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Development of Photo-CIDNP Methods for NMR Sensitivity Enhancement in Solution 

& Conformational Changes of the drkN SH3 Protein upon Interaction with the Hsp70 

Molecular Chaperone 

 

Jung Ho Lee 

 

Under the Supervision of Professor Silvia Cavagnero 

in the Biophysics Program and the Department of Chemistry  

University of Wisconsin-Madison 

 

 Despite the power of many available nuclear hyperpolarization methods, a 

number of technical challenges often prevent NMR analysis of low-concentration 

macromolecules in solution. Photochemically induced dynamic nuclear polarization 

(Photo-CIDNP) provides great opportunities to enhance NMR sensitivity and facilitate 

the analysis of small and large biomolecules in solution. The first part of my Ph.D. thesis 

involves the development of a novel photo-CIDNP pulse sequence and the introduction 

of a tri-enzyme system to improve the performance of photo-CIDNP experiments. 

 . First, I developed a 1H-detected 13C Photo-CIDNP pulse sequence (Chapter 2), 

which exploits 13C photo-CIDNP-inducing laser irradiation followed by polarization 

transfer to 1H for detection. Using this sequence, I was able to achieve large NMR 



 ix 
sensitivity enhancements (up to 16-fold compared to SE-HSQC), for both side chain 

and backbone resonances of model polypeptides in solution. 

Second, I introduced a novel tri-enzyme system to simultaneously recycle the 

photosensitizer inactive form and prevent sample photodegradation during prolonged 

high-power laser pulse irradiation (Chapter 3). The addition of catalytic amounts of the 

try-enzyme system to NMR samples enables long-term sensitivity-enhanced photo-

CIDNP data collection, with up to 48-fold greater sensitivity relative to SE-HSQC, at low-

micromolar biomolecule concentrations. 

 The second part of my Ph.D. thesis involves the high-resolution study of protein 

conformational changes upon interaction with the Hsp70 chaperone. The Hsp70 

molecular chaperones are ~70 kDa proteins that play a central role in protein folding, 

misfolding prevention/correction, and degradation. Kinetic and equilibrium studies were 

performed to provide insights into how Hsp70 interacts with its substrate. 

 First, the fact that most proteins have Hsp70 binding sites raises the question of 

whether Hsp70 interacts with even nonobligatory substrate, i.e., proteins that do not 

require chaperones to fold. Kinetic studies showed that the interaction of DnaK, the E. 

coli Hsp70, and its co-chaperones with a nonobligatory substrate is short-lived, not 

interfering with the timely production of substrate and enabling the chaperone to assist 

other proteins that are prone to aggregation (Chapter 4). 

Second, although the conformational changes experienced by chaperone 

substrates provide key insights into DnaK’s function, very few studies were carried out 

toward this end, especially with full-length protein substrates. By using multidimensional 

NMR and native gel analysis, we show here that the majority of the marginally stable 



 x 
full-length protein substrate drkN SH3 is associated with DnaK, when the chaperone is 

added to the medium (Chapter 5). A large shift in population towards the unfolded state, 

which is believed to be mostly bound, was observed. One or more NMR-invisible “dark 

states” are proposed to explain the decrease in the overall NMR-detectable populations 

upon addition of DnaK to the medium. 

Future directions are discussed in Chapter 6. 
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2 
1.1 NMR Sensitivity 

Nuclear Magnetic Resonance (NMR) spectroscopy plays a unique role in the 

determination of molecular structure and dynamics. However, NMR has an intrinsically 

low sensitivity due to the small energy gap between nuclear spin states, even at high 

applied magnetic fields. In the past decades, numerous techniques (sections 1.1.2, 

1.1.3) have been developed to increase the sensitivity of NMR to extend its applicability. 

Figure 1.1 illustrates the dramatic increase in the NMR signal-to-noise ratio achieved 

over the past 40 years. Yet, micromolar and sub-micromolar sample concentrations, 

which are particularly relevant to the real biological world (e.g., proteins in an in vivo 

environment, aggregation-prone biomolecules, and ribosome-bound nascent 

polypeptides), are still largely inaccessible to NMR investigation. 

 

1.1.1 Definition of NMR Sensitivity 

 Before discussing NMR sensitivity in further detail, I will first define the term.1 

Sensitivity is defined as the signal-to-noise ratio per unit acquisition time. 

           Sensitivity = 
t  σ

S 
N

                                                                                (1.1) 

where S is the signal peak amplitude, Nσ is the root mean square (r.m.s.) noise 

amplitude, and t is the total data acquisition time. 

Practically, the r.m.s. noise amplitude can be determined either by r.m.s. time 

averaging of the noise (by ergodic assumption) or by estimating the expectation value of 

the peak-to-peak noise amplitude (Nptp) over 100 zero crossings. After calculating Nptp, 
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Figure 1.1 Improvements in 1H NMR signal-to-noise ratio (S/N) over the past 40 

years. The numbers in the graph indicate the applied magnetic field in MHz. The 

sensitivity test was performed with the same representative sample, ethyl benzene. Red 

diamonds denote data collected on cryogenic probes. The dashed line compares the 

500MHz S/N at the time of its launch (1979) to the 500MHz S/N in 2007, highlighting the 

improvement in overall instrument and probe technology. Image adapted from Ref (2); 

the original source is from Bruker Biospin (2007). 
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we can used the below equation to estimate Nσ . 

<Nptp> ~ 5.0 Nσ                                                                                  (1.2) 

Then the formula for experimentally determining the NMR sensitivity becomes (after 

introducing a customary factor 2 to account for the ± signs of noise), 

 Sensitivity = 
tσ 2

S 
 N

 = 
t N

S  2.5
ptp

 
><

         (1.3) 

 Now one may ask, ‘what is the analytical expression for NMR sensitivity?’ First, 

we assume that the Ernst flip angle is employed and matched weighting function is used 

for processing. Then the sensitivity can be expressed as 1,3,4 

Sensitivity = 
t  σ

S 
N

 ∝ (γ B0)M0 
ρ
1

T
T

1

2
1/2









   

  ∝
ssscacc

1
-1/2

2
1/2

0
23

R T)R(R TR T
TTBγN

+++
       (1.4) 

The bulk magnetization M0 is proportional to N γ2
 B0,5 and (γ B0) in the upper line 

denotes the frequency dependence of magnetic induction in the NMR coil. N is the 

number of NMR-active nuclei in the detection region, γ is the gyromagnetic ratio of the 

nucleus of interest, B0 is the applied magnetic field, T1 and T2 denote the longitudinal 

and transverse relaxation time constants, ρ is the square root of the noise power per 

unit bandwidth, Tc and Rc are the temperature and resistance of the coil, Ts is the 

sample temperature, Rs is the resistance generated by the sample, and Ta is the noise 

temperature of the preamplifier. I will refer to equation (1.4) when I explain how different 

techniques affect NMR sensitivity using different strategies. 



 

 

5 
Note that the formula corresponding to equation (1.4) differs slightly depending 

on the literature source. For instance, the dependence of sensitivity on external 

magnetic field (B0) is sometimes described as B0
3/2 Ref (6,7) or B0

7/4 Ref (8). Therefore, I 

believe that the exact expression for NMR sensitivity is subject to further investigation. 

 

 

1.1.2 Efforts to Improve NMR Sensitivity 

1.1.2.1 Fourier Transform NMR 

 Before the 1970’s, NMR experiments were performed in the continuous wave 

(CW) mode. In CW NMR, the radiofrequency (RF) wave (or the external magnetic field) 

is progressively varied to find each resonant RF absorption. On the other hand, Fourier 

transform (FT) NMR is based on exciting several nuclei at once and recording the free 

induction decay followed by Fourier transformation. In essence, different frequencies 

can be probed simultaneously in FT NMR whereas all frequencies have to be scanned 

individually in CW NMR. 

 The sensitivity of FT NMR over that of CW NMR is proportional to 






Δw

Ωtot
1/2

, 

where totΩ  is the total spectral range and Δw  is the FWHH linewidth.1 This term 

represents the square root of the number of resonances that can pack into a spectrum. 

The sensitivity enhancement can reach ~100 fold, highlighting the importance of FT 

NMR. 
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1.1.2.2 Superconducting Magnets and Probe Technology 

 The definition of NMR sensitivity implies that the most straightforward way to 

enhance sensitivity is to boost the NMR signal or minimize the background noise. The 

most straightforward way to increase NMR signal is to increase the strength of the 

applied magnetic field (B0), as the signal is proportional to B0
2 according to equation 

(1.4). The continuous increase in applied magnetic fields (Fig. 1.1) owes much to the 

development of superconducting magnets. Due to near-zero resistance, 

superconducting magnets can exceed the magnetic field limit imposed by the iron-

based electromagnets (~2.3 T) and also enable cheap operation of the spectrometer 

since virtually no heat is dissipated during operation. Currently, YBCO and Bi2223 

conductors are employed to make 1.3 GHz NMR spectrometers.9 

 Probe design has also greatly improved to match the sensitivity needs.2 This is 

illustrated by the dotted line in Figure 1.1, where even at the same magnetic field, the 

sensitivity has increased by 5-fold at 2007 compared to 1979. First, modern receiver 

coils are made of composite metals with virtually no magnetic susceptibility causing no 

distortion to the magnetic field, leading to better lineshape and signal-to-noise. In 

addition, active sample volume (in which the magnetic field is uniform) has increased 

due to improvements in shimming systems, leading to a larger number of NMR-active 

nuclei in the detection region (N in equation 1.4). Additionally, electronics have 

improved to give rise to smaller system noise, especially at the preamplifier stage. 

Furthermore, strategies have been developed to minimize aliased noise (next section). 

 Another important breakthrough to improve NMR sensitivity was the introduction 

of cryogenic probes.8,10,11 By cooling the RF coils to ~ 25K and preamplifier to ~70K, the 



 

 

7 
thermal noise can be reduced significantly. This was a remarkable technical challenge 

since the detection coil has to be cooled to 25K, while the sample has to be maintained 

at room temperature, while the two are only a few millimeters apart. A more formal 

description of the contribution of cryogenic probes to NMR sensitivity relies on equation 

(1.4). When the Tc (temperature of the coil) and Ta (noise temperature of the 

preamplifier) are lowered, the first two terms of the denominator in equation (1.4) are 

reduced, contributing to the overall gain in sensitivity. 

 

1.1.2.3 Reduction of Aliased Noise 2,5 

 When a resonance falls outside the acquired spectral window, it can be 

detectable but shows up at an incorrect frequency. This resonance is said to be aliased 

or folded. This is also the case for noise, and since the noise is expected to be nearly 

white (i.e. characterized by all frequency components), infinite amount of noise can fold 

back into the spectral window and wipe out NMR signals. 

 Thus, analog filters are used to limit the bandwidth of the signal. However, since 

the analog filters cannot give ideal sharp cutoffs, filter passband should be greater than 

the spectral range of interest, and some noise unavoidably gets aliased into the 

spectrum. When sharp cutoffs are used, analog filters introduce a variety of distortions 

in the spectrum. 

 Therefore, a commonly used strategy is to first apply an analog filter (with a 

larger passband than the desired spectral window and with relaxed cutoff criteria to 

minimize distortion) to the audio-frequency analog signals to remove broadband noise. 

Then, oversampling is performed (faster sampling than required by the Nyquist 
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condition) to get a much larger spectral window than necessary. The wings of the large 

spectral window contain the aliased noise. The following digital filtration removes the 

wings of the large spectral window and acquires the desired spectrum without the 

aliased noise. Oversampling also has implications for quantization noise, a “rounding 

error” inherent in the digitization process. When data are digitized at a much faster rate 

than required by the Nyquist condition and the running average is calculated for the 

digitized points via the digital filtration, the “rounding error” or “quantization noise” is 

minimized. 

 

1.1.2.4 Transfer of Nuclear Polarization from Sensitive to Insensitive Nuclei 

 The INEPT (Insensitive Nuclei Enhanced by Polarization Transfer)12 NMR 

experiment can be employed to transfer magnetization in the presence of scalar 

coupling between sensitive and insensitive nuclei. INEPT is used in numerous pulse 

sequences in solution NMR. Heteronuclear NOE (Nuclear Overhauser Effect)13 can also 

be used when sensitive and insensitive nuclei are in close proximity in space. For 

instance, 1H saturation, producing steady-state NOE, leads to higher 13C sensitivity. 

Lastly, CP (Cross Polarization)14 is usually used in solid-state NMR to transfer 

polarization from 1H to 13C and 15N. The CP polarization transfer occurs in the presence 

of dipolar coupling between two nuclei of interest. 

 

1.1.2.5 Sensitivity Enhancement by Attenuation of T2 Relaxation 

 Improving spectral resolution can also lead to improvements in sensitivity, which 

is proportional to 2T  as illustrated in equation (1.4). In Transverse Relaxation 
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Optimized SpectroscopY (TROSY) experiments, T2 relaxation is attenuated by selecting 

the longest-lived coherences caused by the destructive interference between dipolar 

and chemical shift anisotropy (CSA) relaxation mechanisms15 or between  1H–1H and 

1H–13C dipolar relaxation mechanisms16. Other methods17,18 lead to the narrowing of the 

spectral lines broadened by conformational exchange according to the “chemical shift 

scaling”19 concept via CPMG (Carr-Purcell-Meiboom-Gill)20 sequences or WAHUHA21 

based four-pulse sequences applied during the chemical shift evolution time. This 

strategy leads to slower chemical shift evolution while the physical conformational 

transitions are not affected, thereby pushing the exchange regime to ‘fast’ on the NMR 

chemical shift time scale, and leading to sharper linewidths. 

 

1.1.2.6 Other Efforts to Enhance NMR Sensitivity 

 Various other methods are employed to achieve additional NMR sensitivity. First 

of all, sample preparation can be tailored for high sensitivity. For instance, 13C-, 15N-, 

and 2H-enriched biomolecules can be prepared so that sensitivity is not limited by the 

natural abundance of the NMR-active nuclei, and so that dipolar relaxation pathways, 

spin diffusion and passive scalar couplings are reduced.22,23 In addition, NMR samples 

can be prepared in Shigemi tubes to concentrate limited amount of samples in the 

detection coil region. Second, in 1H-detected multidimensional NMR experiments, the 

“preservation of equivalent pathways” method24 can be used to gain sensitivity 

improvements by factors up to 2 relative to conventional experiments. In addition, 

optimization of pulse sequences (e.g. utilization of pulse field gradients, minimization of 

time that the magnetization stays in the transverse plane, or efficient guidance of 
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nuclear polarization to the preferred pathway without loss) can contribute to NMR 

sensitivity. Furthermore, fast NMR data acquisition (e.g. SOFAST NMR)25 or nonuniform 

sampling122 strategies can be employed to reduce NMR data collection times to achieve 

the same S/N. After NMR data collection, window functions can be applied to the free 

induction decay to improve sensitivity (often at the cost of spectral resolution).  

The plethora of efforts to enhance NMR sensitivity described in section 1.1.2 

testifies the importance of high sensitivity in NMR. Despite the successful efforts, NMR 

sensitivity is still limited, especially for applications involving biological samples. 

One must not forget that the NMR signal originates from the negligible difference 

in thermal spin populations even in the presence of strong magnetic fields. The goal of 

the next section 1.1.3 is to describe efforts to perturb this negligible difference to 

achieve higher NMR sensitivity. 

 

 

1.1.3 Hyperpolarization Methods 

The NMR signal arises from the differences in Zeeman populations of the nuclear 

spin states in the presence of a magnetic field. Even in the presence of the strongest 

known magnet, however, the nuclear spin polarization of 1H, defined as the population 

difference between the alpha and beta spins over the total spin population, is less than 

10-4 at physiologically relevant temperatures. The NMR sensitivity improvement 

strategies discussed in section 1.1.2 build upon this marginal nuclear polarization at 

thermal equilibrium. Hyperpolarization methods, on the other hand, take a different 
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approach to directly perturb the thermal equilibrium upon coupling nuclei to other highly 

polarized quantum states. 

 

1.1.3.1 Dynamic Nuclear Polarization 

 Dynamic Nuclear Polarization (DNP)26,27 is a method based on the saturation of 

the energy level differences between certain electron-nuclear spin states in the 

presence of a magnetic field to transfer spin polarization from electrons to nuclei. The 

large gyromagnetic ratio difference between electron and nucleus (e.g. γe / γH1 = 660) 

reflects the huge spin polarization that can be transferred between the two species. The 

exact mechanism of DNP (Fig. 1.2) (and the matching microwave saturation frequency) 

depends on the experimental conditions on whether DNP is performed in solution or 

solid state, the kind of radical as the source of  unpaired electrons, and the 

concentration of the radical. 

 Overhauser Effect (OE)28 is a mechanism by which nuclei can be directly 

polarized in solution. The applied microwave frequency is exactly centered on the 

electron Larmor frequency to saturate the levels between  α α  ( nucleus  electron, ) 

and  α β , as well as  β α  and  β β  states (Fig. 1.2a). This phenomenon leads to 

time-dependent double-quantum and zero-quantum relaxation, driven by electron-

nucleus dipolar interaction and hyperfine scalar coupling, leading to nuclear spin 

polarization. OE is limited by the microwave power due to heating of solvents and 

nonlinear decrease of DNP enhancements upon increase of magnetic field.27 However, 

recent innovative approaches have been able to tackle these problems.29,30 
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Figure 1.2 Energy level diagrams for different DNP mechanisms. The black lines 

denote allowed transitions, while the black dotted lines indicate forbidden transitions. 

