (His-

PknG1–75) recorded at 298 K

on a 500 MHz spectrometer.

The sequence-specific

assignments are indicated by the

one-letter amino acid code and

the sequence position. The

additional label -sc indicates

side chain amide protons.

Assigned peaks of the

purification tag are highlighted

in blue. A asterisk indicates that

the respective peaks are visible

at lower contour level

Fig. 3 1H-15N-HSQC spectrum

of the rubredoxin domain

(PknG74–147) in the reduced,

metal bound state recorded at

298 K on a 500 MHz

spectrometer. The sequence-

specific assignments are

indicated by the one-letter

amino acid code and the

sequence position. The

additional label -sc indicates

side chain amide protons. A

asterisk indicates that the

respective peaks are visible at

lower contour level

Chemical shift assignment of the intrinsically disordered N-terminus and the rubredoxin… 403
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Mueller 1993), CCONH-TOCSY (Grzesiek et al. 1993;

Montelione et al. 1992), HNCO (Grzesiek and Bax 1992;

Kay et al. 1994), and HNHA (Vuister and Bax 1993, 1994)

spectra. Data were processed with NMRPipe (Delaglio

et al. 1995) and analyzed using NMRView (Johnson 2004).

Assignments and data deposition

Figure 1 shows the superposition of the 1H-15N-HSQC spectra

of His-PknG1–147, His-PknG1–75, and PknG74–147. The

spectra of each isolated region form almost perfect subspectra

of that of the two region protein. This suggests that the two

regions behave rather independently and do not interact sig-

nificantly. This is not surprising since they are connected by a

glycine-rich region (residues 75–77 = GGG).As expected the

reduced,metal boundRDyields a spectrum typical for a folded

protein with overall well dispersed signals, whereas theNORS

region yields a spectrum typical for an intrinsically disordered

protein (IDP) with a low signal resolution in the proton

dimension (about 7.5–8.5 ppm). However, since the RD

region also shows several signals in the crowded central

region, assignment of the extensively overlapped signals of

His-PknG1–147 was achieved by recording NMR assignment

spectra of each functional region (NORS and RD) separately.

Fig. 4 1H-15N-HSQC spectrum

of His-PknG1–147 recorded at

298 K on a 500 MHz

spectrometer. The box in the

upper left corner shows a zoom

of the central boxed region. The

sequence-specific assignments

are indicated by the one-letter

amino acid code and the

sequence position. The

additional label -sc indicates

side chain amide protons.

Assigned peaks of the

purification tag are highlighted

in blue. A asterisk indicates that

the respective peaks are visible

at lower contour level

Fig. 5 Superposition of the
1H-15N-HSQC spectra of

PknG74–147 in the oxidized,

metal free (black recorded on a

900 MHz spectrometer) and the

reduced, metal bound form (red

recorded at 298 K on a

500 MHz spectrometer)

404 M. Wittwer, S. A. Dames
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The crystal structures of PknG74–750 in complex with the

inhibitor AX20017 (Scherr et al. 2007) and of PknG74–405 in

complex with ADP or an ATP analogue and Mg ions (Lisa

et al. 2015) have been published. Since we are mainly inter-

ested in characterizing the backbone dynamics and confor-

mational changes induced by redox changes, phosphorylation,

or interactions based on backbone RDCs as well as chemical

shift changes, we focused on the assignment of the backbone

atoms as well as the side chain 13Cb shifts. For the reduced,

metal bound RD aliphatic side chain 13C shifts have addi-

tionally been assigned. Both, the NORS and the RD region,

contain each 10 prolines and several glycines (1–75: 5 G,

74–147: 9 G), which induce backbone dynamics for some

residues on a time scale, resulting in broadening of the

respective backbone resonances beyond detection.

For the NORS region (1–75), 72 % of the 1H and 15N

backbone resonances of non-proline residues (65 of 75)

could be assigned (Fig. 2). No chemical shift assignment

could be obtained for the N-terminal residues M1-S5 and

the C-terminal tail encompassing residues T64-L74, except

V71 and P70. In addition, assignments were obtained for

69 % of the 13Ca, 64 % of 13Cb, and 45 % of 13C’ reso-

nances. The N–terminal His–tag, was only partially

assigned since most resonances were not visible.

For the RD (74–147, 74 amino acids) in the reduced,

metal bound form, 89 % of backbone amide 1H and 15N

resonances of non-proline residues (64 of 74, Fig. 3), 95 %

of 13Ca, 50 % of 1Ha, 97 % of 13Cb, and 63 % of 13C’

resonances could be assigned. In this case further side

chain 13C resonances were obtained based on 3D CCONH–

TOCSY spectra. Figure 4 shows the assigned 1H-15N-

HSQC spectrum for the two segment protein His-

PknG1–147. Chemical shift differences for the two seg-

ment compared to the single segment spectra are observed

in the linker region connecting the two regions, since these

residues are within the N- or C-termini in the single domain

proteins but in the center of the sequence of His-

Pkng1–147.

Figure 5 shows the superposition of the 1H-15N-HSQC

spectra of the reduced, metal bound, presumably folded

folded RD and the oxidized, presumably unfolded one. For

the oxidized state 70 % of the backbone 1H and 15N res-

onances of non-proline residues (65 of 75, Fig. 6), 73 % of

the 13Ca, and 97 % of the 13Cb could be assigned (Fig. 6).

Due to the high proline (10) and glycine (5) content and the

resulting dynamic behavior of the presumably unstructured

oxidized rubredoxin domain, the signals for the regions

surrounding the two C-X-X-C-G motifs (K103 to P112 and

P129 and S133) could not be assigned.

The 1H, 13C, and 15N chemical shifts have been deposited

in the BioMagResBank under the BMRB accession numbers

26,028 for His-PknG1–147 with the RD in reduced, metal

bound state, 26,027 for His-PknG1–75, and 26,030 and

26,029 for PknG74–147 either in the reduced, metal bound

or oxidized state, respectively.
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Oxidative Unfolding of the Rubredoxin Domain and the Natively 

Disordered N-terminal Region Regulate the Catalytic Activity of 

Mycobacterium tuberculosis Protein Kinase G 

 
Matthias Wittwer, Qi Luo, Ville R. I. Kaila and Sonja A. Dames 

 

 

Mycobacterium tuberculosis, the causative agent of tuberculosis, has evolved many 

strategies to survive human host produced reactive oxygen species (ROS) 120. The 

mycobacterial protein kinase G (PknG) belongs to a group of different regulatory metal 

containing proteins that are sensitive to exogenous oxidative stresses and thus they are 

important to maintain mycobacteria in redox homeostasis 121. In this paper, the dynamic 

behavior of the N-terminal regions of PknG are investigated, in order to understand how they 

are involved in regulating kinase activity. Dynamic properties were evaluated by NMR 

relaxation parameters and demonstrate distinct differences between the NORS (no 

regulatory secondary structure) and RD (rubredoxin domain) of the PknG N-terminus. As 

predicted previously, the ca. 75 residue long NORS motif is highly flexible and intrinsically 

unstructured, whereas the following RD in its metal-bound state is more rigid and mostly well 

structured. The RD adapts a folded state in a reduced, metal-bound environment and unfolds 

under oxidizing conditions. In addition the structure of the reduced, metal bound RD is overall 

similar in the absence and presence of the kinase and resemble the published crystal 

structures, as based on residual dipolar couplings and predicted chemical shifts. In vitro 

kinase assays lead to the assumption that the catalytic domain can phosphorylate peptide 

substrates better when the RD of PknG is in a folded metal bound state. However, the folding 

state of the substrate is of no significance when the RD of the kinase is unfolded. Thereby 

we assume that the substrate access to the catalytic domain is regulated by the controlled 

folding and unfolding of the RD. Indeed MD simulations indicate that the oxidative induced 

unfolding of the RD results in a more open and better accessible ATP and substrate binding 

cavity. Hence, redox conditions have a direct influence on PknG activity. The study illustrates 

the ability of PknG to respond to environmental redox changes caused by ROS within host 

macrophages. 
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out NMR data analysis and was involved in writing the manuscript. 
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Mycobacterium tuberculosis escapes killing in humanmacro-

phages by secreting protein kinase G (PknG). PknG intercepts

host signaling to prevent fusion of the phagosome engulfing the

mycobacteria with the lysosome and, thus, their degradation.

The N-terminal NORS (no regulatory secondary structure)

region of PknG (approximately residues 1–75) has been shown

to play a role in PknG regulation by (auto)phosphorylation,

whereas the following rubredoxin-like metal-binding motif

(RD, residues�74–147) has been shown to interact tightly with

the subsequent catalytic domain (approximately residues 148–

420) to mediate its redox regulation. Deletions or mutations in

NORS or the redox-sensitive RD significantly decrease PknG

survival function. Based on combined NMR spectroscopy, in

vitro kinase assay, and molecular dynamics simulation data, we

provide novel insights into the regulatory roles of the N-termi-

nal regions. The NORS region is indeed natively disordered and

rather dynamic. Consistent with most earlier data, autophos-

phorylation occurs in our assays only when the NORS region is

present and, thus, in the NORS region. Phosphorylation of it

results only in local conformational changes and does not

induce interactions with the subsequent RD. Although the

reduced, metal-bound RDmakes tight interactions with the fol-

lowing catalytic domain in the published crystal structures, it

can also fold in its absence. Our data further suggest that oxida-

tion-induced unfolding of the RD regulates substrate access to

the catalytic domain and, thereby, PknG function under differ-

ent redox conditions, e.g. when exposed to increased levels of

reactive oxidative species in host macrophages.

Mycobacterium tuberculosis (Mtb),3 the causative agent of
tuberculosis, has evolved different mechanisms to monitor
redox signals. The capability ofMtb to sense redox stress and to
maintain redox homeostasis is important for the survival of the
pathogen in the human host (1–3). Recent studies have shown
that redox stress responses of mycobacteria are linked to the
phosphorylation of several proteins by eukaryote-like serine/
threonine kinases (4, 5). Of the 11 eukaryote-like serine/threo-
nine kinases encoded by the Mtb genome (6), protein kinase G
(PknG) and E (PknE) harbor specific redox-sensitive motifs (7,
8). The soluble PknG has been proposed to promote cellular
survival of mycobacteria in host macrophages by blocking
their lysosomal delivery and, thus, degradation (9). Moreover,
because PknG is secreted into the cytosol of host macrophages,
it is a promising drug target (9). PknG is a multidomain protein
consisting of four functional regions (Fig. 1A). The N-terminal
�75 residues of the no regulatory secondary structure (NORS)
region have been suggested to be intrinsically disordered and to
harbor a major in vivo phosphorylation site at Thr63 (8, 10, 11).
Based on the crystal structure of an N-terminal truncated var-
iant (PknG74–750) in complex with a newly detected inhibitor
(AX20017, Fig. 1B), the following redox-sensitive rubredoxin-
like metal binding domain (RD) makes tight interactions with
the catalytic domain (8). C-terminally, the kinase domain is
flanked by a tetratricopeptide repeat domain (TPRD), a struc-
tural motif typically involved in protein-protein interactions
(8).
PknG can autophosphorylate itself in trans (10, 11). How-