The thick red lines denote the transitions that are saturated by the microwave (MW) 

radiation. Note that the α state indicates a spin magnetic moment aligned with the 

magnetic field, and the β state is the moment aligned against the field. In addition, the 

size of the sphere on top of each eigenstate represents its population. a) Overhauser 

effect. After saturation, the nuclear spin is polarized to the α state. b) Solid effect. After 

saturation, the nuclear spin is polarized to the β state. The other forbidden transition can 

be saturated instead, which leads to the polarization of the α nuclear state. c) Cross 

effect and Solid effect. After saturation, the nuclear spin is polarized to the β state (the 

right hand side). Similarly, microwave frequency can be chosen as the difference 

between the Larmor frequencies of electron 2 and the nucleus, which leads to nuclear 

polarization of the α state. The fact that the two energy levels connected by the red 

dotted line are the same allows mixing of these two states and produces the saturation 

pattern shown in the figure. 
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Solid Effect (SE) is a mechanism responsible for DNP in the solid-state samples 

at low temperature. Here, microwave frequency is set to electron Larmor frequency ± 

nuclear Larmor frequency to directly excite the zero and double quantum transitions (Fig. 

1.2b). The DNP enhancement scales with B0
-2 (in contrast to B0

-1 in CE and TM, the 

mechanisms described below),27 imposing a limit to SE at high field strengths. At the 

low temperatures, quantum rotor transitions in methyl groups (section 1.1.3.5) also take 

place.  

 In Cross Effect (CE) and Thermal Mixing (TM) mechanisms, biradicals such as 

TOTAPOL31 are usually employed, although the effect can be observed with the high 

concentration monoradicals as well. The difference between the Larmor frequencies of 

the two unpaired electrons in a biradical matches the nuclear Larmor frequency such 

that energy diagram looks like Fig. 1.2c (note that the energy levels connected by the 

red dotted line are the same). In principle, the microwave frequency should be set to the 

higher-Larmor-frequency unpaired electron, but practically it is set to a value that gives 

maximum polarization. Although the CE and TM mechanisms are similar, TM requires 

higher radical concentrations to generate homogeneous ESR line broadening arising 

from strong electron dipolar interactions. 

 

1.1.3.2 Dissolution DNP 

  Dissolution DNP gives the highest signal-to-noise ratio enhancement among all 

DNP methods.27 The nuclear polarization is prepared by microwave irradiation at ~1.1 K 

in a low-magnetic-field spectrometer. Then the sample is rapidly melted and dissolved 

in a hot pressurized solvent and transferred to conventional NMR spectrometer for 
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detection. The above steps can lead to sensitivity enhancements greater than 10,000-

fold.32 this number is derived from the Boltzmann enhancement (nuclear polarization is 

prepared at 1.1 K and detected at 300K) multiplied by the DNP enhancement. In 

addition, NMR detection in solution state gives rise to additional sensitivity due to rapid 

molecular tumbling. 

Although the dissolution DNP enhancement mechanism is usually attributed to 

SE or TM, the exact mechanism at this low temperature is not well understood. Higher 

polarizations at higher field strengths are often observed in dissolution DNP,33 which is 

in clear disagreement with the B0
-2 or  B0

-1 dependence of nuclear polarization observed 

in SE or TM. 

 One major drawback of dissolution DNP is that it works through an irreversible 

single step, only allowing NMR data acquisition within the nuclear T1 timescale. 

Furthermore, this single freeze-and-thaw cycle is rather harsh, preventing most 

biological macromolecules to be studied by this method. However, the huge attainable 

enhancements enabled many in vivo applications in metabolic imaging.34,35 Furthermore, 

the fast data acquisition36,37 and the divided usage of magnetization38 schemes enable 

multidimensional NMR using a single hyperpolarized magnetization. 

 

1.1.3.3 Para-Hydrogen Induced Polarization (PHIP) 

The hydrogen molecule can exist in two nuclear spin configurations, namely, 

triplet state (ortho-H2) and singlet state (para-H2). Although 75% ortho-H2 and 25% 

para-H2 exist at room temperature, para-H2 can be polarized to 99.9% at 4K in the 

presence of a charcoal catalyst. PHIP39 works by transferring the spin-ordered atoms in 
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the para-H2 to the substrate of interest, for example by Wilkinson’s catalyst. There are 

two ways in which PHIP can be implemented; PASADENA40 and ALTADENA41. 

In PASADENA (parahydrogen and synthesis allow dramatically enhanced 

nuclear alignment), para-H2 reacts with substrate inside the high-field magnet. Right 

after the singlet nuclear spin state, ( )βαβ α
2

1 − , is transferred from para-H2 to the 

substrate, the singlet state is immediately broken by the chemical shift difference 

between the two transferred protons in the substrate, leading to polarization of the two 

eigenstates in the high magnetic field, αβ and βα . Thus the NMR spectrum is 

characterized by two polarized antiphase doublets.  

In ALTADENA (adiabatic longitudinal transport after dissociation engenders net 

alignment), para-H2 reacts with substrate in low magnetic field, followed by adiabatic 

transfer of the sample to the NMR spectrometer for detection. In this case, singlet 

nuclear spin state, ( )βαβ α
2

1 − , is not immediately broken but adiabatically 

changes to only one of the αβor βα states. Now the NMR spectrum is characterized by 

two polarized opposite sign peaks. In case there are other magnetically active nuclei in 

the substrate, NOE, scalar coupling and dipolar coupling can cause spin order to spread 

throughout the substrate during the low field period.42 

Although it was traditionally thought that a covalent modification of the substrate 

is necessary for PHIP, NMR signal amplification by reversible exchange (NMR-

SABRE)43 technique was recently developed to facilitate metal-complex-mediated 

reversible interaction of para-H2 with organic substrates for nuclear polarization transfer. 
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This technique works in ALTADENA mode and can lead to 800-fold signal increase in 

1H, 13C, and 15N in a pyridine substrate. 

 

1.1.3.4 Optical Pumping 

 By using circularly polarized light excite electronic transitions, selection rules can 

be controlled. Note that in the hyperfine structure of a molecule, the electron's orbital 

angular momentum, the electron’s spin, and the nuclear spin add up to be the total 

angular momentum J. In the presence of an applied magnetic field, M = -J, …, J-1, J 

quantum states become non-degenerate. When right-circularly-polarized light is 

irradiated in the same direction as the applied magnetic field, only ∆M = 1 is selected 

during excitation. Likewise, when left-circularly-polarized light is irradiated in the same 

direction as the applied magnetic field, only ∆M = -1 can occur. Since the relaxation 

process does not have a preferred ∆M, continuous molecular excitation by circularly-

polarized light pushes M to its extreme values (J or –J). The optical pumping method 

employs this strategy to enhance nuclear polarization. 

 In alkali-metal spin exchange optical pumping, the unpaired electron in the 

ground state of rubidium, 5 2S1/2 (m=-1/2), is first excited to 5 2P1/2 (m=1/2) by using 

right-circularly-polarized light. Upon collisions, 5 2P1/2 (m=1/2) is equilibrated with 5 2P1/2 

(m=-1/2) followed by relaxation to 5 2S1/2 (m=1/2) and 5 2S1/2 (m=-1/2) states. 

Consequently, 5 2S1/2 (m=-1/2) is continuously pumped to 5 2S1/2 (m=1/2) and 5 2S1/2 

(m=-1/2) leading to a polarized 5 2S1/2 (m=1/2) state. When 129Xe is introduced into the 

system, spin exchange between rubidium and 129Xe occurs by Fermi-contact hyperfine 

interactions leading to hyperpolarization of the 129Xe gas. In the metastability exchange 
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optical pumping, the ground electronic state (1 1S0) of helium is first excited to the 

metastable state (2 3S1) by RF field. Right-circularly-polarized light is irradiated on 2 3S1 

m=-3/2 and -1/2 states to yield 2 3P0 m= -1/2 and 1/2 states, respectively, followed by 

relaxation to 2 3S1 with the average ∆M of zero. Again, collision between polarized 2 3S1 

with 1 1S0 leads to nuclear polarization of the helium ground states (1 1S0).44,45 

 Applications of optical pumping are very diverse, range from semiconductor 

quantum wells46 to lung imaging47. 

 

1.1.3.5 Quantum Rotor Polarization (QRP)48,49 

 In QRP, also known as Haupt effect, nuclear polarization stems from the coupling 

between the nuclear spin states and the rotational quantum states of methyl groups. 

Methyl groups exist in three rotational-symmetry-allowed eigenstates, namely, A, 

Ea, and Eb. They cannot be separated from the nuclear spin degrees of freedom, and 

thus the exclusion principle confines the A state to the nuclear spin-3/2 quartet, and the 

E states to the nuclear spin-1/2 doublet. 

 Torsional energy levels determine the relative energy levels between A, Ea, and 

Eb. At low temperature, methyl groups are in the ground torsional state, where A state 

occupies the lowest energy (highest population) and transition between the A, Ea, and 

Eb states occur by quantum tunneling. The A-E transition rate is very slow, since the 

process has to couple both the space (A → E) and the spin (3/2 → 1/2) degrees of 

freedom. 

Upon temperature jump to low temperature, A, Ea, and Eb distributions relax to 

their equilibrium states, where A is the dominant population. The methyl intramolecular 
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dipolar Hamiltonian allows the A-E transition, albeit slow, with a flip of one proton spin 

simultaneously with the change in the rotational symmetry state. This leads to 

accumulation of nuclear polarization over a long period of time. 

 Recently, the solid-state Haupt effect has been coupled to dissolution process for 

solution NMR detection and tested on many small molecules.50 

 

 

1.1.3.6 Transfer of Molecular Rotational Polarization to Nuclei 

 In the course of efforts to accurately characterize electronic angular momentums 

in photodissociated products, atoms with zero nuclear spins were used so that 

electronic polarization is not depolarized by the nuclear spin (hyperfine 

depolarization).51 In order to study molecules that possess nonzero nuclear spins, large 

nuclear polarization can be created to suppress the hyperfine depolarization.52 

 This experiment was carried out by first preparing a highly polarized rotational 

molecular state by pulsed laser or microwave excitation. The hyperfine beating that 

results from this excitation cycles the nuclear polarization between zero and a maximum 

value, with the rotational polarization showing the opposite behavior. Timely 

photodissociation of the molecule when nuclear polarization reaches the maximum 

value “freezes” the high nuclear polarization. 

From the NMR standpoint, this technique can be used not to optimize molecular 

photodissociation, but to maximize nuclear polarization. Although this method can only 

be used in small molecules where molecular rotational states are well defined, and it 
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involves photodissociation, close to 100% nuclear polarization can be achieved by this 

approach.52,53 

 

 

1.2 Photochemically Induced Dynamic Nuclear Polarization (Photo-

CIDNP) 

 Hyperpolarization methods provide great opportunity to enhance NMR sensitivity 

by directly polarizing the nuclear spin states. However, these methods usually involve 

solid states, small molecules or nonnative conditions and therefore generally unsuitable 

for the analysis of biological macromolecules. I will describe an alternative approach 

that I explored in my Ph.D. project. 

 Chemically Induced Dynamic Nuclear Polarization (CIDNP)54,55 was first 

discovered in polymerization reactions using free radical initiators56 and halogen-metal 

exchange reactions57. Soon after,58 it was shown that the CIDNP effect can also be 

generated upon light irradiation. This phenomenon is now known as photochemically 

induced dynamic nuclear polarization (photo-CIDNP). 

 Photo-CIDNP has been traditionally used to study free radical chemistry,59,60 

biomolecular interactions,54, 61,62 and protein folding,63-65 since the photo-CIDNP 

mechanism (section 1.2.2) involves the physical interaction between a dye and the 

substrate of interest, followed by transient radical pair formation.  

 Given that Photo-CIDNP gives rise to nuclear polarization under mild solution 

conditions, this technique offers considerable potential and opportunities, mostly 
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unexplored to date (section 1.2.3), as an NMR sensitivity enhancement tool for the 

study of both small and large biomolecules in solution. 

 In order for photo-CIDNP to become a general NMR sensitivity enhancement tool, 

however, challenges remain (section 1.2.4). My Ph.D. thesis focuses on the efforts to 

render the photo-CIDNP method a more powerful tool to enhance NMR sensitivity in 

solution. My approach is summarized in sections 1.2.5 and 1.2.6. 

 

 

1.2.1 Instrumental Setup 

 Compared to other nuclear polarization methods described in section 1.1.3, the 

photo-CIDNP hardware setup is quite simple (Fig. 1.3). I will start by introducing how 

the photo-CIDNP experiments are practically implemented. 

 An argon ion laser (2017-AR, Spectra-Physics - Newport Corporation, Irvine, CA) 

in multiline mode (main lines at 488 and 514 nm) is used as a light source. The laser 

light is focused into an optical fiber using a convex lens (LB4330, Thorlabs, Newton, NJ) 

and a fiber-coupler (F-91-C1-T, Newport Corporation). The optical fiber is guided into 

the NMR sample tube via a coaxial insert (WGS-5BL, Wilmad-Labglass, Buena, NJ). 

The position of the coaxial insert is adjusted such that the tip of the fiber is located 5 

mm above the receiver coil region. This setup provides ~50% laser-to-fiber coupling 

efficiency. 
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Figure 1.3 Photo-CIDNP instrumentation. a) In addition to the NMR spectrometer, 

light source (often an argon ion laser) and optical fiber are installed to guide the light 

into the NMR spectrometer. b) The coaxial insert guides the optical fiber into the sample. 

Shigemi NMR tubes can also be used. c) The laser light is focused into the optical fiber 

by using convex lens. The shutter is controlled by the pulse sequence program. 
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1.2.2 The Radical Pair Mechanism66-69 

 According to the Radical Pair Mechanism, photo-CIDNP proceeds via laser-

triggered formation of a transient radical pair between oxidizable amino acids (typically 

Trp, His and Tyr) and a light-absorbing oxidizing dye (often flavin mononucleotide, 

FMN). After laser irradiation, the photo-excited dye in its triplet state extracts an electron 

from a nearby residue, giving rise to a transient radical pair. Recombination takes place 

next, to generate the original species. Recombination rates depend on the hyperfine 

coupling between unpaired electron and the surrounding nuclei. (Fig. 1.4) 

The effect of hyperfine coupling can be highly nuclear-spin-state-dependent, 

resulting in the selectively faster recombination of one of the nuclear spin states (α or β, 

in case of spin-1/2 nuclei). This process leads to enrichment in the fast-recombining 

nuclear spins, and is the key aspect of photo-CIDNP. The fraction of molecules bearing 

the nuclear spin state with slower recombination rate does not effectively contribute to 

the net polarization. In this class of molecules, the radical pairs are often sufficiently 

long-lived to dissociate and then undergo rapid paramagnetic nuclear relaxation, 

leading to thermally equilibrated spin populations at the applied field. (Fig. 1.5) 

All magnetically active nuclei of the solvent-exposed samples oxidizable by the 

excited dyes are potential photo-CIDNP candidates. In order for the sample to be 

oxidizable, the oxidation potential of the sample should be less than the reduction 

potential of the excited dye. The fact that only Trp, His and Tyr (Met to a weaker extent) 

have lower oxidation potentials than the FMN reduction potential,70 explains why they 

are the only photo-CIDNP-active amino acids. 
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Figure 1.4 Key concepts in photo-CIDNP. a) Radical pair formation by electron 

transfer from the molecule of interest to the dye is the first step of photo-CIDNP. The 

two radicals composing the pair diffuse apart, leading to similar energy levels between 

the triplet ( )βαβ α
2

1 +  and the singlet ( )βαβ α
2

1 −  radical pairs, thus enabling 

triplet-singlet (TS) mixing. b) Hyperfine coupling between the unpaired electron and the 

nuclei in the oxidized molecule can affect the TS mixing frequency. c) Difference in 

nuclear spin states can cause difference in TS mixing rates only when ∆g ≠ 0. To 

illustrate this point, vector diagrams for unpaired electron spin precession (caused by 

the applied magnetic field) as well as corresponding ESR spectra are shown for both 

the ∆g = 0 and ∆g ≠ 0 cases. 
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Figure 1.5 The radical pair mechanism. The red M* denotes the nuclear-spin-

polarized molecule. Assume that a particular 1H in the α spin state enhances the rate of 

radical pair TS mixing and the β spin state (of the same 1H) slows down the process. 

Then the α spin is preserved by rapid recombination while the β spin is 

paramagnetically relaxed to comparable α and β spin populations, leading to an overall 

α spin polarization. This diagram was modified from Ref (54). 
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1.2.3 Previous Efforts to Enhance NMR Sensitivity by Photo-CIDNP 

    The heteronuclear photo-CIDNP sensitivity enhancement efforts carried out so 

far focused on the Trp indole 15N-1H bond pair, and exploited a) 15N CIDNP followed by 

15N→1H nuclear polarization transfer,71 b) 1H CIDNP followed by 1H→15N→1H 

transfer,71,72 c) 1H→15N nuclear polarization transfer followed by 15N CIDNP and 

15N→1H transfer,73 or a combination of b) and c).73 While these early studies led to 

promising enhancements, their applicability is limited by the fact that the 15N-1H pair in 

the Trp indole is the only viable probe. Furthermore, the Trp indole 15N-1H resonances 

tend to be poorly dispersed in nonnative proteins.74 

In addition, another method was developed to sustain photo-CIDNP-polarized 

longitudinal magnetization for longer time periods.75 When the photo-CIDNP experiment 

is performed at low applied magnetic fields, the singlet states are directly populated (or 

depleted) in comparison to triplet states. This phenomenon arises from the fact that 

hyperfine couplings (like J couplings)76 become the dominant Hamiltonian in low fields. 