ever, in contrast to other (mycobacterial) kinases, the autophos-
phorylation does not affect the kinase activity but is required for
the survival of pathogenic mycobacteria within host macro-
phages (10). In rubredoxins, an iron atom is typically tetrahe-
drally coordinated by four cysteine residues (12), but other
metal ions, such as cobalt, nickel, and zinc, can replace the iron
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(13). The redox-sensitive RD of PknG contains two CXXCG
motifs (Fig. 1A) that can, in vitro, coordinate a divalent metal
ion, such as zinc, iron, or cadmium, in the reduced state (8,
14–16). However, it is currently unknown which metal ion is
coordinated under in vivo conditions. Three crystal structures
of PknG have been published, one of PknG74–750 (RD-KD-
TPRD), with the RD coordinating Cd2� and the KD in complex
with the small molecule inhibitor AX20017 (PDB code 2PZI,
Fig. 1B), and two of PknG74–405 (RD-KD), with the RD coor-
dinating Zn2� and the KD in complex with either an ATP ana-
logue (ATP-�S) or ADP as well as Mg2� (PDB codes 4Y12 and
4Y0X) (8, 14). The structure of the RD is very similar in all three
solved structures, but the orientation of the RD with respect to
the kinase domain is slightly different. In the inhibitor-bound
structure, the RD interacts with the N-terminal and C-terminal
lobes of the kinase domain, whereas, in the ATP analogue-bound
form, the RDmakes contact only with theN-terminal lobe (8, 14).
It was proposed that the RD regulates the intrinsic kinase activity
by restricting the accessibility of the active site (8, 14).Mutation of
all four cysteines in the two conserved CXXCGmotifs to alanines
or serines impairs the kinase activity and renders PknG insensitive
to regulation by redox changes (8, 11).
Cells of the innate immune system, such as macrophages,

release high concentrations of reactive oxidative species (ROS)
to kill engulfed pathogenic bacteria (17). However, based on the
published crystal structures and functional data for wild-type and
mutant PknG proteins, the exact mechanism of the redox regula-
tion of the kinase activity under oxidative stress conditions
remainselusive.HerewepresentcombinedNMRspectroscopy, in
vitro kinase assay, and molecular dynamics (MD) simulation data
that show how the dynamics as well as the local and global struc-
ture of PknG change upon oxidation of the RD and that the so far
uncharacterizedNORS region is indeed natively unfolded and the
target region for PknG autophosphorylation in trans.

Results

The NORS Region Shows Only Local Structural Order, and

the RDCan Fold in theAbsence of the KD—The structural prop-
erties and dynamics of the N-terminal NORS region and of the
RD in the absence of the kinase domain have not been described
yet. The 1H-15N HSQC spectrum of the two-segment protein
His-PknG1–147 (NORS-RD, supplemental Fig. S1) represents
almost perfectly the sum of those of each isolated functional
region (His-PknG1–75 and PknG74–147, supplemental Fig.
S1). This indicates that the NORS region and the RD behave
rather independently and do not interact significantly. The low
signal dispersion of the NORS region indicates already that it is
indeed a natively disordered protein (IDP) region. To deter-
mine in more detail the secondary structure content of each
region, we measured 13C� secondary shifts (Fig. 1C) as well as
3JHNH� scalar couplings (supplemental Fig. S2A) and 1H� sec-
ondary shifts (supplemental Fig. S2B). To characterize the
backbone dynamics of the two-segment protein His-PknG1–
147 (NORS-RD) and of each isolated functional region (His-
PknG1–75 and PknG74–147), we recorded 15N relaxation
data, including {1H}-15N NOE (Fig. 1D) as well as 15N-T1 and
15N-T2 data (supplemental Fig. S3A and Results). In addition,
we back-calculated the 13C� secondary shifts from the available

crystal structures of PknG using the program Sparta� (18) and
compared themwith the experimentally determined ones (sup-
plemental Fig. S4).

The NORS region (approximately residues 1–75) shows
strongly negative 13C� secondary shifts for residues preceding a
proline. However, the majority of the remaining residues show
only a weak propensity for �-helical secondary structure (Fig.
1C, blue columns). The 3JHNH� scalar couplings for the NORS
region (supplemental Fig. S2A, blue data) are mostly between
6–8 Hz, indicating that it does not stably populate �-helical or
�-sheet secondary structure and may overall only transiently
and locally populate more ordered states. This is consistent
with {1H}-15N NOE values typical for dynamic regions, with
negative values below �0.2 for the isolated NORS region (Fig.
1D, blue symbols) and values between about 0.2 and�0.4 when
connected to the RD (Fig. 1D, black symbols). The region
between residues 20 and 40 appears overall more dynamic in
His-PknG1–75 compared with His-PknG1–147, which is also
reflected in the 15N-T1, and

15N-T2 data (supplemental Fig. S3
A and Results). This suggests that the presence of the RD influ-
ences the dynamics of this central region of the NORS. Overall,
the NORS region appears, as predicted, natively disordered.
However, it may transiently populate �-helical stretches that
are interrupted by several prolines (10 in total) that may induce
local backbone kinks or turns (19).
The RD shows, consistent with the large chemical shift dis-

persion for the residues around the two CXXCGmetal-coordi-
nating motifs (106CWNCG110 and 128CPYCG132), larger posi-
tive and negative 13C� secondary shifts than the NORS region
(Fig. 1C, red columns). Thus, it appears to be present in a folded
metal-bound state. Because the RD interacts tightly with the
KD in the crystal structure of PknG74–750 bound to an inhib-
itor (PDB code 2PZI, Fig. 1B), its presence might be needed to
stabilize the folded state of the RD.However, the� helix (�89–
92), the 310 helix (�101–103), and the two � strands (�125–
127 and�134–136) detected in the crystal structure (schemat-
ically indicated at the top of Fig. 1C) appear to be similarly
present in the solution state of the RD not connected to the
kinase. Metal coordination to the cysteines in the two CXXCG
motifs (�106–110 and �128–132) induces the formation of
turns, which, as helical regions, show rather strong positive
13C� secondary shifts (Fig. 1C). The RD has as many prolines as
the NORS region (each 10). Besides being involved in the
alreadymentioned helical, sheet, and turn regions, they are fur-
ther present in turns or � bridges. The region including the 310

helix and the following CXXCG motifs (�100–140) shows in
the isolated RD and connected to the NORS region {1H}-15N
NOE values of �0.4–0.8 (Fig. 1D), which are typical for rather
well structured regions. However, NOE values of �0–0.2 indi-
cate that the N-terminal �-helical stretch is already more
dynamic, and negative values for the N- and C-terminal ends of
the isolated RD indicate even further increased backbone
dynamics on the nanosecond to picosecond time scale. Because
the 13C� secondary shifts and the {1H}-15N NOE values for the
reduced, metal-bound RD are almost the same for His-PknG1–
147 andPknG74–147, the presence of theNORS regions has no
significant influence on its structure or backbone dynamics.
This can be explained by theNORSbeing natively disordered as
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well as connected to the RD by a dynamic linker region rich in
glycines (Gly76-Gly78).
The Fold of the Isolated ReducedMetal-bound RD in Solution

Is Overall Similar to the One Attached to the Kinase in Complex

with AX20017, ADP, or ATP-�S in the Crystal State—Because
the RD interacts tightly with the kinase domain in the available
three crystal structures, albeit to a slightly different extent (8,

14), we further analyzed the effect of the presence of the kinase
domain on the structure of the reduced, metal-bound state.
Based on the superposition of the 1H-15N HSQC spectra of
His-PknG74–420 encompassing the RD, the kinase, and the
RD-only protein PknG74–147 (supplemental Fig. S5), peaks for
several residues are found at similar chemical shift values, e.g.
those for the two side-chain amide protons of Trp107 and
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Trp127 of the RD. However, overall, these data did not allow us
to determine in detail how similar the conformations of the RD
in both proteins are.We thus recorded backbone 15N-1HRDCs
to compare the conformation of the RD in the isolated state
with that in the available crystal structure data. Fig. 1E shows a
plot of the experimentally obtained RDCs as a function of the
residue sequence position compared with those back-calcu-
lated from the crystal structures of His-PknG74–750 (RD-KD-
TPRD) in complex with a small molecule inhibitor (PDB
code 2PZI, Fig. 1B and supplemental Fig. S6A) and of
PknG74–405 (RD-KD) in complex with either ADP (PDB-ID
4Y0X, supplemental Fig. S6A) or an ATP analogue (PDB code
4Y12, supplemental Fig. S6A). The respective plots of the
experimental versus calculated values for each crystal structure
and a larger representation of the RD structure are shown in
supplemental Fig. S6B. Overall, the conformation of the iso-
lated RD in solution is, as already indicated by comparison of
the experimental and back-calculated chemical shift data (Fig.
S4), very similar to that in the presence of the kinase in the three
crystal structures. The observed differences around the
CXXCGmotifs (residues 106–110 and 128–132) and near res-
idue 115 between the experimental RDCs and those back-cal-
culated based on the crystal structures can be accounted for by
missing contacts to the kinase domain in the isolated RD and
slightly different contacts in PDB code 2PZI versus 4Y0X and
4Y12 (supplemental Fig. S6, A and B) as well as by the fact that
the RD has regions with increased backbone dynamics in solu-
tion (Fig. 1D) and in the crystal states, e.g. no coordinates for
residues 116–121 in PDB code 2PZI and higher B factors in the
RDs of all crystal structures (supplemental Fig. S6A).
Deletion of the NORS and TPRD, Different Redox Conditions,

and the Folding State of the Substrate Influence the Catalytic

Efficiency of PknG—To better understand the relevance of the
redox-sensitive RD as well as of the NORS region for the regu-
lation of PknG function and to complement and resolve par-
tially contradictory results from the literature (8, 10, 11, 14), we
first performed in vitro kinase assaysmonitoring the progress of
substrate phosphorylation based on the use of radiolabeled
ATP. Because PknG can autophosphorylate itself in trans in the
NORS region (10), we used as substrate His-PknG1–147
encompassing both the NORS and the RD (Fig. 2A and supple-

mental Fig. S7, A–C). Fig. 2A shows the phosphorimaging
kinase activity data using as kinases either His-tagged full-
lengthWTPknG, theNORSdeletionmutantHis-Pkng74–750,
or the NORS and TPRD deletion mutant His-PknG74–420, all
with the RD in the folded, Zn-bound state, and as substrate
His-PknG1–147 with the RD either in the reduced, Zn-bound
or the oxidized state. Note that a fraction of the usually higher
activity of thewild-type protein arises from the additional phos-
phorylation of its own NORS region (supplemental Fig. S7,
A–C). Compared with the wild type (Fig. 2A, blue columns),
deletion of the N-terminal NORS region reduces PknG cata-
lytic activity significantly (Fig. 2A, green columns), and addi-
tional removal of the C-terminal TPRD results in a further
reduction (Fig. 2A, red columns). This is consistent with pub-
lished results (10, 11, 14). Oxidized His-PknG1–147 is overall a
better substrate than the protein with the RD in the reduced,
metal-bound state (Fig. 2A, left versus right column of each set
of differently colored columns). This suggests that PknG auto-
phosphorylation is more efficient when the RD of the substrate
is in the oxidized state, which may facilitate binding to the cat-
alytic cleft, especially for the phosphorylation of Thr63 and
Thr64, which are close to the N-terminal end of the RD around
residue 74. Supplemental Fig. S7B shows phosphorimaging
kinase activity data from assays using as kinase either the full-
lengthwild-type proteinHis-PknG1–750 or theNORSdeletion
mutant His-PknG74–750 with the RD either in the reduced,
Zn-bound or the oxidized state and as substrate again His-
PknG1–147with the RD also either coordinating Zn2� or being
oxidized. The corresponding SDS-PAGE analysis is shown in
supplemental Fig. S7C. The kinase with the RD in the metal-
bound state phosphorylates the substrate with the RD in the oxi-
dized state a bit better. If the RD of the kinase is in the oxidized
state, then the folding state of the RD in the substrate appears to
not to have a significant influence on the catalytic efficiency.
PknG Autophosphorylation Induces Only Local Conforma-

tional Changes but No Global Folding of the NORS Region—

Complementary to the phosphorimaging kinase activity data,
we monitored the phosphorylation of the NORS-RD protein
His-PknG1–147 (Fig. 2B) or the NORS-only protein His-
PknG1–75 (supplemental Fig. S7D) based on spectral changes
in 1H-15NHSQC spectra. Phosphorylation of both substrates in

FIGURE 1. The NORS region of PknG shows local structural order, and the RD can also fold in the absence of the catalytic domain. A, schematic of the
domain structure of PknG. PknG consists of the N-terminal NORS region (blue), the subsequent RD (red), the catalytic KD (yellow), and the TPRD (green). B, ribbon
representation of the crystal structure of PknG74 –750 (RD-KD-TPRD) in complex with the inhibitor AX20017 (stick representation in green, PDB code 2PZI) (8).
The domain color coding is the same as in A. C and D, analysis of the secondary structure content and backbone dynamics of the N-terminal regions of PknG by
NMR spectroscopy. C, 13C� secondary shifts for His-PknG1–75 (NORS, blue) and PknG74 –147 (RD - reduced, metal-bound, red) plotted as function of the amino
acid sequence (49). Chemical shift values significantly higher than the random coil value indicate the presence of �-helical and those significantly lower of
�-sheet secondary structure. The secondary structure elements for the RD presented above the sequence were extracted from the crystal structure of
PknG74 –750 in complex with AX20017 (PDB code 2PZI, see B) (8). Supplemental Fig. S2, A and B show the 3JHNH� coupling constants and 1H� secondary shifts
for both isolated regions, which are both also sensitive to the secondary structure content, and supplemental Fig. S2C shows the 13C� secondary shifts for
His-PknG1–147. D, {1H}-15N NOE data for His-PknG1–75 (NORS, red), PknG 74 –147 (RD, reduced, metal-bound, blue), and His-PknG1–147 (NORS-RD, reduced,
metal-bound, black) plotted as a function of the residue sequence position. Negative to slightly positive values indicate flexible, unstructured regions, whereas
positive values around 0.4 – 0.8 indicate well structured regions. The respective 15N-T1 as well as 15N-T2 values are shown in supplemental Fig. S3A. E, compar-
ison of the structures of the isolated metal-bound rubredoxin-like domain in solution and in the crystal structures of PknG fragments containing, additionally,
the kinase domain. The experimental residual dipolar couplings (RDCs) for the Zn2�-bound RD (black symbols) and those back-calculated based on the three
published crystal structures of PknG using the software PALES (50) were plotted as a function of the residue sequence position. The back-calculated RDCs based
on the Cd2�-bound RD in PknG74 –750 in complex with the inhibitor AX20017 (PDB code 2PZI) (8) are represented as green symbols, those of the Zn2�-bound
RD of PknG74 – 405 in complex with an ATP analogue (PDB code 4Y12) (14) as red symbols, and those in complex with ADP (PDB code 4Y0X) (14) as blue symbols.
A comparison of the experimental 13C� secondary shift chemical shift values for the metal-bound RD with those back-calculated based on the published crystal
structure data can be found in supplemental Fig. S4. Plots of the experimental versus calculated RDC values for each crystal structure and a larger representation
of the RD structure as well as ribbon representations of the RD-KD part of each crystal structure are shown in supplemental Fig. S6. A superposition of the 1H-15N
HSQC spectra of PknG74 –147 and His-PknG74 – 420 in complex with ATP is shown in supplemental Fig. S5.
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15N-labeled form by unlabeled His-PknG74–420 (RD-KD)
results in the shift or disappearance and reappearance at new
positions of several peaks of the NORS region. Based on the
available assignments, this includes residues near the known in

vivo phosphorylation site Thr63 (11) as well as residues near
other threonine residues know to be phosphorylated in vitro

(Thr23, Thr32, andThr64) (10).Overall, His-PknG1–147 ismore
efficiently phosphorylated than His-PknG1–75. The appearance
of somenewmorewell dispersedpeaks, e.g.around8.7–9.3ppmin
the 1H dimension (Fig. 2B and supplemental Fig. S7D), suggests
that autophosphorylation induces locally more ordered states but
not a global folding of the NORS region.
The PknG RD Can Switch between a Reduced, Metal-bound

Folded and an Oxidized, Metal-free Unfolded State—Because
replacement of the cysteines of the rubredoxin-like RD to ala-
nines or serines disables the redox regulation of PknG kinase
function, and based on fluorescence data results in significant
structural changes (8, 11), we also recorded 1H-15NHSQC data
of His-PknG1–147 (NORS-RD) under different redox condi-
tions (Fig. 3A). When ZnCl2 is added upon induction of the
expression of His-PknG1–147, the black spectrum is obtained
(15). This contains a subspectrum with mostly well dispersed
peaks that is largely identical to the spectrum of the isolated RD
(PknG74–147) that is obtained when the RP-HPLC-purified
protein is refolded by adding a reducing agent, such as tris(2-
carboxyethyl)phosphine, and a divalent metal ion, such Zn2�

(supplemental Fig. S8A) (15). As other rubredoxin motifs, the
RD can also coordinate other metal ions such Cd2�, as in the
crystal structure of PknG74–750, in complexwithAX20017 (8)
orMn2�, Co2�, or Fe3�, as indicated by the 1H-15NHSQCdata
of His-PknG1–147 shown in supplemental Fig. S9. Because of
the paramagnetic nature of the used metal ions, the well dis-
persed NMR signals of the RD are mostly not visible. However,
the overall change of the spectral appearance indicates a struc-
tural transition upon metal addition (supplemental Fig. S9 and
Results). Expression of PknG1–147 in minimal medium with-
out addition of ZnCl2 upon induction or addition of a rather

mild oxidizing agent such as H2O2 together with a metal chela-
tor such as EDTA results in the red spectrum that shows a low
dispersion for all signals. Again, the spectrum of the oxidized,
metal-free isolated RD (PknG74–147, supplemental Fig. S8A;
see also the {1H}-15NNOE data in supplemental Fig. S3B) rep-
resents a subspectrum of that of oxidized His-PknG1–147
(supplemental Fig. S8B). Indicated by the low signal dispersion,
the RD in the oxidized, metal-free form is, as the NORS, largely
unfolded. The spectrum of a mutant of His-PknG1–147 in
which all four cysteines of the two CXXCG motifs have been
replaced by serines (His-PknG1–147-4C/S) looks overall simi-
lar to thatof theoxidized,metal-free state (supplementalFig. S8C).
Altogether, the data indicate that the RD can switch between a
reduced, metal-bound folded state and an oxidized, metal-free
unfolded state (Fig. 3B). Thus, a change of the redox conditions
may regulate the catalytic kinase domain by controlled un- and
refolding of the RD, which is expected to influence the substrate
access.
MDSimulations Indicate That Oxidation of the RD Increases

the Accessibility of ATP in the Substrate Binding Region—The
available crystal structures for PknG fragments containing both
the RD and the kinase domain do not explain how oxidation of
the two CXXCGmotifs in the RD affects the conformation and
accessibility of the catalytic domain and, thus, its activity. To
complement the above structural and dynamic NMR data for
the RD in different redox states, we performed six independent
250-ns MD simulations of PknG74–420 (RD-KD) with the
CXXCGmotifs of the RD either coordinating ametal ion (Fe2�)
or with a disulfide bond in each motif (Cys106-Cys109 and
Cys128-Cys131) (supplemental Fig. S10A). Our simulations indi-
cate that oxidization of theRD leads, on average, to amore open
and better accessible ATP substrate-binding cavity (Fig. 3C). In
line with the NMR data of the RD under different redox condi-
tions (Fig. 3A and supplemental Fig. S8, A and B), we find that
the RD containing the two CXXCG motifs shows overall an
increased likelihood to unfold in the oxidized metal-free
form, which may also favor the substrate access because of

FIGURE 2. PknG catalytic activity is sensitive to the folding state of the substrate, and autophosphorylation of the NORS region does not induce global
folding. A, comparison of the phosphorylation activity of His-PknG WT (blue columns) and the PknG deletion mutants (His-PknG74 –750, green columns;
His-PknG74 – 420, red columns; all with the RD in the reduced, metal-bound state (RD/Zn)) toward the substrate His-PknG1–147 with the RD in the reduced,
metal-bound (RD/Zn) or oxidized state (RD/ox) based on phosphorimaging data. The data for the wild-type enzyme include the phosphorylation in trans of its
own N terminus (supplemental Fig. S7A). Kinase activity data of His-PknG wild-type and of an N-terminal truncated version (His-PknG74 –750) under different
redox conditions and thus with the own RD in a reduced/metal-bound or oxidized state can be found in supplemental Fig. S7, B and C. B, NMR monitoring of
in vitro 15N-His-PknG1–147 phosphorylation by His-PknG74 – 420, both with the RD in the reduced metal-bound form (RD/Zn), based on the superposition of
the 1H-15N HSQC spectra of unphosphorylated 15N-His-PknG1–147 (black), and after kinase treatment for 3 h at 298 K (red) and further overnight at 310 K
(green). An asterisk indicates a new peak that appears after phosphorylation. Assigned backbone amide cross-peaks that shift or show a change in signal
intensity are labeled by the one-letter amino acid code and the sequence position (39). The additional label -sc indicates side chain amide protons. The NMR
monitoring of the in vitro phosphorylation of 15N-His-PknG1–75 is shown in supplemental Fig. S7D.
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reduced steric clashes between the RD and the ATP binding
site. To quantify the structural changes within the substrate-
binding pocket, we calculated the average extension of three
loops surrounding the ATP site (�dLoop�; Fig. 3, D–F, and
supplemental Fig. S10B) as well as the ATP cavity volume and
solvent-accessible surface area (SASA) of residues interacting
with ATP, as suggested by Scherr et al. (8). The simulations
suggest that loops 1 and 3 surrounding the ATP-binding site

become more extended in the oxidized states (Fig. 3, E and F),
making the cavitymore accessible from the bulk.Oxidization of
the RD also seems to lead to a somewhat larger cavity volume
and SASAofATP-surrounding residues (supplemental Fig. S11
and data not shown). In addition to these differences in sub-
strate accessibility, our simulations further suggest that the
functionally important residue Asp276 dissociates more from
the nearby Lys278 in themetal-free oxidized form relative to the