The stored magnetization can be adiabatically transferred to the NMR spectrometer for 

detection. The long-lived magnetization can be utilized in imaging and quantum 

computing applications. 

It is also worth mentioning that very high nuclear polarizations can be generated 

by photo-CIDNP in special systems. In solid77 and solution78 states, photosynthetic 

reaction centers are known to provide ~10,000-fold photo-CIDNP sensitivity 

enhancements. A similar effect is observed for blue-light photoreceptors in the solid 

state.79 These observations stem from the large hyperfine couplings in the electron-

donor chlorophyll (or flavin in case of the blue-light photoreceptors) as well as the 
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different photo-CIDNP mechanisms that prevail in very slowly tumbling systems.80 

 

1.2.4 Major Challenges in Photo-CIDNP 

 Despite the efforts to improve NMR sensitivity by photo-CIDNP (section 1.2.3), 

challenges remain to render photo-CIDNP a general NMR sensitivity enhancement tool 

(Fig. 1.6). 

 First of all, despite the uniqueness of photo-CIDNP among all nuclear 

polarization methods to study macro-biomolecules in solution, the sensitivity 

enhancement achieved so far has not been as huge as the enhancements provided by 

other hyperpolarization methods.81 Thus, in order to study very low concentration (µM-

nM) samples or combine photo-CIDNP with fast data acquisition schemes,36 additional 

methods to further the sensitivity of photo-CIDNP are needed. 

 One of the major advantages in photo-CIDNP is that no pre-polarization period is 

necessary unlike most of the hyperpolarization methods. This enables a multi-scan 

photo-CIDNP experiment to collect multidimensional NMR spectra and achieve 

additional sensitivity enhancement by signal averaging. However, in reality, dye 

photoreduction as well as sample photodegradation prevent prolonged photo-CIDNP 

data collection. Therefore, methods to reverse or prevent these side effects caused by 

high-power laser pulses are highly desirable. 

 Finally, photo-CIDNP-active probes are limited. In the case of polypeptides, the 

probes are confined to solvent-exposed Trp, Tyr, and His amino acids. Even more, 

heteronuclear photo-CIDNP experiments are restricted to the Trp indole 1N-1H pair. 

Therefore efforts to extend the photo-CIDNP-active probes are highly needed. 
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Enhanced Sensitivity

Prolonged Data Collection Applicability to All Nuclei 

1H NMR
solvent-exposed

1. One or more orders of magnitude 
increase in sensitivity is needed

2. Sensitivity is insufficient to detect very 
low (µM-nM) concentration samples

 

 

Figure 1.6 Major Challenges in Photo-CIDNP. Increasing sensitivity, enabling long-

term data collection by preserving sample and dye integrity, and extending the number 

of photo-CIDNP-active moieties are the prominent current challenges in photo-CIDNP. 
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1.2.5 1H-detected 13C photo-CIDNP to achieve additional NMR sensitivity 

and heteronuclear photo-CIDNP probes82 (Chapter 2)  

Inspired by the established existence of 13C photo-CIDNP,79 83 the large 

enhancements achieved via 1H-detected 15N heteronuclear photo-CIDNP,71, 73 and 

considering that there are many 13C-1H bond pairs in aromatic residues, I explored the 

potential of heteronuclear 1H-detected 13C photo-CIDNP. As shown in Chapter 2, this 

effect leads to large NMR sensitivity enhancements in several 13C-1H resonances of Trp, 

His and Tyr, including both side chain and, intriguingly, also backbone 13Cα-1Hs. Thus, 

13C photo-CIDNP followed by polarization transfer to 1H enables the highly sensitive 

detection of both side chain and backbone resonances in amino acids, polypeptides and 

proteins.  

 

1.2.6 A Novel Tri-enzyme System for More Efficient Photo-CIDNP Data 

Collection 84 (Chapter 3) 

Two major drawbacks have limited the applicability of photo-CIDNP to 

experiments involving long-term data acquisition. First, the transiently reduced 

photosensitizer dye (typically flavin mononucleotide, i.e., FMN) is often not readily re-

oxidized in the course of the experiment. Second, repeated laser pulses often cause 

significant photo-damage of the sample. Thus, 1D experiments involving lengthy signal 

averaging to detect weak NMR signals from dilute biomolecules or multidimensional 

NMR experiments are often not practically accessible via photo-CIDNP. Furthermore, 

despite the fact that higher laser power leads to larger photo-CIDNP enhancements, low  
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Figure 1.7 Previous efforts to prevent dye (FMN) photoreduction and sample 

photodegradation during photo-CIDNP experiments. Mechanical mixing and addition of 

H2O2 were performed to facilitate re-oxidation of the dye. In addition, ambient O2 level 

was modulated to observe the effect on photo-CIDNP. 
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laser power is often used for practical applications, to minimize photodegradation. 

Previous efforts (Fig. 1.7) to facilitate long-term photo-CIDNP include (a) 

regenerating the yellow FMN dye from its photo-reduced colorless FMNH2 upon 

mechanical mixing of the sample during the experiment to facilitate oxidation by 

oxygen,85,86 (b) addition of an oxidizing agent (i.e., H2O2) before data collection86 and (c) 

deliberately modulating the oxygen concentration in the sample.87 Approaches (a) and 

(b) are effective but not optimal. Approach (c) leads to decreased photo-CIDNP 

regardless of whether oxygen is added or depleted. Under oxygen saturation conditions, 

FMNH2 is efficiently regenerated but the photo-excited triplet-state dye TFMN, whose 

interaction with the sample causes photo-CIDNP, is readily quenched by the abundant 

oxygen. Under oxygen depletion conditions, photodegradation by singlet oxygen is 

efficiently suppressed but the photoreduced FMNH2 is not efficiently re-oxidized to the 

original FMN. 

In Chapter 3, a new method is introduced to decrease the extent of 

photodegradation and enhance photo-CIDNP in experiments requiring long-term data 

collection. This method enables efficient regeneration of FMN while minimizing 

irreversible photodegradation. Since oxygen is known to be involved in many 

photodegradation pathways, we first deplete oxygen in the NMR sample by introducing 

glucose, glucose oxidase and catalase. The consequent decrease in photo-CIDNP 

(given that FMN cannot be efficiently regenerated from FMNH2) is overcome upon the 

additional introduction of an FMNH2-oxidizing enzyme. The resulting tri-enzyme system 

improves photo-CIDNP performance while reducing the extent of irreversible sample 

photodegradation. 
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1.3 Hsp70 Chaperone - Substrate Interactions 

 

1.3.1 Molecular Chaperones 

Based on a set of brilliant experiments, Christian Anfinsen postulated in 1973 

that a protein's native structure in a given environment is determined by its amino acid 

sequence.88 Given a sequence, the protein's native structure can be tracked down by 

searching for the lowest free energy state in the funneled energy landscape.89 However, 

this does not mean that sequence alone is all that is necessary for proper protein folding. 

The “environment”, including other proteins present in the system, is an essential set of 

parameters that cannot be neglected. 

After unfolding a protein by denaturing agents or heat, simple reinstatement of 

the physiologically relevant condition often leads to misfolded or aggregated proteins.90  

Even when proteins are synthesized in vectorial nature under normal conditions in vivo, 

the ribosome and molecular chaperones have to work in concert to ensure the native 

structure after translation.91 This is also true under physical and chemical stress 

conditions, where proteins cannot properly turnover without the help of molecular 

chaperones. 

Molecular chaperones are proteins that interact, stabilize, or help non-native 

proteins to fold into their native conformation. They help co- and post-translational 

protein folding and are overexpressed under various stress-related (e.g. high 

temperature) conditions to maintain protein homeostasis. Even under non-stress 

conditions, the molecular chaperones interact with approximately 30% of the total 
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protein population, reflecting the importance of chaperones in the overall quality control 

of proteins.92 

 

 

1.3.2 Heat Shock Protein 70 (Hsp70) Molecular Chaperone 

Hsp70 chaperones are ubiquitous among prokaryotes and eukaryotes.93 They 

are also highly conserved in sequence.94 Just like most other molecular chaperones, the 

Hsp70 is overexpressed upon heat shock and other stress-related conditions. It 

functions co- and post-translationally and regulates protein folding, disaggregation and 

degradation.95 

The Hsp70 chaperone has two domains, an N-terminal ~44 kDa nucleotide 

binding domain (NBD) with ATPase activity and a C-terminal ~25 kDa substrate binding 

domain (SBD) that directly interacts with the substrate molecules (Fig. 1.8). The relative 

orientation of NBD and SBD is thought to be quite flexible and the linker region between 

the two domains forms a dynamic random coil.96 

The Hsp70 chaperones from all organisms cooperate with various other 

chaperones and co-chaperones to maintain the correctly folded pool of proteins in the 

cell. In addition, Hsp70 plays a versatile role in many cellular processes. For instance, 

Hsp70 is involved in the transport of proteins and vesicles across membranes,97 

activation and regulation of immune cells,98,99 and regulated assembly and disassembly 

of protein complexes100 through interactions with a wide variety of co-chaperone 

proteins. 
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Consistent with its diverse function, Hsp70 is involved in the pathology of several 

diseases.101 First, overexpression of Hsp70 proteins is frequently observed in multiple 

type of cancers.102 Hsp70 is thought to provide a survival advantage because it interacts 

and inhibits multiple components in apoptotic pathways.101 Strikingly, transgenic mice 

overexpressing Hsp70 chaperone spontaneously develop T cell lymphoma.103 

Overexpression of the Hsp70 protein, at the same time, decreases protein aggregation 

in cultured cell lines and suppresses neurodegenerative phenotypes in animal 

models.101 Hsp70 chaperones are implicated in many neurodegenerative diseases104 

and are involved in senescence pathways.105 

 

 

1.3.3 E. coli Hsp70: DnaK 

DnaK is the E. coli Hsp70. In E. coli cells, long nascent polypeptide chains 

interact with DnaK (~30% of total proteins) and fold to their native state after multiple 

ATP-dependent cycles or get transferred to the chaperonin system.92 DnaK knocked 

down E. coli cells are not viable under heat shock conditions (42°C)106 and experience 

significant protein aggregation even at 37°C.107 

The recognition motif of DnaK (Fig. 1.9) consists of five hydrophobic residues, 

especially enriched in leucine, flanked by positively charged residues. This pattern was 

elucidated by screening cellulose-bound peptide libraries.108 

The DnaK protein cooperates with other co-chaperones to properly function in 

vivo (Fig. 1.10). Rapid association of DnaK to its substrates occurs in its ATP-bound 

state (ATP-DnaK), where the substrate can bind independently or as a complex with the  
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Figure 1.8 Structure of DnaK (E. coli Hsp70) in its ADP bound state (PDB ID: 2KHO). 

96 DnaK has a 45 kDa N-terminal nucleotide binding domain (NBD) and a 25 kDa C-

terminal substrate binding domain (SBD). The SBD is further subdivided into a 15 kDa 

β-sandwich domain that interacts with client substrates and a 10 kDa helical lid domain. 

The last 30 C-terminal residues in DnaK are unstructured and of unknown function. 

 

 

 

 

 

Figure 1.9 The substrate recognition motif of DnaK.108 
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DnaJ (Hsp40) co-chaperone. The ATP is readily hydrolyzed upon DnaK’s interaction 

with DnaJ and the substrate. Upon ATP hydrolysis to form ADP-DnaK, DnaJ dissociates 

and the substrate binds tightly to DnaK. Another co-chaperone GrpE (a nucleotide 

exchange factor) catalyzes ADP release from the DnaK, where DnaK rapidly binds to 

another ATP, lowering the affinity of DnaK for the substrate followed by its release. This 

forms the DnaK-DnaJ-GrpE cycle to refold the unfolded or misfolded proteins (Fig. 

1.10).109 The DnaK-DnaJ-GrpE also works together with ClpB (Hsp100) chaperone to 

render aggregated proteins into their functional forms.110 

DnaK will be used as our model chaperone in the experiments described in 

Chapter 4 and 5. 

 

 

1.3.4 Molecular Details of the Hsp70-Substrate Interaction 

The function of Hsp70 is manifested by its action on substrates. Thus, in order to 

understand how Hsp70 chaperone helps protein folding, it is important to observe how 

the substrate is affected upon interaction with the chaperone. 

Although much has been studied about the function of Hsp70, only few examples 

tell us about the molecular details of how substrates respond to Hsp70. For instance, X-

ray111 and NMR112,113 studies showed that short peptides adopt an extended 

conformation upon binding the substrate-binding-domain (SBD) of Hsp70. (Fig. 1.11) In 

addition, when apomyoglobin N-terminal fragments bind to the SBD of Hsp70, native 

and nonnative residual helical structure that resembles the acid-unfolded full-length  
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Figure 1.10 The ATP-regulated DnaK/DnaJ/GrpE chaperone cycle. 
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Figure 1.11 X-ray structure of the DnaK SBD (green) bound to NRLLLTG peptide 

(grey spheres). Hydrophobic arch and central binding cavity residues are shown as red 

spheres. (PDB ID: 1DKX) 111 

 

 

 

Figure 1.12 Schematic diagrams illustrating the conformational similarity between the 

N-terminal apomyoglobin bound to DnaK SBD and acid-unfolded full-length 

apomyoglobin. The purple stretches highlight the similarities in helical propensities.114 
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apomyoglobin is generated. (Fig. 1.12)114 However, these studies focus on protein 

fragments and peptides binding to the truncated form of Hsp70. Yet, studies on the 

interaction between full-length native proteins and full-length Hsp70 are crucial. It is 

worth mentioning that it has been recently reported that the full-length E. coli Hsp70-like 

protein HscA binds to and stabilizes the disordered form of the iron-sulfur cluster 

scaffold protein IscU.115 

In addition, given that the Hsp70 molecular chaperone is known to interact with 

unfolded and newly synthesized polypeptides as well as with fully and partially folded 

proteins,100,101 it is important to investigate how the full-length Hsp70 interacts with both 

the folded and unfolded states of the protein substrate, to gain more insights into the 

mechanism of Hsp70-substrate interactions. 

 

 

1.3.5 Experimental Conditions 

 To study the molecular mechanism underlying Hsp70-substrate interaction, I 

observed the interaction between the full-length ADP-bound DnaK (ADP-DnaK) and the 

drkN SH3 domain by multidimensional NMR spectroscopy. 

 ATP-DnaK has a low affinity and exchanges fast with bound substrates, while 

ADP-DnaK has high affinity and slow exchange rates.109 Thus, ADP-DnaK is a more 

favorable species to study DnaK-substrate interaction by NMR. In addition, fast ATP 

hydrolysis by DnaK in the presence of substrates makes it difficult to examine the ATP-

DnaK state over the long time span required for NMR experiments.116 In principle, 

mutants such as DnaK T199A can greatly reduce ATPase activity, but only at the cost 
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of a concomitant loss of protein folding activity.117 Various functions of DnaK are 

implicated with ATP hydrolysis,118 so I expected that ADP-DnaK-substrate interaction 

studies would provide valuable insights into DnaK function. Later, I simulated 

nucleotide-free DnaK states by adding a large amount of GrpE nucleotide exchange 

factor into my samples.119 

  The N-terminal SH3 domain of the Drosophila melanogaster adaptor protein drk 

(drkN SH3 domain) was used as the substrate. The SH3 domain is marginally stable 

and slowly exchanges (kex ~ 2.2 s-1) between folded and unfolded states at the chemical 

shift NMR timescale, enabling observation of NMR resonances from both states (Fig. 

1.13).120 This will give us the opportunity to observe the interplay between Hsp70 and 

the folded and unfolded drkN SH3 substrate. In addition, the drkN SH3 domain has a 

strong DnaK-binding site (Figs. 1.9 and 1.14). Note that only the SH3 domain is 13C, 

15N-enriched, since we are mainly interested in the effect of Hsp70 chaperone on the 

substrate. All experiments were performed at pH 7.2 and 25 °C. 

 

 

1.3.6 Effect of ADP-DnaK on SH3 conformation 

Multidimensional NMR and native gel analysis were performed to monitor the 

effect of ADP-bound DnaK (the E. coli Hsp70) on the drkN SH3 protein substrate, which 

slowly exchanges between the folded and unfolded states on the NMR chemical shift 

timescale. When drkN SH3 and DnaK are present in the sample, the translational 

diffusion of both the folded and unfolded states of SH3 is decelerated, suggesting an 

interaction of both states with the chaperone. No major changes in substrate conform- 
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Figure 1.13 1H-15N HSQC NMR spectrum of drkN SH3. Both folded and unfolded 

resonances can be clearly observed. The NMR data was collected with 100 µM 13C,15N-

enriched SH3 protein at pH 6.0 and 25°C. 
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Figure 1.14 Structure (PDB ID: 2A36) and DnaK-binding scores108 of the SH3 

domain.116 A binding score less than -5 indicates a strong local DnaK binding site. The 

potential binding site with the lowest score is shown in red in the structure on the left. 
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ation were detected in the presence of the chaperone. Finally, to account for the overall 

undetectability of folded SH3 population in the presence of chaperone, we propose that 

some NMR-invisible, possibly Hsp70-bound “dark” states are populated.121 
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1H-detected 13C Photo-CIDNP 

as a Sensitivity Enhancement Tool in Solution NMR 
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Abstract 

 

NMR is a powerful yet intrinsically insensitive technique. The applicability of NMR 

to chemical and biological systems would be substantially extended by new approaches 

going beyond current signal-to-noise capabilities. Here, we exploit the large 

enhancements arising from 13C photo-chemically induced dynamic nuclear polarization 

(13C photo-CIDNP) in solution to improve biomolecular NMR sensitivity in the context of 

heteronuclear correlation spectroscopy. The 13C-PRINT pulse sequence presented here 

involves an initial 13C nuclear spin polarization via photo-CIDNP followed by conversion 

to antiphase coherence and transfer to 1H for detection. We observe substantial 

enhancements, up to >>200-fold, relative to the dark (laser off) experiment. 

Resonances of both side-chain and backbone CH pairs are enhanced for the three 

aromatic residues Trp, His and Tyr and the Trp-containing σ32 peptide. The sensitivity of 

this experiment, defined as signal-to-noise per unit time (S/N)t, is unprecedented in the 

NMR polarization enhancement literature dealing with polypeptides in solution. Up to a 

16-fold larger (S/N)t than the 1H-13C SE-HSQC reference sequence is achieved, for the 

σ32 peptide. This gain leads to a reduction in data collection time up to 256-fold, 

highlighting the advantages of 1H-detected 13C photo-CIDNP in solution NMR.  
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2.1 Introduction 

NMR is an invaluable spectroscopic tool to probe residue-specific molecular 

properties such as dynamics, folding and noncovalent interactions. To date, this 

technique has been largely exploited to study native and nonnative states of 

biomolecules in solution, including peptides, proteins and nucleic acids.1-5  

Due to either scarce sample solubility,6,7 the need to maintain low concentrations 

to overcome competing processes (e.g., aggregation), or the intrinsically low abundance 

of the target species in the relevant physiological environment,8,9 liquid-state 

biomolecular NMR samples are often rather dilute, requiring highly sensitive data 

collection. In addition, real-time kinetic studies of fast events by NMR impose a need for 

rapid and efficient data collection even in concentrated samples.10-13 

NMR’s low sensitivity stems from marginal nuclear polarization at thermal 

equilibrium. Enhanced polarization methods tackle this problem by perturbing the 

thermal equilibrium upon coupling nuclei to other highly polarized quantum states.14 For 

instance, molecules leads to NMR signal enhancements by the Haupt effect15 and 

hyperfine depolarization,16,17 respectively. In addition, electron polarization of alkali-

metals leads to hyperpolarization of noble gases via optical pumping.18,19 Despite the 

large signal enhancements attainable by the above methods, substrates amenable to 

these approaches are confined to the solid-state or to small molecules in liquid solution. 

Promising DNP methods that  polarize samples directly in the liquid state20-22 or rely on 

the rapid thawing of prepolarized frozen solutions have proven effective for small 

molecules (e.g. urea, glucose)23,24 and dipeptides.25 On the other hand, the harsh rapid-
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dissolution procedures necessary for some of these applications are generally not 

desirable for large biomolecules. 

A different method, photo-chemically induced dynamic nuclear polarization 

(photo-CIDNP) offers considerable potential and opportunities. 

 

 

2.2 Experimental Methods 

Instrument Setup and Sample Preparation 

 The photo-CIDNP-inducing light beam (generated via a Spectra Physics 2017-

AR in multiline mode with main lines at 488 and 514 nm, operating at 5.0 and 0.5 W for 

1D and 2D experiments, respectively) was guided into the NMR sample tube inside the 

magnet via an optical fiber.26,27 Uniformly 13C, 15N-enriched Trp, His, Tyr, a 13-residue 

σ32 peptide (1.0 mM each) and the N-terminal SH3 domain of the drk adaptor protein 

from Drosophila (drkN SH3, 0.3 mM) were used as model substrates. All data were 

collected in the presence of 0.2 mM of FMN in 95%H2O/5%D2O adjusted to pH 7.0, at 

24°C. The chemically synthesized σ32 peptide (see primary structure in Fig. 2.4) 

comprises the 132-144 residues of the E. coli σ32 transcriptional regulator, with Leu135 

replaced by 13C,15N-Trp.28 

 

drkN SH3 Protein Expression and Purification 

The drkN SH3 protein was overexpressed in E. coli and purified as described29 

except for the following modifications. A Q HP anion exchange column (GE Healthcare; 

Piscataway, NJ) was used instead of DE 52. The final ion exchange chromatography 
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step (Mono Q column, GE Healthcare; Piscataway, NJ) was omitted after verifying 

protein purity by SDS PAGE. 

 

2D NMR Data Collection  

All the 2D NMR data were collected according to States-TPPI30 with 32 

increments and 1 scan per increment. For 13C,15N-Trp and the 13C,15N-Trp-labeled σ32 

peptide, sweep widths of 6,000 Hz and 4,000 Hz were employed for the direct and 

indirect dimensions, respectively, with 1,000 complex points in the direct dimension. In 

the case of the drkN SH3 protein, sweep widths of 6,000 Hz and 3,000 Hz were 

employed for the direct and indirect dimensions, respectively, with 600 complex points 

in the direct dimension. A relaxation delay of 60 s was employed to ensure uniform 

photosensitizer dye (FMN) mixing between transients. 

 

Additional Details on 2D 13C-PRINT Data Collection 

For 13C, 15N-Trp and the 13C,15N-Trp-labeled σ32 peptide, a laser power of 0.5 W 

and irradiation time (tL) of 0.1 sec were used for the 2D 13C-PRINT experiments shown 

in Figures 2.5 and 2.6. For the drkN SH3 protein (which has comparable populations of 

native and unfolded conformations exchanging slowly on the NMR chemical shift 

timescale), a short laser irradiation time (20 ms) at high laser power (2W) was used, to 

minimize photo-CIDNP polarization transfer between the folded and unfolded states 

during laser irradiation. 

 

2D 13C-PRINT and 1H,13C-SE-HSQC Data Processing 
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The time-domain data were zero-filled 4 times in both the direct and indirect 

dimensions. Exponential multiplication and an unshifted Gaussian were then applied to 

the 2D time-domain data collected on free Trp and the σ32 peptide. Exponential 

multiplication and a 20%-shifted Gaussian were applied in the case of experiments on 

the drkN SH3 protein, to optimize the resolution of the unfolded state resonances.  

 

NMR Resonance Assignments of drkN SH3  

HN, N and Hα assignments and chemical shift information for the drkN SH3 

protein were obtained from published data.31 Cα assignments and chemical shifts were 

deduced from the known HN and N assignments and new 3D HNCA experiment. The 

3D data were collected on 0.3 mM DrkN SH3 in the presence of 50mM sodium 

phosphate in 95%H2O/5%D2O, at pH 6.0 and 30°C. HNCA data collection parameters 

were: 64 (13C) and 32(15N) increments (in States-TPPI mode) and 16 scans per 

increment. Sweep widths of 9,000 Hz, 4,000 Hz and 2200 Hz were employed for the 1H, 

13C and 15N dimensions, respectively, with 900 complex points in the direct dimension. 

 

 

2.3 Results and Discussion 

As shown in Figure 2.1, the 13C photo-CIDNP-enhanced constant time reverse 

INEPT (13C-PRINT) pulse sequence is designed to enhance 13C polarization followed by 

transfer to 1H for detection. In the case of emissive photo-CIDNP, the initial 13C π pulse 

constructively adds 13C longitudinal magnetization to 13C-photo-CIDNP-induced 

polarization. 
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Figure 2.2 shows that 13C-1H photo-CIDNP leads to significant increases in 

signal-to-noise per unit time (S/N)t for free Trp under laser-on (light) conditions, relative 

to both laser-off (dark) conditions and to a reference sensitivity-enhanced pulse-field-

gradient 1H-13C HSQC sequence32 in constant-time mode33 (denoted as 1H-13C SE-

HSQC). The observed enhancements, relative to 1H-13C SE-HSQC, are 12 and 4-fold 

for 13Cη2-1H and 13Cα-1H, respectively (Table 2.1). This result is particularly significant if 

one considers that 1H-13C SE-HSQC involves a full 1H→13C→1H transfer while 13C-

PRINT only entails a 13C→1H transfer. Even larger enhancements (41- and 22-fold) are 

detected, relative to dark conditions. A second type of dark experiment, denoted as 

dark’, was also performed, with laser irradiation time (tL) set to 0 to minimize 

unnecessary signal losses due to 13C T1 relaxation in the reference experiment. The 

observed Trp enhancements for 13Cη2-1H and 13Cα-1H relative to the dark’ experiments 

are 27 and 14-fold, respectively (Table 2.1). Figure 2.2b shows how (S/N)t varies upon 

increasing tL. After the maximum enhancement is reached, a decrease in (S/N)t at long 

tL is observed under light conditions, due to reduced sample photostability and 13C T1 

relaxation, both of which counteract 13C photo-CIDNP buildup. This profile shows the 

main drawback of photo-CIDNP, i.e., the need to properly modulate laser power and 

irradiation time to minimize photodegradation. Comparable photo-CIDNP 

enhancements are also found for His and Tyr (Fig. 2.3, Table 2.1). 13C,15N-labeled Leu 

and Ser, on the other hand, experience no photo-CIDNP enhancement. Note that Tyr 

displays a significant Cα  enhancement while this effect is negligible for His. Small Cβ 

13C-PRINT enhancements are also observed for Trp (data not shown). These effects  
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Figure 2.1 13C-PRINT NMR pulse sequence for 1H-detected 13C Photo-CIDNP-

enhanced data collection. T is the total evolution time in the indirect dimension (13 and 

27 ms for side chain and Cα carbons, respectively), for this constant-time sequence. τ is 

1/4JCH (1.6 ms) and tL is the laser irradiation time. All pulses have x phase unless 

otherwise noted. 13C decoupling during acquisition was performed by WURST140.34 

The phase cycling is φ1 = y, -y; φ2 = y, y, -x, -x, -y, -y, x, x; φrec = x, -x, -x, x. 2D 

experiments were run in States-TPPI mode (i.e., phase shifting of φ1, φ3, φrec concurrent 

with sign inversion of the last z-gradient). The initial 13C π pulse is used to constructively 

add emissive 13C photo-CIDNP polarization to the pre-existing 13C magnetization. In the 

case of absorptive 13C photo-CIDNP polarization, the π pulse is omitted. 
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Figure 2.2 a) 1D 13C-PRINT NMR spectra illustrating the 1H-detected 13C photo-

CIDNP enhancements of 1.0 mM Trp in aqueous solution. A spectral window of 6,000 

Hz with 2,000 complex points was used. The t1 carbon chemical shift evolution was set 

to 0. The relaxation delay was set to 1.5 s in all experiments. Four transients and two 

steady-state scans were collected. The data shown in this panel were acquired with a 
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laser irradiation time tL corresponding to the maximum (S/N)t (see tL dependence 

profiles in panel b) Spectra were phased so that resonances resulting from emissive 

enhancements are positive. All the NMR data shown in this work were collected on 

Varian INOVA 600 MHz spectrometer equipped with a triple resonance 1H{13C,15N} 

triple axis gradient probe. b) Dependence of 13C photo-CIDNP enhancements on the 

laser irradiation time tL. Experimental conditions and acquisition parameters other than 

tL are as in a). (S/N)t, defined as (S/N)/t1/2, was determined as described.35 All 

measurements were carried out on 3 independent samples. Uncertainties are 

expressed as ±1 standard error of the mean. Note that an increase in tL leads to a 

decrease in dark (S/N)t due to 13C T1 relaxation during laser irradiation. 

. 
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Figure 2.3 Laser irradiation time dependence of photo-CIDNP enhancements of a) 

His and b) Tyr via 13C-PRINT. Experimental parameters and error analysis are as in 

Figure 2. The initial 13C π pulse was omitted for the data collection on Tyr Cα because 

the photo-CIDNP enhancement is absorptive, in this case. 
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Table 2.1 (S/N)t enhancements obtained via 1D 13C-PRINT on Trp, His, Tyr and the 

σ32 peptide in solution.a,b 

 

 

 

a The tL value giving rise to maximums signal under light conditions (see Figure 2, 3) 

were used, for calculating the enhancements in this table. b All uncertainties were 

propagated considering the ±1 standard error in (S/N)t resulting from 3 independent 

measurements. c No explicit (S/N)t could be evaluated for these experiments because 

the dark spectrum lacked any detectable signal beyond the noise, even for prolonged 

data collection (64 transients). d The notation dark’ denotes dark reference experiments 

with tL set to 0 s. 
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are smaller in steady-state than in time-resolved CIDNP36 likely due to differences in the 

extent of cancellation effects.37 

To directly address the method’s applicability to larger biological systems, we 

analyzed the σ32 model polypeptide, as shown in Figure 2.4. Interestingly, even larger 

enhancements than in the case of free Trp are observed for the σ32 peptide. 13C-PRINT 

yields 16-fold larger (S/N)t than 1H-13C SE-HSQC for Cα, which is 4-fold larger than the 

enhancement observed for free Trp (Table 2.1). Photo-CIDNP enhancement patterns 

are also different for the side chain 13Cs of free Trp and the σ32 peptide’s Trp. 

Specifically, a dramatic enhancement is observed for 13Cδ1 of the σ32 peptide Trp while a 

negligible effect is detected for the corresponding nucleus of free Trp (Figs 2.4 and 2.5, 

and Table 2.1). Therefore, 13C photo-CIDNP enhancement patterns can be sensitive to 

the surrounding chemical environment. 

In order to illustrate the power of 13C photo-CIDNP in cases where high 

resolution is critical, 2D 13C-PRINT data were collected for the σ32 peptide (Fig. 2.4b). 

Mild laser irradiation (power = 0.5W, tL = 0.1sec) was employed in this case, to optimize 

sample photostability (<5% degradation) during data collection. Significant 

enhancements are evident here too (Fig. 2.4b). A comparison between Figures 2.4b, 

2.5 and 2.6 illustrates how (S/N)t is maximized, in the case of emissive photo-CIDNP 

(e.g. see Trp 13Cε3, 13Cη2), by retaining the initial 13C π pulse. 

Finally, we collected 2D 13C-PRINT data on drkN SH3, a protein that populates 

both native and unfolded states in slow exchange on the NMR chemical shift timescale 

(Fig. 2.7). The greatest (S/N)t enhancements, up to 2.4-fold relative to 1H-13C SE- 
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Figure 2.4 a) 1D NMR spectra for the 1H-detected 13C photo-CIDNP enhancement of 

the σ32 peptide. Experimental procedures are as in Figure 2. b) 2D dark and light 13C-

PRINT spectra of the σ32 peptide. 2D data were collected according to States-TPPI with 

32 increments per row and 1 scan per increment. Sweep widths of 6,000 Hz and 4,000 
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Hz were employed, for the direct and indirect dimensions, respectively. Black and red 

contours denote positive and negative resonances, respectively. Emissive 13C photo-

CIDNP enhancements originate from Cδ1, Cε3 and Cη2 while absorptive enhancements 

are observed for Cζ2 and Cζ3. Note that emissive enhancements are phased to be 

positive. 
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Figure 2.5 Aromatic side-chain region of the 2D 13C-PRINT spectrum of 1.0 mM 

13C,15N-Trp and 0.2 mM of FMN in 95%H2O/5%D2O adjusted to pH 7.0, at 24°C under 

dark and light conditions. Black and red contours denote positive and negative 

resonances, respectively. 
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Figure 2.6 Aromatic side-chain region of 2D dark and light 13C-PRINT spectra of (a) 

13C,15N-Trp and (b) 13C,15N-Trp-labeled σ32 peptide. Data were collected with no initial 

13C π pulse with 1.0 mM of σ32 peptide and 0.2 mM of FMN in 95%H2O/5%D2O at pH 

7.0 and 24°C. Due to the absence of the initial 13C π pulse, the dark resonances of the 

σ32 peptide have higher intensity and inverted sign, relative to the dark resonances of 

Figure 2.4b. This phenomenon leads to different-looking light spectra even though the 

intrinsic nature of the enhancement is the same. Specifically, weaker signals are 

observed for Cε3 and Cη2 while stronger signals are observed for Cδ1, Cζ2 and Cζ3, 

compared to the 13C-PRINT data collected in the presence of the initial 13C π pulse. 

Similar effects are observed for free Trp (compare the spectrum in panel (a) with the 

spectrum in Fig. 2.5). 
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Figure 2.7 2D 13C-PRINT spectra illustrating the most prominent NMR sensitivity 

enhancements experienced by the solvent-exposed Cα backbone resonances of the 

drkN SH3 protein (0.3 mM). Black and red contours denote positive and negative 

resonances, respectively. Emissive and absorptive enhancements are phased to be 

positive and negative, respectively. Note the different signs of the Trp and Tyr Hα−Cα 

resonances, which impart additional selectivity to the spectrum. Data were collected in 

the presence of 0.2mM FMN in 50mM sodium phosphate in D2O, at pH 6.0 and 30°C.
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HSQC, were observed for the Trp36 and Tyr52 1H-13Cα pairs in the unfolded state, 

Moderate enhancements (up to 1.7-fold) were also observed for the partially solvent-

exposed Trp36 in the native state. The above experiments concisely illustrate the fact 

that 13C-PRINT is an extremely sensitive tool to probe amino acid, peptide and protein 

backbone conformation. 