FIGURE 3. Redox-regulated folding and unfolding of the rubredoxin-like domain of M. tuberculosis PknG modulates access to the catalytic cleft and,
thereby, catalytic activity and/or substrate specificity. A, superposition of the 1H-15N HSQC spectra of His-PknG1–147 in the reduced, metal-bound form
(black) and the oxidized form (red). Assignments for some well resolved peaks are labeled by the one-letter amino acid code and the sequence position (39). The
additional label -sc indicates side chain amide protons. Indicated the by the low chemical shift dispersion of all resonances under oxidizing conditions, the oxidized
RD is unfolded. B, proposed unfolding and refolding of the RD of PknG by redox changes based on the presented NMR data in A and supplemental Figs. S3B and S8.
C–F, characterization of conformational changes in the RD and the KD upon oxidation of the two RD CXXCG motifs (green) from classical atomistic MD simulations.
C, the last snapshots from two 250-ns MD simulations of PknG74 – 420 with the cysteines of the two CXXCG motifs of the RD in the reduced state and
coordinating Fe2� (Fe2�-bound) or in the oxidized state with disulfide bridges between Cys106 and Cys109 and Cys128 and Cys131 (oxidized). A similar represen-
tation for all three runs for each redox state is shown in supplemental Fig. S10A. The core RD region (approximately residues 100 –140) is shown in red. Atoms
within 5 Å of ATP and Mg2� forming the binding cavity are shown in a space-filling representation in cyan to indicate that the cavity is more restricted in the
Fe2�-bound form. D, the structure of three loops surrounding the ATP-binding site, loop 1 (RD residues 94 –105, blue), loop 2 (KD residues 292–297, cyan), and
loop 3 (KD residues 298 –310, magenta) in the Fe2�-bound and oxidized state. E and F, the average distribution of the loop extension for loop 1 (E) and loop 3
(F) calculated from three independent 250-ns MD simulations of the Fe2�-bound (blue) and oxidized (red) states. The distributions suggest that loop 1 (E) and
loop 3 (F) become more extended in the oxidized state relative to the Fe2�-bound state, leading to opening of the ATP-binding cavity. Loop 2 is not affected
by the RD oxidization in the MD simulations (supplemental Fig. S10B). Plots of the volume of the ATP binding cavity (data not shown) and the SASA of residues
interacting with ATP as a function of the simulation time are shown in supplemental Fig. S11, and stick representations of the region around ATP-Mg2� as well
as plots of the distance between Asp293 and Mg2� as well as Asp276 and Lys278 as a function of the simulation time are shown in supplemental Fig. S12.
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metal-bound form (supplemental Fig. S12). This, in turn,might
increase the kinase activity by shifting the pKa of Asp

276 toward
higher values, thus favoring ATP hydrolysis, in line with our
kinase assay data for PknGwith the RD in different redox states
for amore folded/bulky substrate such as PknG1–147 if the RD
is in the Zn bound state (supplemental Fig. S7, B and C).

Discussion

Conformation and Dynamics of the NORS Region and PknG

Autophosphorylation—Intrinsically disordered proteins (IDPs)
or protein regions are typically rich in polar amino acids as well
as prolines and show a high net charge (20). PknG1–75 corre-
sponding to the NORS region contains 10 prolines and 10 neg-
atively and seven positively charged residues as well as a high
content of serines and threonines (five and 10, respectively),
and, in line with this, the web program FoldIndex predicts it to
benatively disordered (data not shown).Moreover, limited pro-
teolysis of PknG resulted in a fragment lacking the first 73 res-
idues (8). The presented NMR structural and dynamic data
for the NORS region (His-PknG1–75; Fig. 1, C and D, and
supplemental Figs. S2 and S3A) demonstrate that the NORS
region is indeed rather unstructured and dynamic. Because the
spectral appearance of the isolated NORS is about the same as
that connected to theRD (Fig. 3A and supplemental Fig. S1), the
two regions behave rather independently and appear not to
interact. Autophosphorylation of the NORS region has been
shown to play a role for the survival function of PknG (10), and
some IDPs fold upon phosphorylation (20, 21). Based on the
chemical shift changes of several residues near the phosphory-
lated threonines observed in the presented NMR monitored
kinase assays using as substrates His-PknG1–147 (NORS-RD,
Fig.2B)orHis-PknG1–75(NORS,supplementalFig.S7D),phos-
phorylation appears not to result in global folding but only in
local structural changes, and it appears not to induce interac-
tions with the subsequent RD. Because phosphorylation locally
modulates the charge as well as conformational dynamics (20,
22), itmay play a role in the interactionwith regulatory proteins
and/or the KD or TPRD of the same PknGmolecule or a neigh-
boring one or modulate the substrate specificity. One publica-
tion describes PknG self-cleavage that results in a fragment
encompassing the NORS, the RD, and the KD and another one
corresponding to the TPRD as well as autophosphorylation in
the TPRD (23). However, consistent with phosphorylation data
from other groups using radiolabeled ATP (10, 11, 14), our data
(Fig. 2 and supplemental Fig. S7) suggest that deletion of the
NORS region significantly reduces the catalytic activity and
that autophosphorylation only occurswhen theNORS region is
present and, thus, in the NORS region.
The Role of the Redox-sensitive RD Conformation for Sub-

strate Access to the PknG KD—In the crystal structure of
PknG74–750 (RD-KD-TPRD) in complex with the small mol-
ecule inhibitor AX20017 (PDB code 2PZI, Fig. 1B), the RD
interacts with both the N- and C-terminal lobes of the kinase
domain and packs on top of the ATP binding and catalytic cleft
without blocking its access (8). In the crystal structures of
PknG74–405 (RD-KD) in complex with ADP-Mg2� (PDB
code 4Y0X, supplemental Fig. S6A) or ATP-�S-Mg2� (PDB
code 4Y12, supplemental Fig. S6A), the orientation of the RD is

slightly different, and it onlymakes contactwith theN-terminal
kinase lobe (14). Based on these observations, the authors sug-
gest that the RD, in the folded metal-bound state, may regulate
the catalytic activity by opening and closing the access to the
substrate site (14). However, the rather small changes in the
orientation of the RD relative to the kinase domain in the inhib-
itor-bound form and the nucleotide-bound forms appear not to
be enough to explain the redox regulation of the KD by the RD.
It can also not explain the inhibitory effect of AX20017 because
this is a consequence of it binding to the active site. The small
differences in the orientation of the RD relative to the KD in the
different crystal structures arise mostly from small conforma-
tional differences because of the presence of different-sizemol-
ecules in the ATP-binding region (AX20017 in 2PZI versus

ADP-Mg2� in 4Y0X or ATP-�S-Mg2� in 4Y12) as well as the
presence (2PZI) or absence (4Y0X and 4Y12) of the TPRD and
different crystallization conditions resulting in different crystal
packing. The RD has not only dynamic regions in the isolated
state in solution (Fig. 1D and supplemental Fig. S3A) but also
shows, in the crystal states, rather large stretches with high B
factors (supplemental Fig. S6A). Compared with the inhibitor-
bound crystal structure (2PZI), the ATP-�S-Mg2�-bound
(4Y12) and, even more, the ADP-Mg2�-bound (4Y0X) forms
appear to be overall less flexible (supplemental Fig. S6A). Thus,
the observed variation of the orientation of the reduced, metal-
bound folded RD in the three crystal structures and the obser-
vation that it contains dynamic regions in the solution and crys-
tal states suggest that is has enough flexibility to allow binding
of substrates. As described for other rubredoxin-like domains
or zinc fingers (24, 25), the RD only adopts a defined three-
dimensional fold upon metal binding, and the latter has not
only a stabilizing effect, as, for example, in the protein IscU (26).
Based on the presented NMR,MD, and kinase assay data of the
RD in different redox states, the redox regulation of PknG
kinase function is rather achieved by redox regulated un- and
refolding of the RD, which modulates the substrate access and,
thus, selectivity.
Regulation of PknG Catalytic Activity by Its Redox-sensitive

RD—A redox regulation of the catalytic activity of PknG was
initially suggested by kinase assay data for wild-type PknG and
amutant inwhich all four cysteines of theRDhad been replaced
by serines (PknG-C/S). Apparently, this mutant was devoid of
catalytic activity toward a substrate corresponding to theN-ter-
minal regions (His-PknG1–147), and that is phosphorylated in
the natively unfolded NORS region (8, 10). Tiwari et al. (11)
used as substrate the FHA domain containing mostly folded
protein GarA, and observed the following. Deletion of the
NORS and the RD together (PknG151–750) reduces the cata-
lytic activity by �95%, mutation of the cysteines in either
CXXCG motif to alanines (C106A/C109A � T1, C128A/
C131A � T2) by �30%, and of both together (T1T2) by �50–
75%. Moreover, the catalytic activity of the T1T2 mutant was
not very sensitive to a shift in the redox conditions (presence of
1 mM reduced or oxidized DTT), whereas wild-type PknG
showed �2.5 higher activity under oxidizing conditions (11).
The latter is contradictory to the reduction of the catalytic
activity by the cysteine-to-alanine replacements, which should
mimic oxidizing, metal-releasing conditions. However, addi-
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tion of oxidized DTT alone may not be sufficient to induce full
oxidation of the two CXXCG motifs of the RD, and thus metal
release and unfolding and/or the disulfide bonds result in addi-
tional local structural order (27, 28). Lisa et al. (14) used as
substrate either GarA or only a 17-mer peptide corresponding
to GarA residues 14–30. Wild-type PknG shows �45 higher
activity toward the folded GarA protein than to the GarA pep-
tide,which,with its extended conformation, is comparablewith
an unfolded protein stretch. In addition, the (auto)phosphory-
lated NORS region has been suggested to provide phosphory-
lated threonine-dependent anchoring sites for high-affinity
interactions with the forkhead-associated (FHA) domain of
GarA (29, 30). Deletion of the N-terminal 137 residues, includ-
ing the NORS region and most of the RD, resulted in higher
activity toward the peptide but a bit lower toward the folded
GarA protein (14). The latter is in contrast to the data by Tiwari
et al. (11). As Lisa et al. already pointed out, the structural
integrity of the deletion mutants has not been tested (14), and
deletion of the RDmay destabilize the kinase fold stronger than
just oxidizing the RDCXXCGmotifs. To complement the pub-
lished kinase assay data and because PknG autophosphoryla-
tion has been shown to be important for mycobacterial survival
(10), we used as a substrate, as Scherr et al. (8, 10), His-PknG1–
147 and as kinase either wild type His-PknG or the deletion
mutants His-PknG74–420 (RD-KD) or His-PknG74–750
(RD-KD-TPRD). Based on our data (Fig. 2 and supplemental
Fig. S7), the substrate with the RD in the oxidized, unfolded
state is better phosphorylated. This indicates that PknG with
the RD in the reduced, metal-bound, folded state may better
phosphorylate substrates with extended structures, although
thekinasewith theRD in theoxidized, unfolded statephosphor-
ylates the substrate His-PknG1–147 with the RD in either
redox state about equally well. Because the phosphorylated
threonines are located in themostly unstructuredNORS region
that adopts overall amore extended peptide-like conformation,
the redox state of the RD either in the substrate or the kinase is
generally expected to have an overall smaller effect than for a
larger folded substrate. Interestingly, in thework of Tiwari et al.
(11), the PknGmutant with all four cysteines of the RDCXXCG
motifs replaced by alanines still showed significant activity,
whereas the one with all replaced with serines in the work by
Scherr et al. (8) showed no activity. Based on our kinase assays
under different redox conditions, the results from Tiwari et al.
(11) make more sense because mutagenesis of the cysteines
should have a similar effect as oxidative unfolding. Although
there are some contradictory results regarding the catalytic
activity of PknG under different redox conditions and for dif-
ferent mutants that arise from differences in the buffer condi-
tions (amount of substrate and kinase, “hot” and “cold” ATP,
magnesium, and manganese salts, type of reducing/oxidizing
agent, and so forth) and the used substrates (GarA, GarA pep-
tide, His-PknG1–147, or kinase-dead PknG-K181M) (8, 10, 11,
14), the data altogether suggest that deletion of the RD or
mutation of the cysteines in the two RD CXXCG motifs and
changes in the redox conditions affect the kinase function
of PknG. Based on the provided NMR andMD data about re-
dox induced conformational changes in PknG (Fig. 3 and
supplemental Figs. S3B, S8, and S10–S12) and the functional

data (Fig. 2 and Fig. S7), changes of the redox environment
modulate PknG substrate selectivity more than its intrinsic
catalytic efficiency.
Modulation of PknG Function by ROS in the Host Cell—