Comparisons between 13C-PRINT enhancements of amino acids, peptide and 

protein (Figs. 2.2, 2.4 and 2.7) show different relative intensities and signs. We ascribe 

these variations to a combination of (a) the greater extent of exchange and 

recombination cancellation expected for amino acids, relative to proteins, and (b) the 

different hyperfine constants arising from changes in electronic distribution of the 

different species, likely due to differences in primary structure, conformation and 

protonation state of the radical cation within the transient radical ion pair.37 

 

Comments on the 2D 13C-PRINT Photo-CIDNP of the drkN SH3 Protein  

Figure 2.7 shows the 2D 13C-PRINT dark and light spectra of the Drosophila 

protein drkN SH3, which comprises the 1-59 N-terminal residues of Drosophila drk. The 

figure focuses on the spectral regions corresponding to the resonances undergoing the 

most prominent NMR sensitivity enhancements in Cα region. The native and unfolded 

states of drkN SH3 are in slow exchange (kex=2.2 s-1 at 20°C)38 on the NMR chemical 

shift timescale, under physiological conditions.31  

The most significant result is that the intensities of the 2D 13C-PRINT resonances 

under light conditions are 1.7-, 2.4- and 0.6-fold larger than the corresponding 1H-13C 

SE-HSQC resonances, for the unique tryptophan in the native state (W36N), for 
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tryptophan in the unfolded state (W36U), and for tyrosine in the unfolded state (Y52U), 

respectively. The enhancement factors are likely underestimated due to resonance 

overlap in the reference 1H-13C SE-HSQC. Therefore, 2D 13C-PRINT is an effective tool 

for the sensitivity enhancement of Trp and Tyr backbone resonances of drkN SH3, 

outperforming 1H-13C SE-HSQC. In addition, 13C-PRINT can also be employed to readily 

estimate the differential degree of solvent-exposure of the target resonances in the 

native and unfolded states. In the case of drkN SH3, such assessment is particularly 

convenient as it can be performed in a single NMR experiment, given that the native 

and unfolded states are comparably populated and in slow exchange at pH 6.0 and 

30°C. 

In addition, 2D 13C-PRINT intensities under light conditions are 2.3-, 6.0-, 3.0-fold 

larger than 13C-PRINT intensities under dark conditions, for W36N, W36U, Y52U, 

respectively. Y52N and Y37U,N do not show photo-CIDNP enhancements, possibly 

because they are not solvent-exposed. 

 

Polarization Differences between Time-Resolved and Steady-State Photo-CIDNP 

The relative intensities and some of the phases observed for the 13C resonances 

of our 1D 13C-PRINT experiments on Trp differ from those seen by Kiryutin and 

coworkers.36 Specifically, 13Cζ2 and 13Cζ3 resonances in 1D 13C-PRINT light experiments 

are emissively polarized with smaller relative intensities when compared to Kiryutin et 

al.’s spectra. Other resonances show similar relative intensities and phases. 

To address whether continuous rather than time-resolved laser irradiation was 

responsible for the differences, we performed a control experiment under similar 
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experimental conditions to those of the time-resolved 1D 13C photo-CIDNP study by 

Kiryutin and coworkers, except for the fact that we employed continuous laser irradiation 

(3W, 0.1 s per transient; Figure 2.8). We observed the same polarization phases as 

Kiryutin et al., except for 13Cζ2 and 13Cζ3, which show negligible photo-CIDNP 

enhancement. On the other hand, the relative CIDNP intensities are significantly 

different for some resonances. The intensity differences are likely due to a combination 

of a variety of cancellation processes37 that take place in steady-state photo-CIDNP 

experiments but not in the time-resolved experiment. 

Regarding the observed differences of the 13Cζ2 and 13Cζ3 Trp resonances in 1D 

13C photo-CIDNP and 1D 13C-PRINT, we hypothesize that processes operating on 

multiple timescales (e.g. Photo-CIDNP, NOE etc.) may be responsible for the overall 

observed polarization.39 This hypothesis is backed up by the observation that the 13C 

photo-CIDNP polarization phase for 13Cζ2 resonance changes from emissive to 

absorptive when laser irradiation conditions vary from 5W, 0.15 s per scan to 5W, 20ms 

per scan. Indeed, the precise origin of the observed differences cannot be established 

with certainty at this juncture, and this topic deserves further future investigation. 

 

 

2.4 Conclusions 

This work demonstrates the power of 13C photo-CIDNP in heteronuclear 

correlation NMR. Indeed, 1H-detected 13C photo-CIDNP leads to sensitivity 

enhancement for both side-chain and backbone CH pairs in amino acids, peptides and 

proteins in solution. The σ32 peptide sensitivity enhancement, up to 16-fold
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Figure 2.8 1D 13C photo-CIDNP spectrum (pulse sequence: laser irradiation – 13C 

90ο pulse – detection) of 5.0 mM 13C,15N-Trp and 0.2 mM of FMN in 95%H2O / 5%D2O 

at pH 7.0 and 24°. Sixteen transients and two steady-state scans with 60 s relaxation 

delay were collected under both dark and light conditions. A laser power of 3 W and a 

0.1 s laser irradiation time (tL) were employed. 
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over SE-HSQC, yields a reduction in data collection time up to 256-fold and highlights 

the promise of this approach. 13Cα-1H enhancements are particularly noteworthy, as 

these nuclei are robust reporters of backbone secondary structure. While 13C-PRINT is 

tailored to enhance resonances from specific solvent-exposed residues (Tyr, Trp and 

His), recent advances suggest that in the future it may be possible to transfer photo-

CIDNP-enhanced Cα and side chain C magnetization to other nearby nuclei via NOE. 40  

We anticipate that the 1H-detected 13C photo-CIDNP method highlighted in this work will 

prove useful to study of both equilibrium biological processes in dilute solutions and 

kinetic time-courses demanding rapid data collection. 
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Abstract 

 

NMR is an extremely powerful, yet insensitive technique. Many available nuclear 

polarization methods that address sensitivity are not directly applicable to low-

concentration biomolecules in liquids and are often too invasive. Photochemically 

induced dynamic nuclear polarization (photo-CIDNP) is no exception. It needs high-

power laser irradiation, which often leads to sample degradation, and photosensitizer 

reduction. Here, we introduce a novel tri-enzyme system that significantly overcomes 

the above challenges rendering photo-CIDNP a practically applicable technique for 

NMR sensitivity enhancement in solution. The specificity of the nitrate reductase (NR) 

enzyme is exploited to selectively in situ re-oxidize the reduced photo-CIDNP dye 

FMNH2. At the same time, the oxygen-scavenging ability of glucose oxidase (GO) and 

catalase (CAT) is synergistically employed to prevent sample photodegradation. The 

resulting tri-enzyme system (NR-GO-CAT) enables prolonged sensitivity-enhanced data 

collection in 1D and 2D heteronuclear NMR, leading to the highest photo-CIDNP 

sensitivity enhancement (48-fold relative to SE-HSQC) achieved to date for amino acids 

and polypeptides in solution. NR-GO-CAT extends the concentration limit of photo-

CIDNP NMR down to the low micromolar range. In addition, sensitivity (relative to the 

reference SE-HSQC) is found to be inversely proportional to sample concentration, 

paving the way to the future analysis of even more diluted samples. 
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3.1 Introduction 

Nuclear magnetic resonance (NMR) is arguably the most powerful technique to 

determine molecular structure and dynamics in solution at atomic resolution. On the 

other hand, NMR is intrinsically insensitive due to the similarity in nuclear spin 

populations of ground and excited states at thermal equilibrium, even in the presence of 

high applied magnetic fields. Major ongoing efforts in NMR spectroscopy aim at 

enhancing nuclear spin polarization in solids, liquids and gases by approaches known 

as dynamic nuclear polarization (DNP),1-3 dissolution-DNP,4,5 parahydrogen-induced 

polarization (PHIP),6,7 optical pumping,8,9 Haupt effect10 and photochemically induced 

dynamic nuclear polarization (photo-CIDNP).11-17 The latter technique, photo-CIDNP, is 

particularly attractive in the case of soluble biomolecules, as it can be used to increase 

NMR sensitivity under mild solution conditions. 

Photo-CIDNP is typically carried out in the presence of a photosensitive dye 

capable of efficient intersystem crossing (e.g., flavin mononucleotide, also known as 

FMN) and transient substrate oxidation upon light excitation.18,19 Sensitivity 

enhancements up to ca. 200-fold relative to the laser-free dark experiment have 

recently been achieved in solution for a variety of amino acids, peptides and proteins via 

13C-PRINT, a 1H-detected 13C photo-CIDNP pulse sequence capable of enhancing the 

side chain and backbone resonances of Trp, His and Tyr.20 The photosynthetic reaction 

center, i.e., a large biomolecular complex susceptible to intra-molecular light-induced 

electron transfer, can even yield ~ 10,000-fold 13C sensitivity enhancements.21,22 Photo-

CIDNP’s primary advantages over other nuclear polarization approaches are the ability 
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to operate under mild solution conditions and the relative simplicity of technical setup. 

Further, the use of this methodology for sensitivity enhancement purposes is still largely 

unexplored,20, 23-27 and holds potential for even larger enhancements upon optimization 

of dye structure, laser irradiation schemes and other data collection parameters. 

The inability to analyze low-concentration samples is one of the major limitations 

of NMR over other spectroscopies like fluorescence. As a result, typical NMR samples 

are limited to concentrations spanning from the hundreds-of-micromolar to the millimolar 

range. This is often a major limitation in biological and biomedical applications, where 

sample amounts are often scarce and poor solubility may impose additional low-

concentration constraints.28,29 The quest to increase NMR sensitivity is particularly 

pronounced in physiological environments, where low concentration and solubility are 

often matched by highly crowded media and inter-molecular interactions, which 

contribute to further decrease resonance linewidths and intensities. In the case of 

photo-CIDNP-induced highly polarized magnetization, prolonged signal averaging can 

potentially enable the analysis of very dilute samples, e.g., in the low-µM concentration 

range or lower, with significant improvements in signal-to-noise (S/N). In photo-CIDNP, 

however, three main challenges (Fig. 3.1a) need to be overcome before this goal can 

be achieved. First, laser irradiation, especially at high power, leads to irreversible 

photodegradation of the target NMR sample, especially if it bears an aromatic 

moiety.30,31 Second, laser irradiation also causes chemical damage of the dye.32-34 

Third, the dye, typically flavin mononucleotide (FMN), experiences reversible reduction 

(e.g., leading to FMNH2) during photo-CIDNP.34-36 The reduced dye then needs to be 

reoxidized so that subsequent rounds of photo-CIDNP can take place. 
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Figure 3.1 Diagrams illustrating the fundamental challenges underlying the 

enhancement of NMR signal-to-noise via photo-CIDNP, together with an outline of how 

the proposed tri-enzyme system meets the challenges.   a) Major pathways leading to 

essential processes (enclosed in the green box) and undesired products (shown in red) 

in photo-CIDNP NMR. The species shown in square brackets is a putative biradical 

intermediate in the FMN photodegradation pathway.33 b) Scheme showing that an 

advantageous feature of ambient oxygen is its ability to convert FMNH2 back to FMN.34 

c) Proposed strategy for simultaneously overcoming NMR sample photodegradation 

and regenerating FMN in the presence of the NR-GO-CAT tri-enzyme system. d) 

Structure of the proposed photo-CIDNP-enhancing enzymes: glucose oxidase (GO, 

PDB ID: 1GAL),61 catalase (CAT, PDB ID: 1TGU)62 and nitrate reductase (NR, PDB ID: 

2CND),63 together with the reactions catalyzed by each enzyme. The FAD-binding 

domain of Zea mays nitrate reductase is displayed here (instead of the Arabidopsis 

thaliana nitrate reductase, NR, used in this work) due to the lack of structural 

information on NR. The two enzymes have the same biological function and share 

considerable sequence similarity (71%). The process in square brackets is the 

physiologically relevant NR reaction. Although both nitrate (NO3‾) and chlorate (ClO3‾) 

ions are viable substrates for NR, only ClO3‾ was used in this work. 
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Previous efforts to facilitate long-term photo-CIDNP and address the above 

challenges include (a) deliberate modulation of the oxygen concentration in the 

sample,30 (b) addition of the oxidizing agent H2O2 to the NMR sample to regenerate the 

yellow FMN dye from its photoreduced nearly colorless FMNH2,35 and (c) regeneration 

of FMN by mechanical mixing during the experiment to facilitate oxidation by ambient 

oxygen (Fig. 3.1b).35,37 Approach a leads to decreased photo-CIDNP regardless of 

whether oxygen is added or depleted. Specifically, under oxygen-saturation conditions, 

TFMN quenching prevents effective photo-CIDNP (Fig. 3.1a). Under oxygen-depletion 

conditions, photodegradation is efficiently suppressed (Fig. 3.1a) but the photoreduced 

FMNH2 is not efficiently reoxidized to the original FMN (Fig. 3.1b). Approaches b and c 

are effective. However, long-term photo-CIDNP data collection is not ideal in the 

presence of oxidizing agents such as H2O2 even if they act slowly (approach b), and 

sample disturbance during the experiment is generally undesirable (approach c). 

Moreover, the sample photodegradation problem is not addressed by approaches b and 

c. 

Here, we introduce a novel tri-enzyme system capable of simultaneously tackling 

the sample photodegradation and FMNH2 reoxidation challenges (Fig. 3.1c). As shown 

in Figure 3.1d, the enzyme system comprises glucose oxidase (GO), catalase (CAT) 

and nitrate reductase (NR). This novel system has two complementary features. The 

oxygen scavenging component, which includes GO and CAT, prevents the singlet-

oxygen-mediated sample degradation caused by the light-induced generation of TFMN 

(Fig. 3.1a). In addition, the oxidizing component NR efficiently and specifically oxidizes 

FMNH2 back to FMN in the absence of oxygen. NR is a molybdenum-containing 
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enzyme known to catalyze the conversion of nitrate to nitrite in plants, algae and fungi.38 

The tri-enzyme system (denoted here as NR-GO-CAT) extends the sample 

concentration limit of photo-CIDNP NMR down to the low micromolar range and greatly 

facilitates multidimensional photo-CIDNP applications while largely preserving substrate 

integrity. 

 

 

3.2 Experimental Methods 

Enzyme stock solutions.  Glucose oxidase (GO, from Aspergillus niger, catalog 

number G7141, Enzyme Commission classification code: EC 1.1.3.4) and catalase 

(CAT, from bovine liver, cat. numb. C40, EC 1.11.1.6) were purchased from Sigma-

Aldrich (St. Louis, MO), and nitrate reductase (NR, from Arabidopsis thaliana, cat. 

numb. AtNaR, EC 1.7.1.1) was acquired from NECi (Lake Linden, MI). The EC number, 

established by the Enzyme Commission, provides an unambiguous numerical 

classification of enzymes based on the source organism and the reactions they 

catalyze. All enzymes, provided in freeze-dried form, were separately dissolved in 30 

mM potassium phosphate (pH 7.0). The GO and CAT stock solution concentrations 

were 6.3 and 8.0 µM, respectively. The NR stock solution concentration was 10 

units/ml, with one unit defined as the amount of enzyme that reduces 1.0 μmole of 

nitrate to nitrite per min. at pH 7.5 and 30°C, with NADH serving as the substrate. The 

enzyme solutions were aliquoted and flash-frozen in liquid N2 and stored at -80°C. 

Aliquots were thawed in a water bath at 30°C before use. 
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NMR sample preparation.  Trp (574597), Tyr (607991), His (608009) and FMN 

(F8399) were purchased from Sigma-Aldrich. The σ32 peptide and the N-terminal SH3 

domain of the drk adaptor protein from Drosophila melanogaster (drkN SH3) were 

prepared as previously described.20 All NMR samples contained 0.2 mM FMN and 5% 

D2O. The aromatic amino acid NMR samples were in 10 mM potassium phosphate (pH 

7.0), and had 0.25 µM, 0.16 µM and 2.5 mM GO, CAT and D-glucose (158968, Sigma-

Aldrich) concentrations,39,40 respectively, and 0.54 µM (i.e., 0.3 units per 700 µl) NR 

concentration.41 NR was used in combination with 2 mM sodium chlorate (244147, 

Sigma-Aldrich). The σ32 peptide samples were in 50 mM Tris, 5 mM MgCl2 and 100 mM 

KCl (pH 7.5), and the drkN SH3 protein samples were in 50 mM Tris, 5 mM MgCl2 and 

50 mM KCl (pH 7.2). Both samples had a 10-fold smaller concentration of GO and CAT 

and a 3-fold smaller concentration of NR. Enzyme substrate (i.e. D-glucose, sodium 

chlorate) concentrations were identical to those of the aromatic amino acid samples. 

The aromatic amino acid and σ32 peptide samples were incubated in the NMR 

spectrometer for at least 15 min and 1 hr, respectively, to ensure optimal oxygen 

depletion prior to photo-CIDNP NMR data collection. 

Photo-CIDNP setup.  An argon ion laser (2017-AR, Spectra-Physics - Newport 

Corporation, Irvine, CA) in multiline mode (main lines at 488 and 514 nm) was used as 

a light source for all photo-CIDNP experiments. The laser light was focused into an 

optical fiber as described,24 using a convex lens (LB4330, Thorlabs, Newton, NJ) and a 

fiber-coupler (F-91-C1-T, Newport Corporation). The optical fiber was guided into the 

NMR sample tube via a coaxial insert (WGS-5BL, Wilmad-Labglass, Buena, NJ). The 
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position of the coaxial insert was adjusted such that the tip of the fiber was located 5 

mm above the receiver coil region. Laser powers were measured at the sample-end of 

the optical fiber. The laser-to-fiber coupling efficiency42 was ~50%. 

Photo-CIDNP NMR experiments.  All NMR data were collected at 25°C on a Varian 

INOVA 600 MHz NMR spectrometer equipped with a triple resonance 1H{13C,15N} triple-

axis gradient probe. The constant evolution time in the indirect dimension was set to 13 

ms for both the 13C-PRINT and SE-HSQC experiments. All the 1D data were apodized 

with a 5 Hz exponential line-broadening function and zero-filled twice. The 2D data were 

apodized with an unshifted Gaussian function and zero-filled twice in both dimensions. 

The relaxation delay was 10 s. The laser irradiation time was 0.1 s. The laser irradiation 

power was 1.5 W and 0.5 W for the 1D and 2D experiments, respectively. 

Determination of (S/N)t and cumulative S/N.  The signal-to-noise per unit time (S/N)t 

was evaluated as described.24 Briefly, the NMR signal (S) was determined by 

measuring the intensity of the NMR resonance of interest relative to the average noise 

line. Peak-to-peak noise amplitude (NPTP) was evaluated within a 4 ppm spectral width 

centered around the resonance of interest. The following equations were used 

PTPN
S ×5.2S/N =   ,  and     (1) 

t
S/N)S/N( t =    ,     (2) 

where t is the total data collection time.43 Note that the terms sensitivity and (S/N)t are 

intended to have identical meaning and are interchangeably used throughout this work. 

In the case of low-micromolar control SE-HSQC, the signal was so weak that prolonged 
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data acquisition had to be carried out until a reasonable S/N was attained, to compute 

(S/N)t. The cumulative S/N in Fig. 3.4 was evaluated from 
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∑
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where n denotes the experiment number, S1, S2 … Sn are the intensities of the signal of 

interest across different experiments, and NPTP, 1, NPTP, 2, NPTP, n are the corresponding 

peak-to-peak noise amplitudes. 

ESI Mass Spectrometry. Electrospray ionization (ESI) mass spectrometry studies were 

carried out with the 3200 Q TRAP LC/MS/MS System (Applied Biosystems, Foster City, 

CA) in positive ion mode. The buffer components of all samples were removed by 

treatment with ZipTipC18 devices (standard bed format, EMD Millipore Corporation, 

Billerica, MA). To remove low-molecular-weight impurities while preserving as much of 

the weakly-binding Trp on the C18 column as possible, the manufacturer’s 

recommended procedure was modified as follows. Briefly, the ZipTipC18 was subject to 

a) 3× treatment with 100% acetonitrile, b) 30× treatment with 5% methanol/0.1% TFA in 

water, c) 10× treatment with 0.1% TFA in water, d) sample binding to the resin by 

multiple up/down pipetting of 30 µl of the NMR sample solution containing 0.1% TFA, e) 

resin washing upon 10× treatment with 0.1% TFA in water, and f) sample elution upon 

multiple up/down pipetting steps with 5 µl of 20% acetonitrile/0.1% TFA in water.  
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Absorption spectroscopy in the UV-visible region.  Absorption spectra of the NMR 

samples were acquired directly in the NMR tube with an HP 8452A diode array 

spectrophotometer. In order to properly position the NMR sample for absorption 

measurements, an NMR-tube cap was glued to the bottom of a disposable absorption 

cuvette appropriate for data collection at λ > 300 nm (14-955-129, Fisher Scientific, 

Pittsburgh, PA). The NMR sample was then inserted in the device and the interstitial 

space between the cuvette and the NMR tube was then filled with water. Complete 

conversion of FMN to FMNH2, was accomplished in a control experiment upon adding 

trace amounts of Na2S2O4 (157953, Sigma-Aldrich) to a solution containing 0.2 mM 

FMN, 0.2 mM Trp and 10 mM potassium phosphate at pH 7.0. All data were smoothed 

via the boxcar averaging procedure with a 4 nm window, using the MATLAB software 

package (Mathworks, Natick, MA). 

 

 

3.3 Results and Discussion 

Design of a tri-enzyme system for efficient photo-CIDNP under low-photodegrad-

ation conditions.  Sample photodegradation upon laser irradiation is a major challenge 

in photo-CIDNP that renders this technique poorly suited to long-term NMR data 

collection. Oxygen-dependent pathways are a prominent cause of sample 

photodegradation (Fig. 3.1a).30,31 Hence, we depleted ambient oxygen via the oxygen 

scavenging enzymes glucose oxidase and catalase44 (Fig. 3.1c and 3.1d). The GO and 

CAT enzymes were previously employed to deplete oxygen in fluorescence 
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microscopy45 but not in NMR. We favor this method over alternative mechanical 

procedures (usually based on flushing the system with an inert gas)46 because it is 

operationally easier, more efficient, and it enables continuous oxygen depletion. Our 

earlier efforts based on an alternative oxygen scavenging enzyme system, 

protocatechuate-3,4-dioxygenase in the presence of protocatechuic acid,47 were not 

further pursued because protocatechuic acid significantly quenches photo-CIDNP. 

In addition to promoting undesirable sample photodegradation, O2 is also known 

to mediate an important, useful purpose in photo-CIDNP, i.e., reoxidation of the dye 

(Fig. 3.1b). Therefore, in addition to depleting oxygen via GO and CAT, we had to 

introduce an O2 substitute capable of efficiently oxidizing the photo-CIDNP byproduct 

FMNH2 back to FMN, without quenching TFMN. Our initial efforts focused on strong 

chemical oxidants. The best performing agents, Co (III) and persulfate, were able to 

oxidize FMNH2 similarly to ambient oxygen but exhibited undesired solution behavior. 

Next, we reasoned that a redox-active enzyme taking up FMNH2 as a specific 

substrate may more effectively serve our purpose. Towards this goal we initially tested 

xanthine oxidase and FMN reductase. We found, however, that neither of them is 

effective at oxidizing FMNH2, as both enzymes thermodynamically favor the conversion 

of FMN to FMNH2 and not vice versa. In addition, xanthine oxidase was used in the 

presence of urate as a substrate. However, urate weakly quenches photo-CIDNP. After 

some initial moderately successful attempts with nitrate reductase from Pichia pastoris, 

we selected nitrate reductase from Arabidopsis thaliana (NR, Fig. 3.1c and 3.1d) due to 

its superior performance. The primary biological function of this enzyme is to reduce 

nitrate to nitrite while oxidizing NADH to NAD+.38 Fortunately, FMNH2 is also a viable 
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substrate of the NR enzyme in vitro.38 Similarly, nitrate was replaced by chlorate48 which 

turned out to be more efficient at oxidizing FMNH2 than nitrate. The complete reaction 

scheme adopted here is shown in Figure 3.1d. 

In summary, our strategy has been to enzymatically remove molecular oxygen 

and concurrently reoxidize FMNH2 (Fig. 3.1c). Our tri-enzyme system, denoted here as 

NR-GO-CAT, consists of glucose oxidase (GO), catalase (CAT) and nitrate reductase 

(NR) (Fig. 3.1d) and it successfully accomplishes the desired task. The addition of 

catalytic amounts of NR-GO-CAT enzymes to NMR samples leads to significant 

reduction in sample photodegradation and preservation of photo-CIDNP efficiency over 

a much longer time span than enzyme-free solutions. 

Efficient photo-CIDNP at low sample concentration (200 µM) in the presence of 

the tri-enzyme system.  The effect of the NR-GO-CAT tri-enzyme system depends 

critically on the concentration of the target biomolecule. We began by examining 200 

µM 15N,13C-Trp, i.e., a model compound at a concentration typically employed in 

biomolecular NMR. Arrays of twenty 13C-PRINT spectra (1H-detected 13C Photo-

CIDNP)20 were acquired back-to-back employing a high-power Ar ion laser (1.5 W) to 

examine the variation in photo-CIDNP under light conditions in the absence and 

presence of different combinations of enzymes (Fig. 3.2b). Photoexcited triplet FMN 

converts molecular oxygen, 3O2, usually present at ca. 0.27 mM in aqueous solution,49 

to singlet oxygen (1O2). The latter, in turn, causes significant sample degradation 

according to the scheme in Fig. 3.1a. In order to estimate the extent of 

photodegradation, 1H 1D pulse-acquire data were also collected before and after the  
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Figure 3.2 Laser-driven photo-CIDNP NMR of 200 µM aqueous Trp in the absence 

and presence of different enzymes. a) Structure of tryptophan (Trp) and flavin 

mononucleotide (FMN). b) Array of 1H-detected 13C-PRINT photo-CIDNP spectra in the 

absence and presence of different enzyme combinations (4 scans per experiment, data 

collected back-to-back, 80 scans total). This panel also includes 1H-13C SE-HSQC 

reference spectra (equal number of scans and identical relaxation delay to 13C-PRINT). 

The resonances detectable under no-enzyme and NR-only conditions are mostly due to 

photodegradation products.  c) 1H spectra before and after the collection of the array of 

experiments displayed in panel c (1.5W laser power, 0.1s laser pulse duration per 

scan). d) Graph illustrating the ratio of (S/N)t for 13C-PRINT (light conditions) and SE-

HSQC experiments (η2 Trp resonance) in the absence and presence of different 

enzyme combinations. Error bars denote standard errors for three independent 

experiments. e) 1D 13C-PRINT photo-CIDNP spectra (64 scans per spectrum) in the 

absence and presence of the NR-GO-CAT tri-enzyme system. The bracket in the photo-

CIDNP light (no enzymes) condition denotes photodegradation products. 
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array of photo-CIDNP experiments, as shown in Figure 3.2c. 

In the absence of enzymes or in the presence of NR alone, a significant 

decrease in the Trp 13C-PRINT resonance intensities is observed (Fig. 3.2b). This result 

is a direct consequence of sample photodegradation, as illustrated in Figure 3.2c, 

showing the disappearance of most Trp signals after the photo-CIDNP experimental 

array, under no-enzyme and NR conditions. 

In the presence of catalytic amounts of the oxygen-scavenging enzymes GO 

(0.25 µM) and CAT (0.16 µM), however, much higher photo-CIDNP resonance 

intensities are observed (Fig. 3.2b). Figure 3.2c provides evidence for the origin of this 

effect by showing that GO and CAT prevent Trp photodegradation as most of the Trp 

resonances preserve their original intensity at the end of the experiment. Hence, oxygen 

depletion prevents sample photodegradation and enables the photo-CIDNP S/N 

enhancement to persist for many transients. 

The prevention of Trp photodegradation is a clear advantage. Yet, it is not 

sufficient to enable long-term photo-CIDNP data collection because, under GO-CAT 

conditions, the 13C-PRINT intensity decreases fairly rapidly over time (Fig. 3.2b). This 

phenomenon limits the ability to exploit the photo-CIDNP sensitivity enhancement in 

long experiments. Visual analysis of NMR samples after photo-CIDNP reveals that the 

solution loses a considerable fraction of its yellow color, imparted by FMN. This effect 

can be ascribed to either the accumulation of the nearly-colorless FMN-reduction 

product, FMNH2, expected after multiple rounds of photo-CIDNP, or to irreversible FMN 
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photodegradation (Fig. 3.1a). Absorption spectroscopy, performed directly on the NMR 

samples before and after laser irradiation (Fig. 3.3), helps shedding light on this topic. 

The FMN absorption spectral changes observed after photo-CIDNP in the 

presence of the GO-CAT enzymes suggest that a significant fraction of FMN has been 

converted into other species (Fig. 3.3b). The 344 nm isosbestic point of the pre- and 

post-photo-CIDNP spectra of Fig. 3.3b (similar to the isosbestic point of FMN and 

FMNH2 observed in the literature)36 is consistent with the presence of both FMN and 

FMNH2 in the post-photo-CIDNP sample. The FMNH2 reference spectrum (Fig. 3.3, 

dotted lines) also naturally (i.e., in agreement with the published spectrum)36 

extrapolates to this isosbestic point. Note that the FMNH2 reference spectrum is not 

explicitly shown at wavelengths lower than 400 nm, due to overlap with the absorption 

band of sodium dithionite, which was introduced in the reference sample to 

quantitatively convert FMN to FMNH2. Transient exposure of the post-photo-CIDNP 

sample to molecular oxygen via manual mixing causes regeneration of FMN from 

FMNH2, as evidenced by the spectral changes in Fig. 3.3c. This regeneration (Fig. 3.3c) 

is likely slightly overestimated since O2 exposure upon mixing inevitably involves mixing 

of the irradiated sample region with the non-irradiated region containing intact FMN. The 

same argument applies to NR-GO-CAT conditions (Fig. 3.3e). 

Incidentally, NMR (Fig. 3.2c) suggests that FMN has been fully depleted, after 

the photo-CIDNP array in the presence of GO and CAT (Fig. 3.2c, see disappearance 

of FMN 6 and 9 NMR resonances). However, absorption spectroscopy implies that 

some FMN is left in solution under the same conditions (Fig. 3.3b). This apparent 

inconsistency can be explained upon considering that line-broadening beyond detection  
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Figure 3.3 Electronic absorption spectroscopy of photo-CIDNP samples. a) 

Experimental setup to record the absorption spectra of NMR samples directly in the 

NMR sample tube. FMN spectra before and after laser irradiation are plotted for b) GO-

CAT and d) NR-GO-CAT conditions. Note that FMNH2 spectrum is shown only in long 

wavelength range due to strong absorbance by Na2S2O4 (which was used to reduce 

FMN to FMNH2) at short wavelength range. Absorption spectra of NMR samples after 

the photo-CIDNP experiments under c) GO-CAT and e) NR-GO-CAT conditions, before 

and after exposure to O2 via sample mixing. 
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of the FMN 6 and 9 overlapping 1H NMR resonances is likely due to chemical exchange 

with trace amounts of the FMNH● radical (Fig. 3.1a),50 an obligatory species in photo-

CIDNP (see further comments below). 

The above combined evidence highlights two important facts. First, the nearly 

quantitative regeneration of FMN in Fig. 3.3c speaks in favor of long-term photo-CIDNP 

opportunities in the presence of NR-GO-CAT. Second, in order to perform long-term 

photo-CIDNP, a strategy to oxidize FMNH2 in situ and produce FMN in the absence of 

molecular oxygen is necessary to further improve upon the GO-CAT conditions. 

More persistent photo-CIDNP enhancements are observed when catalytic 

amounts (0.54 µM) of the third enzyme, NR, capable of oxidizing FMNH2 back to FMN, 

are added to the solution. The latter conditions, including all three enzymes, are 

denoted here as NR-GO-CAT, and define the tri-enzyme system proposed in this study. 

NR-GO-CAT enables efficient photo-CIDNP by synergistically (a) minimizing the 

amount of sample photodegradation via GO and CAT, as shown in Figure 3.2c, and (b) 

by re-oxidizing the FMNH2 dye due to the specific oxidizing action of NR. The 

regeneration of FMN under NR-GO-CAT conditions is testified by the post-photo-CIDNP 

1H NMR spectrum of Fig. 3.2c, which shows partially recovered FMN 6 and 9 

resonances (with a 43 ± 5 % line-broadening due to chemical exchange with FMNH● on 

the fast T2 timescale) even after many photo-CIDNP cycles. The FMN recycling under 

NR-GO-CAT conditions is also supported by the absorption data of Figure 3.3d. Here, 

the post-photo-CIDNP FMN transition centered at ca. 400 nm is closer to the intensity 

before the laser irradiation, indicating that more FMN is in solution than under GO-CAT 

conditions (Fig. 3.3b). The incomplete FMN recovery under NR-GO-CAT conditions is 
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likely due to a small extent of irreversible FMN photodegradation (see also mass 

spectrometry data in Fig. 3A.1). The absence of an isosbestic point in Fig. 3.3d supports 

the absence of FMNH2 in solution. Interestingly, panel e of Fig. 3.3 shows that upon 

exposure to molecular oxygen no additional intensity is recovered, indicating that the 

FMN regeneration ability of the NR enzyme is as good as that of molecular oxygen. 

The power of the NR-GO-CAT tri-enzyme system is best recapitulated by the plot 

of Fig. 3.2d, which shows the sensitivity of 13C-PRINT in the presence of NR-GO-CAT 

relative to the sensitivity of the reference 1H-13C SE-HSQC. The data show that 13C-

PRINT in the presence of the tri-enzyme system is more sensitive than 1H-13C SE-

HSQC by up to 25-fold. In addition, the NR-GO-CAT photo-CIDNP experiments are 

dramatically, i.e., up to 13 ± 2 times, more effective than enzyme-free photo-CIDNP, 

even after collection of many transients.  

The slightly smaller ratio of (S/N)t observed for NR-GO-CAT (red trace in Fig. 

3.2d) relative to GO-CAT (blue trace in Fig. 3.2d) during the initial ~15 scans is likely 

due to the EDTA in the commercially available NR source.15 The secondary substrate of 

NR, sodium chlorate (2 mM), which is also added to the solution, does not have 

significant effect on photo-CIDNP. 