The presented NMR and MD structural and dynamic data
suggest that the function of PknG can be modulated by
oxidative unfolding of the redox-sensitive RD, which makes
the catalytic cleft more accessible for substrates (Fig. 3 and
supplemental Figs. S3B and S10–S12). Similar redox-sensitive
regulation mechanisms involving a four-cysteine (ZnCys4) or
two-cysteine two-histidine (ZnCys2His2) metal center have, for
example, been proposed for heat shock protein 33 (Hsp33)
and the mycobacterial � factor binding protein RslA, respec-
tively (27, 31). Other examples are the anti-� factors RsrR
(ZnCys3His) and ChrR (ZnCys2His2) that regulate the bacterial
defense against oxygen and disulfide stress (28, 32, 33). Oxida-
tive unfolding of the PknG RD in our study has been achieved
using a combination of hydrogen peroxide (H2O2) and a metal
chelator (EDTA). The degree of oxidation and metal release
depend further on other conditions such as the pH or the tem-
perature (28). For example, for Hsp33, H2O2 alone is also not
enough to induce oxidation andmetal release. Full activation of
Hsp33 requires either a combination ofH2O2 and elevated tem-
peratures (43 °C) or the stronger oxidant hypochlorous acid
(HOCl) (27). Cells of the host innate immune system such as
macrophages produce high concentrations of ROS, such as
hydrogen peroxide (H2O2), superoxide (O2

. ), or HOCl and
release them into the phagosome to kill engulfed pathogenic
organisms (17, 34). PknG is secreted into the host cell, where it
can be localized in the cytosol and the phagosome (9). Because
blocking of phagosome-lysosome fusion and, thus, mycobacte-
rial killing affords the catalytic activity of PknG, the proposed
regulation of PknG activity and/or substrate specificity by oxi-
dative unfolding of its RDmakes complete sense. Future studies
have to answer the question whether PknG autophosphoryla-
tion promotes mycobacterial survival in the host by just affect-
ing its interactionwith host proteins or also by phosphorylating
host proteins in the cytosol and/or phagosome. One target in
the host is the protein kinase C-�, a regulator of phagocytosis
and the biogenesis of the phagolysosome and the closest human
homologue of PknG (34, 35). PknGhas been proposed to down-
regulate protein kinase C-� by stimulating its degradation and
to be, in vitro, able to proteolytically cleave but not phosphor-
ylate it (35). Future studies have to address the question
whether other proteins in the host cell are targeted, which
are most likely also involved in controlling phagosome-
lysosome fusion, and how exactly PknG interacts with them to
modulate host signaling, involving, for example, interactions of
the autophosphorylated NORS region with FHA domains of
human target proteins similar to those with the mycobacterial
substrate protein GarA (29, 30).

Experimental Procedures

Cloning and Mutagenesis—Expression plasmids (pET-15b)
for His-tagged PknG1–750 (wild-type, NORS-RD-KD-TPRD,
Fig. 1A) as well as PknG1–147 (NORS-RD) and PknG74–750
(RD-KD-TPRD) were kindly provided by the group of Prof.
Dr. Jean Pieters from the Biozentrum of the University of
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Basel. The expression plasmids pET-15b::PknG1–75 and
pET-15b::PknG74–147 were obtained by a mutagenesis-based
approach as described earlier (15). The quadruple mutant His-
PknG1–147-4C/4S, in which Cys106, Cys109, Cys128, and Cys131

are replaced by serines and the expression plasmid His-
PknG74–420 (RD-KD) that was derived from the one for His-
PknG74–750 by introducing a stop codon at position 421 were
prepared using the QuikChange site-directed mutagenesis
method (Stratagene, La Jolla, CA).
Protein Expression and Purification—Protein expression and

purification of His-PknG1–147, His-PknG1–75, and PknG74–
147 were carried out as described previously (15). All proteins
were overexpressed in Escherichia coli BL21 (DE3) cells (Nova-
gen). Following induction with isopropyl �-D-1-thiogalactopy-
ranoside, cells were grown for 16 h at 15 °C, whereas, for the
expression of PknG1–147-4C/4S, cells were grown for 2 h at
37 °C. For in vitro kinase assays, His-PknG1–750, His-
PknG74–750, and His-PknG74–420 were expressed in rich
medium (LB). For NMR measurements, His-PknG1–75, His-
PknG1–147, and PknG74–147 were expressed in 15N- or 15N-
13C-enrichedM9minimalmedium (36) supplementedwith 1	

BME vitamin solution (Sigma) and trace elements as described
previously (15). His-PknG74–420 was expressed in 15N-en-
riched M9 minimal medium containing 70% D2O. Cells were
harvested by centrifugation and sonicated, and the superna-
tant, after centrifugation, was loaded on a gravity flow column
filled with nickel-nitrilotriacetic acid-agarose beads (Qiagen).
Fractions containing significant amounts of PknG1–750,
PknG74–750, or PknG74–420were pooled, concentrated, and
further purified by size exclusion chromatography using a 200
pg SuperdexTM HiLoadTM 16/600 column equilibrated in 20
mM Tris and 500 mM NaCl (pH 7.5). Fractions containing the
target protein were pooled and concentrated using Amicon�

Ultra centrifugal filter units (MWCO 10 kDa). All purification
steps were carried out at 4 °C. Following nickel affinity chroma-
tography, fractions containing the mutant His-PknG1–147-
4C/4Swere loaded on a semipreparativeC4 column (Jupiter�, 5
�mC4, 300 Å, 250 	 10 mm, Phenomenex) and eluted using a
linear gradient from 10–90% buffer B (buffer A, H2Owith 0.1%
TFA; buffer B, 90% acetonitrile and 10% H2O with 0.1% TFA)
with a flow rate of 4ml/minwithin 70min. The purified protein
was lyophilized, dissolved in NMR buffer (20 mM Tris and 150
mM NaCl (pH 7.5)), washed, and concentrated using Amicon�

Ultra centrifugal filter units (MWCO 10 kDa).
In Vitro Phosphorylation Observed Using a Phosphor-

Imager—In vitro kinase assays were performed as 25-�l reac-
tions in 20 mM Tris (pH 7.5) supplemented with 150 mM NaCl,
10 mM MgCl2, 2 mM MnCl2, and 40 �M [�-32P]ATP with an
activity of 0.5�Ci. For the activitymeasurements, 0.6�M kinase
(His-PknG1–750, His-PknG74–750, His-PknG74–420) and a
5-fold molar excess of substrate (His-PknG1–147) were incu-
bated at 30 °C for 30 min. The kinase reaction was stopped by
adding 6	 SDS-PAGE sample buffer and boiling the sample at
95 °C for 10min. The kinase and/or the substratewith theRD in
the oxidized form were obtained by adding a 40-fold molar
excess of H2O2 and EDTA and incubation at 4 °C overnight.
The next morning, a buffer exchange was carried out using a
gravity flow SuperdexTM G-25 M PD-10 column (GE Health-

care). Then the protein solution was concentrated using
Amicon� Ultra centrifugal filter devices (MWCO 10 kDa) at
10,000 rpm and 4 °C. Aliquots taken during the kinase assays
were separated by SDS-PAGE using 15% polyacrylamide gels.
Phosphorylation of the substrate was detected by applying a
phosphorimaging screen onto the gel using a Typhoon 9200
PhosphorImager. The analysis of the kinase assay data were
done with the program ImageQuant (GE Healthcare).
In Vitro Phosphorylation Observed by NMR—NMR samples

used to monitor substrate phosphorylation based on 1H-15N
HSQC spectra contained 0.1mM of 15N-His-PknG1–75 or 15N-
His-PknG1–147 (substrate) in the presence of 1 mMATP and 5
mM MgCl2 in 20 mM Tris (pH 7.5), 150 mM NaCl, 0.05% NaN3,
5% D2O, and 10 �M unlabeled, catalytically active His-
PknG74–420. Consecutive spectra were acquired at 298 K on a
Bruker Avance 500 MHz spectrometer equipped with a cryo-
genic probe. Overnight incubation of the NMR sample at 310 K
was done using a thermostated water bath.
NMR Sample Preparation (without Kinase Assays)—The

protein concentration of the 15N- and 15N-13C-labeled samples
of His-PknG1–75, PknG74–147, and His-PknG1–147 in 20
mMTris (pH 7.5) and 150mMNaCl (95%H2O, 5%D2O) ranged
from 0.1–0.8 mM. The sample of 15N-13C-PknG74–147 (0.2
mM) for measuring residual dipolar couplings contained �17
mg/ml PF1 phages (ASLA Biotech). The protein concentration
of 15N-D-PknG74–420 in 20 mM Tris (pH 7.5), 500 mM NaCl,
10 mM tris(2-carboxyethyl)phosphine, 0.5 mM MgCl2, and 0.5
mM ATP was 0.1 mM.
NMR Spectroscopy—NMR spectra were acquired at 298 K on

Bruker Avance 500, 600, and 900 MHz spectrometers; the 500
and 900 MHz ones were equipped with cryogenic probes. The
data were processed with NMRPipe (37) and analyzed using
NMRView (38). Assignments for 13C, 15N, and 1H nuclei were
based on three-dimensional constant-time HNCA, CBCANH,
CCONH-TOCSY, and HNCO spectra as described previously
(39). The 13C� and 1H� secondary shifts were calculated as the
difference between the measured chemical shift value and the
random coil value for the respective amino acid (40). 3JHNH�

coupling constants were obtained from three-dimensional
HNHA spectra (41).
Information about the backbone dynamics were derived

from 15N relaxation data, including T1 (spin-lattice relaxation),
T2 (spin-spin relaxation), and 1H-{15N} NOE. 15N-1H residual
dipolar couplings were obtained from the analysis of 15N-1H-
IPAP-HSQC data (42). The maximal 1DN-H for PknG74–147
was 15.7 Hz.
Molecular Dynamics Simulations—Full atomistic molecular

models of PknG74–420 with the RD in the Fe2� and oxidized
states were constructed based on the crystal structure of
PknG74–750 in complex with the inhibitor AX20017 (PDB
code 2PZI) (8). The loops missing in the crystal structure were
modeled using ModLoop (43). The models were solvated in a
water box with Na�/Cl� ions, mimicking a 100 mM salt con-
centration. The molecular systems comprising �62,500 atoms
were simulated in an isothermal-isobaric (NPT) ensemble at
T � 310 K and p � 101.3 kPa for 250 ns using 2-fs integration
time steps and treating long-range electrostatic effects using
the particle mesh Ewald approach. Three MD simulations for
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each state, in total 1.5 �s, were performed in NAMD 2.9 (44)
using the CHARMM27 force field (45) and force field parame-
ters for the Fe2�-4Cys center obtained from the literature (46).
VisualMolecular Dynamics (47) was used for analyzing theMD
trajectories, and cavity volumes were calculated using the
fpocket package (48). The average extension of three loops sur-
rounding the ATP-binding site, loop 1 (residues 94–105), loop
2 (residues 292–297), and loop 3 (residue 298–310), were cal-
culated from the averaged C� distances between residues
�dLoop1�: Thr95 and Glu101, Asn96 and Ser102, Pro97 and
Lys103, and Val98 and Arg104; �dLoop2�: Ile292 and Gly295,
Asp293 and Ala296, and Lys294 and Val297; and�dLoop3�: Ser298

and Phe303, Arg299 andGly304, Ile300 andTyr305, andAsn301 and
Leu306.
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4. Discussion  
 

It was shown that the N-terminal NORS region of PknG plays a role in the PknG regulation 

by (auto)phosphorylation, whereas the following rubredoxin-like metal bound motif interacts 

with the catalytic domain and is involved in redox regulation 16. Moreover, it was shown that 

deletions or mutations within both domains significantly reduce the cellular survival of 

mycobacteria. However, based on the published crystal structures 15,16 and functional data for 

wild type and mutant PknG 19, the exact mechanism of the redox regulation of the kinase 

activity under oxidative stress conditions remains elusive.  