Fig. 3.2e provides a visual illustration of the results achievable in a single 

relatively long-term experiment (64 scans) in the absence and presence of the NR-GO-

CAT enzyme system with minimal (< 10%) photodegradation. The advantages of photo-

CIDNP in the presence of the tri-enzyme system over SE-HSQC and regular enzyme-

free photo-CIDNP are evident. 
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The effect of the argon ion laser power on photo-CIDNP experiments carried out 

in the presence and absence of the tri-enzyme system is shown in Figure 3.4. For all 

the powers tested (0.2, 0.5 and 1.5W), the NR-GO-CAT-containing samples perform 

much better than the samples lacking the enzymes. At the highest laser power (1.5 W), 

the NR-GO-CAT system is particularly effective, highlighting the usefulness of the three 

enzymes under conditions yielding the largest NMR sensitivity. Panel b of Figure 3.4, 

which provides cumulative S/N values, is particularly useful at illustrating this point. At 

1.5 W and 320 transients, the overall S/N of the sample containing NR-GO-CAT is ca. 

8-fold larger than in the no-enzyme and control SE-HSQC cases.  

In order to quantitatively characterize the extent of sample photodegradation 

during photo-CIDNP, 1H pulse-acquire and 13C-PRINT photo-CIDNP data were 

collected in an interleaved fashion. In the presence of the tri-enzyme system, regardless 

of laser power, sample integrity is preserved by > 80%, even after 320 laser pulses, as 

shown in panels c and d of Figure 3.4. Hence it is generally advantageous to use the 

three-enzyme system for photo-CIDNP experiments at high Ar ion laser power. 

Extending the applicability of the tri-enzyme system to other amino acids and 

polypeptides at even lower concentration (20 µM).  To probe the effectiveness of the 

tri-enzyme system at even lower sample concentration and with more diverse NMR 

samples, we investigated three aromatic amino acids (Trp, His and Tyr) and the σ32 

peptide 20 at 20 µM concentration. cases.  

 For all the aromatic amino acids, we could only observe distinct resonances 

when the photo-CIDNP experiments were carried out in the presence of the 3 enzymes  

(Fig. 3.5). The SE-HSQC, photo-CIDNP dark (i.e., laser off) and enzyme-free photo- 
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Figure 3.4 Effect of laser power and long-term photo-CIDNP data collection on 200 

µM Trp in the absence and presence of the NR-GO-CAT enzymes. a) Ratio of 13C-

PRINT (light conditions) and 1H-13C SE-HSQC (S/N)t values for the η2 Trp resonance, 

as successive experiments were run on the same sample. Photo-CIDNP experiments 

were run at variable laser powers. 20 successive data sets, comprising 16 scans each, 

were collected for each trace shown. b) Cumulative S/N for the η2 Trp resonance under 

different experimental conditions. This plot was generated from the data in panel a. 

Variations in c) η2 and d) δ1 1H Trp resonance intensities during photo-CIDNP 

experiments in panel a. 1H and photo-CIDNP (panel a) data were collected in an 

interleaved fashion. Error bars denote standard errors for three independent 
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experiments. Note that the amount of sample preservation under no-enzyme conditions 

is overestimated in panel c, given that the 1Hη2, 1Hδ1 Trp resonances after the laser 

irradiations were on top of a blob in the 1H spectra, which most likely comes from the 

photodegradation products (Fig. 3.2c). 
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Figure 3.5 13C-PRINT photo-CIDNP and reference 1H-13C SE-HSQC of Trp, His and 

Tyr at 20 µM  concentration in the absence and presence of the tri-enzyme system (16 

scans / experiment). Photo-CIDNP data under light conditions were collected at 1.5W 

laser power with 0.1s laser pulse/scan.  
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Figure 3.6 1D and 2D 13C-PRINT photo-CIDNP spectra of diluted σ32 peptide (20 µM) 

in the absence and presence of the NR-GO-CAT tri-enzyme system. a) Structure of the 

σ32 peptide. b) 1D 13C-PRINT and reference 1H-13C SE-HSQC spectra. Photo-CIDNP 

under light conditions was carried out at 1.5W laser power with 0.1s laser pulse 

irradiation time with and without the NR-GO-CAT enzymes. Each experiment consisted 

of 32 scans. c) 2D 13C-PRINT and reference 1H-13C SE-HSQC spectra. Data were 

collected according to STATES-TPPI with 32 increments and 1 scan per increment. 

Spectral widths were 6,000 and 4,000 Hz for the direct and indirect dimensions, 

respectively. 0.5W laser power and 0.1s laser pulse irradiation time was employed. The 

dashed lines indicate the position of the 1D 1H spectral slices displayed on top of each 

2D spectrum. 
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CIDNP light spectra yielded very little or no signal. The ratios of the (S/N)t of the photo-

CIDNP resonances in the presence of NR- GO-CAT over the corresponding values for 

the SE-HSQC control are 24, 5, 14 for Trp, His and Tyr, respectively. The extent of 

photodamage, defined as the variation in 1H resonance intensity (in 1H 1D pulse-acquire 

experiments) before and after the photo-CIDNP arrays (Fig. 3.5) is moderate, < 5%, for 

Trp, His and Tyr in the presence of NR- GO-CAT. 

Next, we tested the σ32 peptide, which comprises 13 amino acids (i.e., residues 

132-144) of the E. coli σ32 transcription factor. This peptide, which is known to be a 

high-affinity client of the DnaK E. coli chaperone,51 was modified by replacing Leu135 

with 13C, 15N-Trp (Fig. 3.6a).20 1D 13C PRINT photo-CIDNP experiments in the presence 

of NR-GO-CAT displayed a 25-fold greater (S/N)t than the reference 1H-13C-SE-HSQC 

experiment (Fig. 3.6b). This is a significant increase in sensitivity, which amounts to a 

625-fold faster data collection time than in the case of SE-HSQC. 

The extent of σ32 peptide photodegradation was estimated by acquiring a 1D 1H-

13C SE-HSQC spectrum before and after the photo-CIDNP light experiments (in this 

case 1D 1H pulse-acquire experiments were not appropriate to estimate 

photodegradation due to excessive resonance overlap). The extent of detected peptide 

photodegradation was minimal (< 5%, assessed from the variation in Trp resonance 

intensities). 

Finally, to illustrate that the combined use of photo-CIDNP and the tri-enzyme 

system facilitates multidimensional spectroscopy at high sensitivity, we acquired 2D 13C-

PRINT spectra of the 20 µM σ32 peptide. As shown in Fig. 3.6c, the spectral quality is 

excellent, and the data show once again that the only sample yielding any detectable 
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signal, at this very low peptide concentration, is the tri-enzyme-containing σ32 solution. 

The effectiveness of the tri-enzyme system is not limited to amino acids and peptides, 

and is also evident in larger molecular systems including proteins. The 2D 13C-PRINT 

photo-CIDNP NMR spectra of the 20 µM drkN SH3 protein (~ 7 kDa) in the absence 

and presence of the tri-enzyme system, shown in Appendix 3A Figure 3A.2, illustrate 

this point. 

Stretching the concentration limits down to 5 µM.  We probed whether photo-CIDNP 

in combination with the tri-enzyme system may lower typical NMR sample 

concentrations even further down to the low µM range (we tested 5 µM). This 

concentration is around two orders of magnitude smaller than concentrations 

conventionally used in biomolecular NMR. 

We tested the tri-enzyme system in the presence of increasingly lower 

concentrations of the σ32 peptide (200 µM, 20 µM and 5 µM). Strikingly, we observed 

larger relative sensitivity enhancements (with respect to SE-HSQC) at lower sample 

concentrations (Fig. 3.7). The relative sensitivity enhancement reaches 48.0±5.6-fold in 

the case of the 5 µM σ32 peptide (see Fig. 3.7c for NMR spectra of this sample), 

corresponding to a 2,304-fold reduction in data collection time, relative to SE-HSQC, as 

illustrated in Fig. 3.7b. 

To explain this interesting phenomenon, we performed kinetic simulations (see 

details in Appendix 3A Text) and showed that the concentration of the Trp● + FMN● − 

radical ion pair, which is a precursor for photo-CIDNP, is predicted to decrease 

nonlinearly as the Trp concentration decreases. However, this decrease occurs to a  
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Figure 3.7 Improvement in laser-driven NMR sensitivity at low sample 

concentrations.  a) Block diagram illustrating the ratio of (S/N)t of 1D 13C-PRINT (light 

NR-GO-CAT conditions, 16 scans, 1.5 W laser power) and 1D 1H-13C SE-HSQC for the 
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σ32 peptide (Trp η2 resonance) at increasingly low concentration. Photo-CIDNP and 

control SE-HSQC experiments were performed at the same peptide concentration. In 

the case of the reference 1D 1H-13C SE-HSQC experiment, data were averaged over 

128, 3072 and 14336 scans for 200 µM, 20 µM and 5 µM concentration samples, 

respectively, in order to achieve measurable S/N. Even after 14336 scans, however, 

since S/N was poor for the 5 µM sample, 20 µM sample SE-HSQC (S/N)t was divided 

by 4  and used as a reference for 5 µM 13C-PRINT experiment. Three independent 

experiments were performed at each concentration. b) Time required for SE-HSQC to 

achieve the same sensitivity as photo-CIDNP at different sample concentrations was 

calculated from panel a. c) 13C-PRINT photo-CIDNP experiments on the σ32 peptide in 

the absence and presence of the tri-enzyme system at extremely low peptide 

concentration (5 µM). All data were collected with 16 scans and 1.5W, 0.1s laser pulses 

were employed under light conditions. 
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much smaller extent than in the case of the reference SE-HSQC, thus explaining the 

experimentally observed trends of Fig. 3.7a. Similar arguments are likely to apply to 

other photo-CIDNP substrates than Trp. Note that concentration-dependent phenomena 

similar to those observed here were previously observed at acidic and basic pH,52-54 

and explained on the basis of degenerate electron exchange. At the neutral pH studied 

here, degenerate electron exchange is not expected to play a significant role, and the 

above TFMN population arguments best explain our results. 

Efficient photo-CIDNP at high sample concentration (5 mM).  Photo-CIDNP 

experiments whose goal is either fast data collection of a soluble target (i.e., kinetic 

studies) or the identification of solvent exposure of selected amino acids55,56 do not 

require data collection at very low sample concentration. In this case, photo-CIDNP 

experiments are often performed at high concentrations, e.g., in the mM range or 

higher. Even within this concentration regime, the tri-enzyme system provides key 

advantages. However, the balance between the different chemical paths (Fig. 3.1a) 

varies dramatically when sample concentration (in this case 5 mM) exceeds both dye 

(usually 0.2 mM) and ambient oxygen concentration (~ 0.27 mM), as detailed below. 

The behavior of the tri-enzyme system at high sample concentration was tested 

on Trp (5 mM) upon collecting 13C-PRINT spectral arrays in the absence and presence 

of enzymes, as shown in Fig. 3.8. Once again, we find that enzyme additives are 

essential to guarantee long-term data collection. Surprisingly, however, the benefits can 

be ascribed primarily to the NR enzyme. This statement is justified by the fact that the 

NR and NR-GO-CAT conditions yield substantially identical enhancements (Fig. 3.8). If 

anything, the presence of GO and CAT has a deleterious effect on the initial spectral  
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Figure 3.8 Photo-CIDNP NMR of aqueous Trp at high concentration (5 mM) in the 

absence and presence of different enzymes. a) Spectral arrays illustrating 1H-detected 

13C-PRINT photo-CIDNP data (16 scans per spectrum) collected back-to-back in the 

absence and presence of enzymes. Photo-CIDNP data under light conditions were 

collected with 1.5W laser power and 0.1 s laser pulse irradiation. b) Plot illustrating the 

difference between 13C-PRINT photo-CIDNP signal intensities under light (i.e., laser on) 

and dark (i.e., laser off) conditions for the Trp η2 resonance. Three independent data 

sets were collected. 
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enhancement, as seen upon comparing the GO-CAT and no-enzyme conditions (Fig. 

3.8). This is due to efficient FMN conversion to FMNH2 at high sample concentration 

(Fig 3.1a). The latter species, in turn, is not reoxidized by oxygen in the presence of GO 

and CAT. In summary, at high sample concentration the O2 depletion accomplished by 

GO and CAT is not necessary for sensitivity enhancement purposes. 

Our data show that at 5 mM Trp concentration the fraction of Trp 

photodegradation in the absence of enzymes is small (Fig. 3A.3), indeed much smaller 

than at 200 µM sample concentration (e.g., compare Figs. 3.2c and 3A.3). Given that 

sample photodegradation is mediated primarily by singlet oxygen (Fig. 3.1a), the small 

extent of photodegradation explains why oxygen depletion via GO and CAT is not 

necessary. Now, it is important to ask why sample photodegradation is not an issue at 

high concentrations. 

Two arguments help here. First, the equilibrium concentration of dissolved 

oxygen in aqueous solution, in the absence of oxygen-scavenging agents, is ca. 0.27 

mM.49 Even if all the oxygen molecules were totally committed to photodegradation, the 

fraction of sample photodegradation would be only 5.4%. Upon considering that oxygen 

diffuses into the receiver-coil-sensitive region of the NMR-tube solution very slowly in 

the absence of mixing (see details in Appendix 3A Text), very low oxygen-dependent 

sample photodegradation is expected for samples whose concentration is much greater 

than 0.27 mM. Second, Fig. 3.1a shows that both oxygen-dependent sample 

photodegradation and photo-CIDNP (i.e., the steps in the green box) proceed via the 

key reaction intermediate TFMN. According to our simulation (Appendix 3A Text), at 

higher sample concentration the TFMN population is significantly lower. Hence it is 
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straightforward to appreciate that high NMR sample concentrations lead to the depletion 

of most TFMN in solution, significantly decreasing the rate of oxygen-mediated sample 

photodegradation. 

Mass action arguments related to the high Trp concentration (Fig. 3.1a) explain 

why most FMN undergoes photoreduction to FMNH2, instead of irreversible 

decomposition. Hence, the NR enzyme is maximally effective under these conditions, 

as shown in Fig. 3.8. Indeed, NR is the key enzyme at high sample concentration, and 

the effect of NR alone is entirely similar to that of the NR-GO-CAT combination (Fig. 

3.8). In addition, a comparison between no-enzyme and NR-GO-CAT conditions (Fig. 

3.8) illustrates the fact that NR has higher oxidizing power compared to that of oxygen. 

Under both NR and NR-GO-CAT conditions a moderate decrease in resonance 

intensity is observed over long-term data collection (Fig. 3.8b). Fig. 3A.3 shows that this 

decrease is qualitatively consistent with a small extent of oxygen-dependent sample 

photodegradation. This undesired effect can be minimized upon collecting data under 

GO-CAT conditions, though the lack of NR reduces the signal-enhancement benefits of 

photo-CIDNP (Fig. 3.8b). The moderate extent of sample photodegradation (<10%) 

observed after extensive data collection under NR or NR-GO-CAT conditions cannot 

currently be overcome. On the other hand, these conditions are advantageous because 

they yield remarkable signal enhancements over a prolonged timescale. 

Identity of FMN photodegradation products after prolonged laser irradiation.  A 

comparison between Figures 3.4a and 3.8a (at 1.5W laser power) in the absence of 

enzymes shows that photo-CIDNP is more amenable to the collection of multiple scans 

when sample concentration is high. To explain the origin of this phenomenon, we 
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performed ESI mass spectrometry before and after the photo-CIDNP experiments of 

Figures 3.4a and 3.8a (320 scans, 1.5W 0.1s laser pulse/scan, no enzymes, see Fig. 

3.9). Although the ESI data are not entirely quantitative due primarily to the different 

ionization efficiencies of the species involved and to the uneven affinities of the different 

compounds to the C18 reverse-phase desalting pipette tip (used during sample 

preparation for mass spectrometry), the method provides semi-quantitative information 

on the species involved, including the identity of any FMN photo-degradation products 

generated upon extensive high power FMN laser irradiation. Given the mass 

spectrometry sample preparation conditions, which involve extensive exposure to 

oxygen, any FMNH2 present in the samples is reversibly oxidized back to FMN. Hence, 

ESI mass spectrometry is mostly suitable to follow the formation of irreversible photo-

degradation products, rather than assessing the FMN / FMNH2 balance. 

The results in Fig. 3.9 show that FMN (originally present at 0.2 mM 

concentration) is no longer present in the low-concentration (0.2 mM) Trp samples while 

it is distinctly observable at higher Trp concentration (5 mM), after 320 high-power (1.5 

W) laser pulses. These data demonstrate that FMN experiences a larger extent of 

irreversible photo-degradation at low Trp concentrations. The above results can be 

explained on the basis of the reaction diagram in Fig. 3.1a. At high Trp concentration, 

the photochemically generated TFMN follows the green photo-CIDNP pathway due to 

the mass action of Trp, while at low Trp concentration the FMN irreversible 

photodegradation pathway dominates. 

Finally, ESI mass spectrometry enables assessing the molecular identity of some 

of the FMN irreversible degradation products, which can be identified from their m/z  
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Figure 3.9 Electrospray ionization (ESI) mass spectra of samples containing Trp and 

FMN before and after 1D 1H-13C SE-HSQC (320 scans, light conditions, 1.5 W laser, 0.1 

s laser pulse/scan) experiments. a) Control blank experiment on desalted buffer. Note 

that the vertical scale of this plot is 10-fold smaller than in all the other plots. b, c) 0.2 
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mM Trp. d, e) 5 mM Trp. The symbol * denotes peaks that are also observed in the 

blank. The symbol ** denotes a peak that is unidentified but is also observed in the 

blank at low intensity. f) Structure of the FMN photodegradation products LC and FLF. 