Furthermore, no precise information about the structure and the backbone dynamics of the 

flexible N-terminal NORS region and the redox sensitive RD in its metal free and metal 

bound state is available in the current literature. In this study we investigate the structure and 

dynamics of both domains under different redox conditions by solution state NMR and MD 

simulations. 

 

Conformation and dynamics of the N-terminal NORS region and the redox 

sensitive Rubredoxin domain.  

 

In order to be able to structurally characterize the N-terminal NORS region and to elucidate 

the role of the redox-sensitve RD domain in redox regulation  we have implemented a fast 

and efficient method for the preparation of several expression plasmids of the N-terminal 

regions. The method is based on the introduction of a stop codon or a protease cleavage site 

in an pET15b expression plasmid, containing the DNA sequence for the expression of 

PknG1-147 (NORS + RD) 15. All constructs (His-PknG1-75, PknG74-147 & His-PknG1-147) 

were over expressed in BL21 E-Coli cells in a isotope enriched M9 minimal media 32 and 

were purified by using a protocol based on a Ni - affinity chromatography followed by SEC- 

(His-PknG1-147) or RP-HPLC (His-PknG1-75 & PknG74-147). The redox-sensitive RD of 

PknG contains two conserved CXXCG motifs, that can, in vitro, coordinate divalent metal 

ions such as zinc, iron or cadmium 14-17. However, it is currently unknown which metal ion is 

coordinated under in vivo conditions. We could confirm by recording 1H-15N - HSQC that the 

addition of ZnCl2  upon induction in M9 minimal medium allows obtaining His-PknG 1-147 

with the RD in the folded, metal bound state. Furthermore, we have shown that Zn2+ can also 

be incorporated retrospectively in both RD containing constructs (His-PknG1-147 & PknG74-

147) under reducing conditions.  
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The N-terminal NORS region was predicted to be intrinsically disordered 15. Intrinsically 

disordered proteins (IDPs) or protein regions are typically rich in polar amino acids as well as 

prolines and show a high net charge 122. PknG1-75 corresponding to the NORS region 

contains 10 prolines and 10 negatively and seven positively charged residues as well as a 

high content of serines and threonines, indicating that this region is rather unstructured and 

therefore highly flexible. Moreover, only N-terminal truncated versions of PknG could be 

crystallized in complex with the inhibitor AX20017 or ADP-Mg2+ and ATP-γS-Mg2+ 

respectively 15,16. NMR structural and dynamic data of the NORS region demonstrate that the 

NORS region is indeed rather unstructured, resulting in HSQC spectra typical of IDPs with a 

low signal dispersion in the proton dimension (about 7.5 - 8.5 ppm). As, the spectral 

appearance of the isolated NORS is about the same as that connected to the RD , the two 

regions behave rather independently and appear not to interact. This is not surprising since 

they are connected by a glycine rich region (residues 75 - 77: GGG). The 1H-15N-HSQC data 

of the RD in its metal bound state show some well dispersed peaks, as expected out of the 

crystal structure of PknG74-750 15.  

 

The role of the redox sensitive RD conformation for substrate access to the 

kinase domain of PknG 

 

In the crystal structure of PknG 74–750 (RD-KD-TPRD) in complex with the small molecule 

inhibitor AX20017 (PDB code 2PZI) the RD interacts with both the N- and C-terminal lobes of 

the kinase domain and packs on top of the ATP binding and catalytic cleft without blocking its 

access15. In the crystal structures of PknG 74–405 (RD-KD) in complex with ADP-Mg2_ 

(PDB code 4Y0X or ATP- γS Mg2+ (PDB code 4Y12), the orientation of the RD is slightly 

different, and it only makes contact with the N-terminal kinase lobe 16. Based on these 

observations, the authors suggest that the RD, in the folded metal-bound state, may regulate 

the catalytic activity by opening and closing the access to the substrate site 16. However, the 

rather small changes in the orientation of the RD relative to the kinase domain in the inhibitor 

- bound form and the nucleotide - bound forms appear not to be enough to explain the redox 

regulation of the KD by the RD. It also cannot explain the inhibitory effect of AX20017 

because this is a consequence of it binding to the active site.  
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The small differences in the orientation of the RD relative to the KD in the different crystal 

structures mostly arise from small conformational differences because of the presence of 

different-size molecules in the ATP-binding region (AX20017 in 2PZI versus ADP-Mg2+ in 

4Y0X or ATP-γS-Mg2+ in 4Y12) as well as the presence (2PZI) or absence (4Y0X and 4Y12) 

of the TPRD and different crystallization conditions resulting in different crystal packing. Not 

only does the RD have dynamic regions in the isolated state in solution it also shows, in the 

crystal states, rather large stretches with high B factors. Compared to the inhibitor bound 

crystal structure (2PZI), the ATP-γS-Mg2+ bound (4Y12) and, even more, the ADP-Mg2+ -

bound (4Y0X) forms appear to be overall less flexible. Thus, the observed variation of the 

orientation of the reduced, metal bound folded RD in the three crystal structures and the 

observation that it contains dynamic regions in the solution and crystal states suggest that is 

has enough flexibility to allow the binding of substrates. As described for other rubredoxin-

like domains or zinc fingers 123,124, the RD only adopts a defined three dimensional fold upon 

metal binding, and the latter does not only have a stabilizing effect, as, for example, in the 

protein IscU 125. Based on the presented NMR, MD, and kinase assay data of the RD in 

different redox states, the redox regulation of PknG kinase function is rather achieved by 

redox regulated un- and refolding of the RD, which modulates the substrate access and, 

thus, selectivity. 

 

Regulation of the PknG catalytic activity by its redox sensitive rubredoxin 

domain 

 

A redox regulation of the catalytic activity of PknG was initially suggested by kinase assay 

data for wild-type PknG and a mutant in which all four cysteines of the RD had been replaced 

by serines (PknG-C/S). Apparently, this mutant was devoid of catalytic activity toward a 

substrate corresponding to the N-terminal regions (His-PknG1–147), and that is 

phosphorylated in the natively unfolded NORS region 15,23. Tiwari et al. 19 used the FHA 

domain containing mostly folded protein GarA as a substrate, and observed the following. 

The deletion of the NORS and the RD together (PknG 151–750) reduces the catalytic activity 

by 95%, mutation of the cysteines in either CXXCG motif to alanines (C106A / C109A = T1, 

C128A / C131A = T2) by ~30%, and of both together (T1 T2) by ~50–75%. Moreover, the 

catalytic activity of the T1T2 mutant was not very sensitive to a shift in the redox conditions 

(presence of 1 mM reduced or oxidized DTT), whereas wild-type PknG showed ~2.5 higher 

activity under oxidizing conditions 19. The latter is contradictory to the reduction of the 

catalytic activity by the cysteine-to-alanine replacements, which should mimic oxidizing, 

metal-releasing conditions. 
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However, the addition of oxidized DTT alone may not be sufficient to induce a full oxidation 

of the two CXXCG motifs of the RD, and thus metal release and unfolding and / or the 

disulfide bonds result in an additional local structural order 126,127. Lisa et al. 
16 used either 

GarA or only a 17-mer peptide corresponding to GarA residues 14–30 as substrate. Wild-

type PknG shows ~45 higher activity toward the folded GarA protein than to the GarA 

peptide, which, with its extended conformation, is comparable to an unfolded protein stretch. 

In addition, the (auto)phosphorylated NORS region has been suggested to provide 

phosphorylated threonine-dependent anchoring sites for high-affinity interactions with the 

forkhead-associated (FHA) domain of GarA 9,128. The deletion of the N-terminal 137 residues, 

including the NORS region and most of the RD, resulted in a higher activity toward the 

peptide but a bit lower toward the folded GarA protein 16. The latter is in contrast to the data 

from Tiwari et al. 
19. As Lisa et al. already pointed out, the structural integrity of the deletion 

mutants has not been tested 16, and the deletion of the RD may destabilize the kinase fold 

stronger than just oxidizing the RD CXXCG motifs. To complement the published kinase 

assay data and because PknG autophosphorylation has been shown to be important for 

mycobacterial survival 23, we used like Scherr et al. 15,23, His-PknG1– 147 as a substrate and 

either wild type His-PknG or the deletion mutants His-PknG74–420 (RD-KD) or His-PknG74–

750 (RD-KD-TPRD) as kinase. Based on our data, the substrate with the RD in the oxidized, 

unfolded state is phosphorylated in a better way. This indicates that PknG with the RD in the 

reduced, metal-bound, folded state may phosphorylate substrates with extended structures 

better, although the kinase with the RD in the oxidized, unfolded state phosphorylates the 

substrate His-PknG1–147 with the RD in either redox state equally well. As the 

phosphorylated threonines are located in the mostly unstructured NORS region that overall 

adopts a more extended peptide-like conformation, the redox state of the RD either in the 

substrate or the kinase is generally expected to have an overall smaller effect than for a 

larger folded substrate. Interestingly, in the work of Tiwari et al. 19, the PknG mutant with all 

four cysteines of the RD CXXCG motifs replaced by alanines still showed significant activity, 

whereas the one with all of them replaced with serines in the work by Scherr et al. 
15

 showed 

no activity. Based on our kinase assays under different redox conditions, the results from 

Tiwari et al. 19 make more sense because the mutagenesis of the cysteines should have a 

similar effect as oxidative unfolding.  
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Although there are some contradictory results regarding the catalytic activity of PknG under 

different redox conditions and for different mutants that arise from differences in the buffer 

conditions (amount of substrate and kinase, “hot” and “cold” ATP, magnesium, and 

manganese salts, type of reducing/oxidizing agent, and so forth) and the used substrates 

(GarA, GarA peptide, His-PknG1–147, or kinase-dead PknG-K181M) 15,16,19,23, the data 

altogether suggest that the deletion of the RD or the mutation of the cysteines in the two RD 

CXXCG motifs and changes in the redox conditions affect the kinase function of PknG. 

Based on the provided NMR and MD data about redox induced conformational changes in 

PknG and the functional data, changes of the redox environment modulate the PknG 

substrate selectivity more than its intrinsic catalytic efficiency. 

 
 

Modulation of PknG Function by ROS in the Host Cell 
 

The presented NMR and MD structural and dynamic data suggest that the function of PknG 

can be modulated by the oxidative unfolding of the redox-sensitive RD, which makes the 

catalytic cleft more accessible for substrates. Similar redox-sensitive regulation mechanisms 

involving a four-cysteine (ZnCys4) or two-cysteine two-histidine (ZnCys2His2) metal center 

have, for example, been proposed for heat shock protein 33 (Hsp33) and the mycobacterial _ 

factor binding protein RslA, respectively 126,129. Other examples are the anti-_ factors RsrR 

(ZnCys3His) and ChrR (ZnCys2His2) that regulate the bacterial defense against oxygen and 

disulfide stress 127,130,131. The oxidative unfolding of the PknG RD in our study has been 

achieved using a combination of hydrogen peroxide (H2O2) and a metal chelator (EDTA). The 

degree of oxidation and metal release further depend on other conditions such as the pH or 

the temperature 127. For example, for Hsp33, H2O2 alone also is not enough to induce 

oxidation and metal release. Full activation of Hsp33 requires either a combination of H2O2 

and elevated temperatures (43 °C) or the stronger oxidant hypochlorous acid (HOCl) 126. 

Cells of the host innate immune system such as macrophages produce high concentrations 

of ROS, such as hydrogen peroxide (H2O2), superoxide (O2
-), or HOCl and release them into 

the phagosome to kill engulfed pathogenic organisms 132,133. PknG is secreted into the host 

cell, where it can be localized in the cytosol and the phagosome 7. Since, the blocking of 

phagosome-lysosome fusion and, thus, mycobacterial killing affords the catalytic activity of 

PknG, the proposed regulation of PknG activity and / or substrate specificity by oxidative 

unfolding of its RD makes complete sense.  
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5. Conclusions & Outlook 
 

In this study we have focused on elucidating the structure and the dynamic behavior of the 

N-terminal NORS region and the rubredoxin-domain like metal binding motif (RD) by using a 

combination of solution state NMR spectroscopy, in vitro kinase assays and MD simulations 

in order to understand how they are involved in regulating the kinase activity of PknG. Based 

on experimental NMR data, we were able to confirm that the N-terminal NORS region is, as 

predicted previously 15, highly flexible and intrinsically unstructured, whereas the following 

RD in its metal-bound state is more rigid and mostly well structured. Moreover, based on in 

vitro kinase assay data we assume that the substrate access to the catalytic domain is 

regulated by the controlled folding and unfolding of the RD. Indeed, MD simulations indicate 

that the oxidative induced unfolding of the RD results in a more open and better accessible 

ATP and substrate binding cavity. Hence, redox conditions have a direct influence on PknG 

activity. Although, the study illustrates the ability of PknG to respond to environmental redox 

changes caused by ROS. Nevertheless, the exact mechanism of substrate binding in vitro 

and in vivo under different redox conditions remains unclear.  

Additionally, based on residual dipolar couplings and predicted chemical shifts we have 

shown that the structure of the reduced, metal bound RD is overall similar in the absence 

and presence of the catalytic domain and resembles the published crystal structures. 

However, further NMR studies are required to investigate the structure and dynamics of the 

RD under different redox conditions in the presence of the kinase domain in liquid phase. 

Since this will lead to signal overcrowded NMR spectra, a segmental labeling of the RD 

would be a feasible solution to reduce signal overlaps and to obtain new insights into a PknG 

redox regulation 134.  

 

Moreover, preliminary results (not published) have shown that the RD in its metal bound 

state undergoes structural changes in the presence of DPC micelles, a membrane mimetic. 

This may indicate that PknG can also interact with its N-terminal regions with inner 

membrane and / or host cell membrane proteins. Localization studies performed by Av-Gay 

and coworkers support this presumption 8. Further studies, will have to investigate whether 

PknG mediated phosphorlylation is involved in the membrane signal transduction and what 

the role of the redox sensitive RD is.  
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Future studies will have to answer the question whether PknG autophosphorylation promotes 

mycobacterial survival in the host by just affecting its interaction with host proteins or also by 

phosphorylating host proteins in the cytosol and / or phagosome. One target in the host is the 

protein kinase Cα, a regulator of phagocytosis and the biogenesis of the phago-lysosome 

and the closest human homologue of PknG 132,135. PknG has been proposed to downregulate 

protein kinase Cα by stimulating its degradation. In vitro, it is also able to proteolytically 

cleave but not phosphorylate it 135. Furthermore, future studies will have to address the 

questions whether other proteins in the host cell are targeted, which of them are most likely 

also involved in controlling phagosome lysosome fusion, and how exactly PknG interacts 

with them to modulate host signaling, involving, for example, interactions of the 

autophosphorylated NORS region with FHA domains of human target proteins similar to 

those with the mycobacterial substrate protein GarA 9,128. 
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Supplementary Results  

Characterization of the backbone dynamics of the PknG N-terminal regions based on 
15

N-

relaxation data 

The backbone dynamics of the isolated intrinsically disordered NORS region (His-

PknG1-75), the isolated reduced, metal bound folded RD (PknG74-147), and of His-PknG1-

147 containing both connected were studied by 15N-relaxation experiments. The additive 

nature of the 1H-15N-HSQC data (Fig. 3A, SI Fig. S1 and S8) indicated that the NORS and 

the RD region behave rather independently regarding their structural properties and 

apparently do not interact. Based on the presented relaxation data for the two segment protein 

His-PknG1-147 (black symbols in Fig. 1D and SI Fig. S3A) as well as those for each region 

separately (blue symbols for His-PknG1-75 and red symbols PknG74-147 in Fig. 1D and SI 

Fig. S3A), the NORS and RD part tumble rather independently and the glycine-rich sequence 

(G74-G76) connecting them acts as a flexible linker. The ⎨1H⎬-15N-NOE values of the 

reduced, metal bound rather well structured RD are almost the same in the isolated state 

(PknG74-147) and connected to the NORS region (His-PknG1-147). In the core region of the 

RD (residues ∼100-140: ∼0.4-0.8) they are typical for a folded protein. Those of the NORS 

region are more negative in the absence of the RD indicating greater flexibility. Whereas the 

unfolded NORS region represents just a rather extended chain, it represents a chain connected 

on one end to a roughly spherical body if connected to the folded RD. As already expected 

just based on the increase in molecular weight of the two segment protein His-PknG1-147 

(18.001 kDa) compared to the isolated regions, His-PknG1-75 (10.241 kDa) and PknG74-147 

(7.948 kDa), the presence of either region influences the 15N-T1 and -T2 values of the other by 

modulating the overall tumbling. However, using a model system based on GB1 domains 

connected by different linker regions, it has been shown that each domain exhibits different 

rotational diffusion and alignment properties even if the linker was 18 residues long (1). 

Moreover, exchange effects arising from motions of the two PknG regions with respect to 

each other have to be considered. The average 15N-T1, -T2 and {1H}-15N NOE values for 

residues 11-63 of the NORS region are 889 ± 210 ms, 267 ± 68 ms, and -0.56 ± 0.41 for the 

isolated form (blue symbols) and 795 ± 67 ms, 154 ± 32 ms, and -0.07 ± 0.14 if connected to 

the RD (black symbols), respectively. The average 15N-T1, -T2 and {1H}-15N NOE values for 

residues 101-140 of the folded RD region are 635 ± 50 ms, 55 ± 22 ms, and 0.61 ± 0.15 for 

the isolated form (red symbols) and 749 ± 80 ms, 48 ± 31 ms, and 0.62 ± 0.19 if connected to 

the NORS region (black symbols), respectively. The 15N-T1 values for the isolated RD and 
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NORS region are about in the range expected for molecules with a size of about 8-10 kDa. 

The fact that they remain rather similar and do not significantly increase due the increase in 

molecular weight can be explained by the fact that they are flexibly linked. The 15N-T2 values 

for the unfolded NORS region decrease strongly due to presence of the RD, which changes 

the rotational diffusion properties. As mentioned above, movements of the two segments with 

respect to each other may result in an additional conformational exchange contribution. The 
15N-T2 values for the folded RD (SI Fig. S3A) are a bit higher if connected to the NORS 

region. Overall they are significantly lower than expected for a completely unhindered 

isotropic reorientation of an ∼8 kDa protein. Additional exchange effects for the RD arise 

from local conformational exchange processes within the RD that are also reflected in the 

{1H}-15N NOE values (Fig. 1D), e.g. residues 117-125 and that are consistent with local 

increased backbone dynamics indicated by higher B-factors in the available crystal structures 

of PknG fragments containing the RD (SI Fig. S6A). In addition the RD may experience a 

viscous drag due to the presence of the unfolded NORS region. A similar effect has been 

observed for the N-terminal domain of Formin C that contains a large unstructured loop (2). 

For the isolated RD in the oxidized, unfolded state we just recorded {1H}-15N NOE 

data (SI Fig. S5B). Indicated by negative or not visible peaks in the NOE spectrum compared 

to the reference spectrum, this state shows NOE values that are around 0 or negative 

consistent with a rather unstructured and dynamic character.   

Comparison of the oxidized metal free rubredoxin-like domain in the presence of different 

metal ions  

Rubredoxins are redox sensitive metal binding proteins or protein domains, which can 

tetrahydrally coordinate metal ions like iron, zinc, cobalt, and cadmium by two C-X-X-C-G 

motifs (3). The fold and secondary structure content of the RD in the published crystal 

structures of protein kinase G with the rubredoxin-like domain in complex with Cd2+ or Zn2+ 

are very similar (4,5). SI Fig. S9 shows superpositions of the 1H-15N-HSQC spectra of the 

metal free state and different metal bound states of 15N-His-PknG1-147 that confirm that the 

rubredoxin-like domain of PknG can also interact with various metal ions. The 1H-15N-HSQC 

spectrum of the oxidized metal free state (black) is characterized by a low signal dispersion 

typical for an unfolded protein. Addition of a 4-fold molar excess of a reducing agent such as 

TCEP and a 3 fold molar excess of Mn2+, Co2+, or Fe3+ ions results in the disappearance or 

shift of several resonances. Compared to the spectra of the Zn2+ form, fewer well dispersed 

peaks are visible. This is due to the paramagnetic relaxation enhancement (PRE) experienced 
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by the nuclei in the proximity of the metal. Addition of Mn2+ (SI Fig. S9A) results in the 

disappearance of several backbone amide crosspeaks ∼7.7–8.7 ppm, however the peaks for 

the side amides of the two tryptophans (∼10 ppm) appear only to show a slight decrease in 

intensity. The Co2+ bound form shows at least a few well dispersed backbone amide 

crosspeaks ∼7.2–7.7 ppm and ∼9.5 ppm (SI Fig. S9B). Moreover, the peaks for the side chain 

amides of the two tryptophans (W107 & W127, ∼10 ppm), which are in or sequentially close 

to the C-X-X-C-G motifs (106C-W-N-C-G110  & 128C-P-Y-C-G132) disappear of shift. Addition 

of Fe3+ ions (SI Fig. S9C) results in the disappearance or shift of a few backbone resonances. 

Although, the originally present peaks for the side chain amides of the two tryptophans (∼10 

ppm) appear only to show a slight decrease in intensity, clearly a new peak becomes visible 

∼10.5 ppm. Spectral differences between the different metal bound states may arise from 

differences in the affinity for the respective metals as well as differences regarding the 

paramagnetic properties of the coordinated metal. 

Supplementary figure legends 

Fig. S1: Superposition of the 1H-15N-HSQC spectra of His-PknG1-147 (black), His-PknG1-

75 (green), and PknG74-147 (red). The RD was always present in the reduced, metal bound 

(Zn2+) state. Note that the spectra of His-PknG1-75 (green), and PknG74-147 (red) are almost 

perfectly additive subspectra of the one of His-PknG1-147 (black). The assignments for His-

PknG1-75, which corresponds to the natively disordered NORS region, are indicated by the 

one letter amino acid code and the sequence positions. The black rectangle contains side 

chain amide protons of glutamine and asparagine residues. Assignments for the RD can be 

found in Fig. 3A and SI Fig. S5. The assigned chemical shifts for all have been deposited at 

the BMRB (accession numbers 26028 for the His-PknG1-147 with the RD in reduced, metal 

bound state, 26027 for His-PknG1-75, 26030 and 26029 for PknG74-147 either in the 

reduced, metal bound or oxidized state, respectively) (6). 

 

Fig. S2: More NMR data sensitive to the secondary structure content for the PknG N-

terminal regions. (A) 3JHNHα coupling constants of 15N-His-PknG1-75 (NORS, blue) and 15N-

PknG74-147 (RD, red) plotted as a function of the residue sequence position. The data was 

derived from 3D HNHA spectra. The measured values were corrected by +11 % as suggested 

in the literature (7). Values below ∼6-6.5 Hz are typically observed in α-helical regions, 

whereas values above ∼8-8.5 Hz are characteristic for residues in β-sheets. Values in the 
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range ∼6-8 Hz are typical for protein regions undergoing conformational exchange. The 

secondary structure elements for the RD presented above of the sequence were extracted 

from the crystal structure of PknG74-750 in complex with AX20017 (PDB-ID 2PZI, Fig. 1B, 

SI Fig. S6A) (4). (B-C)
 1Hα secondary shifts for His-PknG1-75 (NORS, blue) and PknG74-

147 (RD, reduced, metal bound, red) and 13Cα secondary shifts for the two segment protein 

His-PknG1-147 (NORS-RD, black) plotted as function of the residue sequence position (8). 

The 13Cα secondary shifts for the single region proteins are shown in Fig. 1C. Note, whereas 
1Hα chemical shift values significantly lower than the random coil value indicate the presence 

of α-helical secondary structure elements and those significantly higher of β-sheets, the 

behavior is opposite for the 13Cα chemical shifts.  

 

Fig. S3: (A) Further 15N-relaxation data for 15N-His-PknG1-75 (NORS, blue), 15N-PknG74-

147 (RD, reduced, metal bound, red), and 15N-His-PknG1-147 (NORS-RD, reduced, metal 

bound, black). The top panel shows the 15N-T1 and the bottom the -T2 values as a function of 

the residue sequence position. (B) {1H}-15N-NOE NMR data for PknG 74-147 (RD) in the 

oxidized, unstructured state. Positive and negative peaks of the reference spectrum are shown 

in black and blue, respectively, and those of the NOE spectrum in magenta and red, 

respectively. Red peaks on top of black ones indicate the presence of highly flexible regions 

with negative NOE values, whereas black peaks with no peak on top indicate less dynamic 

residues with NOE values around 0. Magenta peaks on top of black peaks indicate residues 

with positive NOE values typical for more structured regions. Note that the behavior for the 

side chain amide protons of the tryptophan peaks (1H shift ∼10 ppm) is opposite because they 

are spectrally folded. Assigned backbone amide crosspeaks that shifted or showed a change 

in signal intensity are labeled by the one-letter amino acid code and the sequence position (6). 

 

Fig. S4: Comparison of the secondary structure content of the isolated PknG RD in solution 

compared to the three available crystal structures of constructs containing the RD and the 

kinase domain based on experimental and back calculated 13Cα secondary shifts. The 

experimental data for the Zn2+ form measured by NMR spectroscopy is shown in the top 

panel (red bars) (8). 13Cα secondary shifts based on the published crystal structures were 

calculated using the program SPARTA+ (9). The second panel (yellow bars) shows the data 

for the Cd2+ bound form of the RD in the structure of PknG74-750 (RD-KD-TPRD) in 

complex with the inhibitor AX20017 (PDB-ID 2PZI) (4). Those for the Zn2+ bound forms of 
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the RD in the structures of PknG74-405 (RD-KD) in complex with either an ATP analogue 

(ATP-γS, blue bars, PDB-ID 4Y12) or ADP (green bars, PDB-ID 4Y0X) (5) are shown in the 

third and fourth panel, respectively. Chemical shift values significantly higher than the 

random coil value indicate the presence of α-helical structure elements and those significantly 

lower of β-sheets. The above indicated secondary structure elements were extracted from the 

respective crystal structures. See also Fig. 1C and SI Fig. S2. 

 

Fig. S5: NMR data regarding the comparison of the structures of the metal bound 

rubredoxin-like domain in solution in the isolated form and in the presence of the following 

kinase domain. The picture shows a superposition of the 1H-15N-HSQC spectra of 15N-D-His-

PknG74-420 (RD-KD, black) and 15N-PknG74-147 (RD, red). The RD was always present in 

the reduced, Zn2+ bound state. The assignments for PknG74-147 are indicated by the one-

letter amino acid code and the sequence positions (6). The presence of the His-tag at the N-

terminus and of the kinase C-terminus of the RD in His-PknG74-420 is expected to result in 

different chemical shifts for the RD N- and C-terminal regions compared to the tag free 

isolated RD. Due to the significantly larger size and the fact that His-PknG74-420 is 

deuterated some backbone resonances may not be visible because they are broadened beyond 

detection or because the back exchange of undetectable deuterons to detectable protons did 

not occur equally well for less solvent accessible backbone amides. 

  

Fig. S6: More data regarding the comparison of the structures of the isolated metal bound 

rubredoxin-like domain in solution and in the crystal structures of PknG fragments containing 

additionally the kinase domain. (A) Ribbon representations of the RD-KD regions of the 

three crystal structures. The RD region is colored according to the B-factors (red - small B 

factors to blue - high B factors). Some residues that are dynamic had no coordinates in the 

respective pdb file of the crystal structure. The kinase domain is represented in yellow. The 

B-factors were plotted using the software Pymol with a minimum value of 20 (red) and a 

maximum value of 50 (blue). (B) In the amino acid sequence of the rubredoxin-like motif 

(RD) shown at the top, residues that were used for the determination of the alignment tensor 

for the back calculation of the RDCs from the crystal structures are highlighted in red. The 

spatial position of the respective amino acids in the structure of the RD (based on PDB-ID 

4Y0X) is indicated in the ribbon representation. Plots of the linear correlation between 

experimental RDCs (partial alignment with 17 mg/ml phages PF1) and those back calculated 



7 

based on the three published crystal structures using the software PALES (10) are shown 

below and to the right. The data for the Cd2+ bound RD of PknG74-750 in complex with the 

inhibitor AX20017 (PDB-ID 2PZI) (4) are represented as green symbols and those for the 

Zn2+ bound RD of PknG74-405 in complex with an ATP analogue (PDB-ID 4Y12) (5) as red 

symbols and in complex with ADP (PD-ID 4Y0X) (5) as blue symbols. The bottom two plots 

compare the back calculated RDCs of the three crystal structures (left: PknG74-405 in 

complex with ADP or an ATP analogue versus PknG74-750 in complex with an inhibitor, 

right: PknG74-405 in complex with ADP versus the complex with an ATP analogue). 

Whereas the structure of the RD in the two nucleotide bound structures is highly similar 

(right plot), it differs somewhat between the inhibitor bound state of PknG74-750 and the 

nucleotide bound states of PknG74-405 (left plot). 

 

Fig. S7: More kinase assay data for different PknG constructs and redox conditions. (A) &  

(C) SDS-PAGE analysis of the in vitro kinase assays using radio labeled ATP and 15% 

polyacrylamide gels. The gels were analyzed with a phosphorimager. (A) shows the gel 

picture using as kinases His-PknG wild type (wt, blue), His-PknG74-750 (green), or His-

PknG74-420 (red) and as substrate His-PknG1-147 with the RD in the oxidized, metal free or 

reduced, metal bound form. (B) Comparison of kinase activities of PknG wild type and of an 

N-terminal truncated version (PknG74-750) after treatment of their RD metal binding motif 

with different redox conditions. Kinase activities for the wild type enzyme are represented 

including the auto phosphorylation in trans of its own N-terminus (see upper band on gel 

picture in (C)). (C) shows the respective SDS PAGE analysis using as kinases His-PknG wild 

type (wt, blue & red) or His-PknG74-750 (green & black) with the RD either in the reduced, 

metal bound or oxidized, metal free state and as substrate His-PknG1-147 also with the RD 

either in the oxidized, metal free or reduced, metal bound form. Please, see also the labeling 

in each figure. (D) NMR monitoring of in vitro 15N-His-PknG1-75 (NORS) phosphorylation 

by His-PknG74-420 (RD-KD) based on the superposition of 1H-15N-HSQC spectra of 

unphosphorylated 15N-His-PknG1-75 (black), after kinase treatment for 3 h at 298 K (red 

spectra) and further overnight at 310 K (green). A * indicates a peak that appears newly after 

phosphorylation. Assigned backbone amide crosspeaks that shifted or showed a change in 

signal intensity are labeled by the one-letter amino acid code and the sequence position (see 

also SI Fig. S1) (6). The additional label –sc indicates side chain amide protons. 
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Fig. S8: More NMR data regarding the effect of oxidization of the two RD C-X-X-C-G 

motifs on the spectral appearance. (A) Superposition of the 1H-15N-HSQC spectra of 

PknG74-147 (RD) in the reduced, metal bound folded state (black) and the oxidized, 

unfolded state (red). (B) Superposition of the 1H-15N-HSQC spectra of the oxidized, unfolded 

states of His-PknG1-147 (NORS-RD, black) and PknG74-147 (RD, red). (C) Superposition 

of the 1H-15N-HSQC spectra of the oxidized, unfolded state of His-PknG1-147 (black) and of 

His-PknG1-147-4C/S mutant (red). 

 

Fig. S9: More NMR data regarding the coordination of different metal ions by the two RD C-

X-X-C-G motifs. (A-C) Superposition of the 1H-15N-HSQC spectra of 15N-His-PknG1-147 

(RD) in the oxidized, unfolded state (black) and reduced, metal bound state (red), the metal 

ion being either Mn2+, Co2+, or Fe3+, respectively. The reducing agent was always TCEP and 

the counterion Cl-. 

 

Fig. S10: (A) Last snapshots from six independent 250 ns MD simulations of PknG74-420 

with the cysteines of the two C-X-X-C-G motifs of the RD in the reduced state and 

coordinating Fe2+ (Fe2+ bound) or in the oxidized state with disulfide bridges between C106 

and C109, and C128 and C131 (oxidized). The core RD region (residues ~100-140) is shown 

in red. Protein atoms within 5 Å of ATP and Mg2+ forming the binding cavity are represented 

in space filling mode in cyan. The ATP binding site is on average more accessible and the 

RD domain is less folded in the oxidized simulations as compared to the Fe2+ bound state. (B) 

Distribution of Loop 2 extension (residue 292-297, shown in cyan in Fig. 5B) calculated form 

three independent 250 ns MD simulations of the Fe2+ bound (in blue) and oxidized (in red) 

states.  

 

Fig. S11: (A) The volume of the ATP binding cavity, and (B) solvent accessible surface area 

(SASA) of residues interacting with ATP (I87, A92, I157, A158, I165, V179, K181, M232, 

Y234, G236, M283, I292, D293)(4) in the Fe2+ bound (left) and oxidized (right) states. 

 

Fig. S12: Data from 250 ns MD simulations of PknG74-420 with the RD in the reduced 

metal (Fe2+) bound state or the oxidized, metal free state for the characterization of the 

influence of RD oxidation on the conformation of the RD as well as the kinase. (A) Stick 

representation of residues surrounding the ATP-Mg2+ binding pocket. Only one coordination 

bond remains stable between Mg2+ and E280 during the MD trajectory in the Fe2+ bound state 
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(left). In the oxidized state, Mg2+ forms two coordination bound with surrounding residues 

E280 and D293 (right). (B) The distance between Mg2+ and D293 as a function of the 

simulation time for the oxidized and Fe2+ bound state. (C) The distance between the 

functionally important residue D276 of the catalytic loop and K278 is larger in the oxidized 

compared to the Fe2+ bound state, which may result in an increased catalytic activity of the 

former state. In the three independent 250 ns simulations, the D276-K278 ion pair is open (> 

4 Å) in 6%, 23%, and 47%, respectively, of the simulation time for the Fe2+ bound state, and 

4%, 37%, 80%, respectively, of the simulation time in the oxidized state. 
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