Note that FMN peak represents both FMN and FMNH2 species since FMNH2 is oxidized 

to FMN during the mass spectrometry sample preparation. 
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values (Fig. 3.9a-e). Consistent with the literature,32 the low-concentration Trp samples 

subject to extensive laser irradiation contain both lumichrome (LC, Fig. 3.9f) and 

formyllumiflavin (FLF, Fig. 3.9f) as the primary FMN degradation products. This result 

does not exclude that other FMN degradation products undetectable by mass 

spectrometry (e.g., due to their high molecular weight, poor ionization properties or non-

uniform efficiency in desalting process) may also be present. 

Alternative strategies and future perspectives.  The quest to prevent undesired 

processes mediated by either singlet oxygen or by the triplet excited state of the dye is 

shared by techniques other than NMR. For instance, fluorescence microscopy and 

spectroscopy, which often employ high-power laser sources, have witnessed a variety 

of advances targeting the suppression of irreversible photodegradation and reversible 

fluorophore transition to dark states (blinking). To gain a wider perspective, it is useful to 

compare the features of our tri-enzyme system with those of the popular anti-

bleaching/anti-degradation agents used in fluorescence. The oxygen-scavenging 

system GO-CAT 44 or protocatechuate-3,4-dioxygenase,47 for instance, are sometimes 

employed in fluorescence, either alone or in combination with the small molecules 

TROLOX57 and ROXS58. The latter two agents act by similar principles.59 ROXS, for 

instance, contains a mixture of oxidizing and reducing agents that efficiently depopulate 

triplet excited states of the dye and convert them back to the singlet ground state via 

redox chemistry. This effect minimizes reversible fluorophore blinking and irreversible 

photodegradation. TROLOX, ROXS or variations thereof, however, cannot be employed 

in photo-CIDNP given that they deplete triplet excited states. Photo-CIDNP, on the other 

hand, exploits the long lifetime of triplet excited states, so that productive collisions 
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between TFMN and the target photo-CIDNP-active molecule generate triplet radical-pair 

intermediates. In summary, TROLOX and ROXS overcome photodegradation and 

blinking in fluorescence but are not appropriate for use in photo-CIDNP. 

 Oxygen depletion has long been known to prolong the triplet-excited state 

lifetimes of dyes.60 This effect is expected to intrinsically benefit photo-CIDNP, and may 

be partially responsible for the observed sensitivity enhancements in the presence of 

the GO and CAT enzymes. 

Although all photo-CIDNP experiments in this work were performed by 1H-

detected 13C photo-CIDNP,20 the tri-enzyme system is to be considered generally 

applicable to all other photo-CIDNP experiments.24,25 In addition to its general 

applicability, another advantageous feature of NR-GO-CAT is the fact that these 

enzymes are effective at very low concentrations, in the sub-µM range. Hence, they are 

minimally perturbative to the system of interest. 

In light of the above, what are the future challenges to further photo-CIDNP 

performance especially at low sample concentrations, where sensitivity improvements 

are most sorely needed? As much as it is good news that photo-CIDNP sensitivity 

increases at low sample concentration in the presence of NR-GO-CAT (Fig. 3.7), the 

extent of FMN photodegradation increases at low sample concentrations. Overcoming 

the latter effect will be the goal for future developments in this area. 
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3.4 Conclusions 

High sensitivity is crucial in many biomolecular NMR applications. This study 

introduces a novel tri-enzyme system that dramatically enhances photo-CIDNP 

performance in the presence of high-power laser irradiation, enhancing the ability to 

achieve high S/N in NMR. At low-mM concentrations, which have been commonly used 

in biomolecular photo-CIDNP applications to date, efficient long-term photo-CIDNP data 

collection is achieved thanks to the extremely efficient FMN-recycling ability of the NR 

enzyme. Under these conditions, sample photodegradation is minimized in the 

presence of the GO and CAT enzymes. 

Further, at sample concentrations in the low-µM range (where photo-CIDNP 

experiments could not be performed before), even greater sensitivity enhancements 

were observed in the presence of the NR-GO-CAT enzymes. For instance, at 5 µM σ32 

peptide sample concentration, 48-fold larger sensitivity than SE-HSQC was reached 

with a 2,304-fold saving in data collection time. In summary, our results contribute to 

render photo-CIDNP a general, desirable methodology to analyze NMR samples 

containing different types of aromatic amino acids at extremely high sensitivity in 

solution. 

 

 

Appendix 

Appendix 3A Text and Figures describing (i) the computational prediction of 

radical ion pair and triplet-excited-state FMN (TFMN) populations during continuous-
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wave laser irradiation, and (ii) photodegradation profiles under different conditions are 

available 
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Appendix 3A Text 

Computational prediction of radical ion pair and triplet-excited-state 

FMN (TFMN) population during continuous-wave (CW) laser irradiation 

 

Introduction 

The purpose of this supplementary text is to explain the trends observed in Fig. 

3.7a of the manuscript, showing that the ratio of the sensitivity (defined here as (S/N)t) 

of 13C-PRINT photo-CIDNP under light conditions over the sensitivity of 1H,13C-SE-

HSQC (run at the same sample concentration) increases as Trp concentration 

decreases. Here, we show by kinetic simulations that as the Trp concentration 

increases, the radical ion pair concentration, which is directly related to the photo-

CIDNP sensitivity, does not increase as fast as the HSQC sensitivity. Hence, the 

simulation results are consistent with the Fig. 3.7 experimental results and enable 

rationalizing the observed trends. 

 

Experimental Methods 

Gepasi simulations.1,2  Computational modeling was carried out with the Gepasi 

Simulator software version 3.30, running under Microsoft Windows environment and 

freely available online. User-generated input files based on Scheme S2 and Table S1 

were used. The kinetic simulations were performed with Gepasi's standard routines, 

based on the Livermore Solver of Ordinary Differential Equations Algorithm (LSODA),  
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which is speed-optimized for solving complex systems of differential equations. 

 

Results and Discussion 

Design of the kinetic model.  To help us explain the higher sensitivity observed in 

photo-CIDNP at low Trp concentrations (Fig. 3.7), we propose the energy diagram in 

Scheme S1, and the matching detailed kinetic model in Scheme S2. We run computer 

simulations with the kinetic modeling software package Gepasi.1 In the course of the 

simulations, we assumed that: (i) the only relevant FMN electronic states are the FMN 

(S0; ground state), SFMN (S1; excited singlet state) and TFMN (T1; excited triplet) 

neglecting the ultrafast vibrational relaxation within the S1 and T1 energy manifolds; (ii) 

the Trp NMR samples are virtually oxygen-free due to the presence of the GO-CAT 

oxygen depleting enzymes and the small diffusion coefficient of oxygen in water (2 × 10-

5 cm2/s),3 which is predicted to yield a negligible O2 vertical translational diffusion across 

the NMR tube, with <z2>1/2 = (2Dt)1/2  =  0.38 cm over 1 hr (starting from the air-water 

interface of the NMR sample); and (iii)  proton transfer following escape (Scheme S2) 

occurs so rapidly that it can be neglected.4 In the kinetic simulations, we employed 

known experimentally determined kinetic rate constants (Table S1) that most closely 

match our experimental conditions (pH 7, 25 °C). We entered the appropriate input to 

generate the system of differential equations corresponding to the rate laws of the 1st 

and 2nd order processes illustrated in the kinetic model of Scheme S2. The time-

dependent computationally predicted TFMN and radical ion pair populations were 

plotted as a function of time for different initial Trp concentrations. 
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Scheme S1: Energy diagram illustrating the main features of the FMN fate in 

photo-CIDNP. 

 
 

 

 

 

 

 

 

Scheme S2: Kinetic model employed in the Gepasi simulations. 
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Table S1: Kinetic parameters used in the simulations. 
Kinetic parameter Reference 

kexc = 329 s-1 see specific text on kexc 

τ a = 4.6 ns Ref 5 

ΦT b = 0.6 Ref 6 

kfl + kic c = 8.7 × 107 s-1 Ref 7 

kisc d = 1.3 × 108  s-1 Ref 7 

ket = 1.1 × 109 M-1 s-1 Ref 8 

kdisp = 109 M-1 s-1 Ref 9 

kcomp e = 1.4 × 106 M-1 s-1 Ref 10 

kphos = 4.9 × 103 s-1 Ref 11 

kq = 1.2 × 108 M-1 s-1 Ref 11 

kcat f = 42 s-1 Ref 12 

Km f = 0.7 µM Ref 12 

kht = 109 M-1 s-1 Ref 4 

kr g = 108 M-1 s-1 Ref 13 

kesc h = 3.3 × 1010 M-1 s-1 Ref 14 
 

a FMN fluorescence lifetime, defines as τ = 1 / (kisc + kfl + kic) and 

assessed by time-resolved studies. b Triplet excited state quantum 

yield ΦT = kisc / (kisc + kfl + kic) according to Ref 7. c kfl + kic = 1/ τ × 

(1- ΦT) and d kisc = 1/ τ × ΦT according to Ref 7. e 

Comproportionation rate constant. f Nitrate reductase (NR) kinetic 

parameters for NADH were used here, instead of parameters for 
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FMNH2, which could not be found. g Since we could not identify kr 

for the FMN-Trp radical pair, we used a representative value for the 

back electron transfer rates between flavin-substrate pairs 

according to Ref 13. h We neglected the H+ transfer processes after 

escape since it is known to occur very rapidly.4 kesc is known to be 

~ 330-fold greater than kr according to Ref 14. Note that varying kr 

across the reported values13 of 106–1010 M-1 s-1, followed by 

multiplication by 330 to generate  kesc, yields similar trends to those 

reported in Graphs S1 and S2. 
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In the simulations, we did not include the actual secondary recombination rate 

(kr)4 for the FMN-Trp radical pair, since it is not available in the literature. Instead, we 

used the corresponding reported rate for other flavin-substrate pairs, which ranges 

between 106 and 1010 M-1s-1.13  Since we observe no substantial change in the trends of 

Graphs S1 and S2 upon using either extreme of the above range, we estimate that the 

above approximation has no significant impact on the nature of our results. 

 

Determination of kexc  Since kexc, i.e., the rate constant for FMN excitation, depends on 

the specific laser irradiation conditions, we determined it as follows based on published 

assessments.15 First, we assumed that (i) the excitation laser light illuminates the NMR 

sample tube’s cross-sectional area uniformly (0.5 cm diameter), (ii) the laser light is not 

attenuated as it travels along the NMR sample solution, (iii) there is no FMN and Trp 

irreversible degradation, and (iv) the argon ion laser emits exclusively at 488 nm. Then, 

we carried out the algebraic steps below. 

• Energy of one photon at 488 nm: 

 J104.07
m10488

m/s103sJ106.626
λ
chE 19

9

8
34 −

−
− ×=

×
×

×⋅×==  

• εFMN, 488 nm was determined from the FMN absorption spectrum and found to be εFMN, 

488 nm = 4580 M-1·cm-1 = 4580 L·mole-1·cm-1 

The optical cross section per molecule was determined as follows: 

σ = 4580
cmmole

L
⋅

·1000
L

cm3

· ln10 ·
molecule 10 × 6.022

mole
23  = 1.76 × 10-17 

molecule
cm2
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The excitation laser light intensity is 

2
19

19-22
2

2 cms
photon101.88 

J104.07
photon

cms
J7.64

cms
J7.64

cm
4
π0.5
 W1.5I

⋅
×=

×
⋅

⋅
=

⋅
== ,

 

where 2
2

cm
4
π0.5

 
is the cross-sectional area of the NMR tube. 

• Finally, kexc = σ I = 1.75 × 10-17 

molecule
cm2

× 1.88 × 1019 2cms
photon

⋅
= 329 s-1. 

 

Simulation results.  The results of the kinetic simulations are shown in Graphs S1 and 

S2, which illustrate the predicted variation in radical ion pair and TFMN concentration 

over time upon continuous laser irradiation, for different Trp concentrations. 

 

Graph S1: Computationally predicted radical ion pair concentration 

 as a function of CW laser irradiation time. 
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Graph S2: Computationally predicted TFMN concentration 

as a function of CW laser irradiation time. 

 
 

Graph S3: Computationally predicted estimate of 13C PRINT photo-CIDNP (after 

0.1 s laser irradiation at 1.5 W) and 1H-13C SE-HSQC sensitivities (in arbitrary 

units, a.u.) for different total Trp concentrations. 
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 Graph S1 shows that the radical ion pair concentration increases with Trp 

concentration, at 0.1 s laser irradiation time. Since the radical ion pair concentration is 

proportional to photo-CIDNP sensitivity, the sensitivity of the photo-CIDNP experiment 

is bound to increase with Trp concentration. However, a closer inspection of Graph S1 

reveals that the estimated radical ion pair concentration does not increase linearly with 

total Trp concentration. In fact, radical ion pair concentration levels off at high Trp 

concentrations. Since, the sensitivity of the reference SE-HSQC increases linearly with 

Trp concentration, the ratio of photo-CIDNP over SE-HSQC sensitivity is expected to 

decrease at higher Trp concentration (Graph S3). This computational prediction is in 

qualitative agreement with the experimental results of Fig. 3.7. 

The likely scenario leading to Graph S1 follows. As the Trp sample concentration 

increases, more efficient TFMN depletion takes place (Graph S2). Thus, since TFMN 

and Trp-H are the precursors of the radical ion pair, an increase in Trp-H concentration 

alone does not guarantee a linear increase in radical ion pair concentration. 

Note that the simulations reported here are intended to provide merely rough 

estimates, appraising only upper limits of the actual radical ion pair and TFMN 

concentrations. Indeed, here we are neglecting effects such as light intensity 

attenuation upon traveling along the NMR tube, and FMN photodegradation pathways. 

Additionally, the estimated dependence of the photo-CIDNP/SE-HSQC sensitivities 

upon Trp concentration does not exactly match the experimental Trp concentration 

dependence of the photo-CIDNP-sensitivity/SE-HSQC-sensitivity ratio (Fig. 3.7). This 

effect may be ascribed to the fact that the extent of FMN photodegradation increases at 

low Trp concentrations (Fig. 3.9), and that the kinetic parameters employed in the 
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simulations are only best estimates. In addition, photo-CIDNP sensitivity may not be 

exactly linearly proportional to radical ion pair concentration. 
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Appendix 3A Figures 

 

 

 

Figure 3A.1 Changes in the electrospray ionization (ESI) mass spectrometry signals of 

FMN after the photo-CIDNP light experiments of Fig. 3.2b (80 scans total, with 1.5W 

0.1s laser pulse/scan) under different conditions. The spectrum on the far left shows 

FMN before laser irradiation. Note that the FMN peak reports on the presence of both 

FMN and FMNH2 since FMNH2 is naturally re-oxidized to FMN due to exposure to 

molecular oxygen during the mass spectrometry sample preparation steps (see 

Experimental Methods in the main text). 
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Figure 3A.2 2D 13C-PRINT photo-CIDNP spectra of diluted 13C, 15N-enriched drkN 

SH3 domain (20 µM) in the absence and presence of the NR-GO-CAT tri-enzyme 

system. Photo-CIDNP under light conditions was carried out at 0.5W laser power with 

0.1s laser pulse irradiation time. 2D 13C-PRINT and reference 1H-13C SE-HSQC spectra 

were collected according to STATES-TPPI with 32 increments and 1 scan per 

increment. Spectral widths were 10,000 and 4,500 Hz for the direct and indirect 

dimensions, respectively. The dashed lines indicate the position of the 1D 1H spectral 

slices displayed on top of each 2D spectrum. 
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Figure 3A.3 Ratio of 1H 1D pulse-acquire NMR η2 and δ1 resonance intensities before 

and after the photo-CIDNP experiments of Fig. 3.8 (5mM Trp in the presence of 0.2mM 

FMN; 320 laser pulses; 1.5W laser power and 0.1 s laser irradiation time per laser 

pulse). 
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with the Hsp70 Chaperone Machinery 
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Abstract 

 

 Most known proteins have at least one local Hsp70 chaperone binding site. Does 

this mean that all proteins interact with Hsp70 as they fold? This study makes an initial 

step to address the above question by examining the interaction of the E.coli Hsp70 

chaperone (known as DnaK) and its co-chaperones DnaJ and GrpE with a slow-folding 

E.coli substrate, RNase HD. Importantly, this protein is a non-obligatory client, and it is 

able to fold in vitro even in the absence of chaperones. We employ stopped-flow mixing, 

chromatography and activity assays to analyze the kinetic perturbations induced by 

DnaK/DnaJ/GrpE (K/J/E) on the folding of RNase HD. We find that K/J/E slows down 

RNase HD’s apparent folding, consistent with the presence of transient chaperone-

substrate interactions. On the other hand, kinetic retardation is moderate for this slow-

folding client and it is expected to be even smaller for faster-folding substrates. Given 

that the interaction of folding-competent substrates such as RNase HD with the K/J/E 

chaperone system is relatively short-lived, it does not significantly interfere with the 

timely production of folded biologically active substrate. The above mode of action is 

important because it preserves K/J/E bioavailability, enabling this chaperone system to 

act primarily on assisting the folding of other misfolded and (or) aggregation-prone 

cellular proteins that are unable to fold independently. When refolding is carried out in 

the presence of K/J and absence of the nucleotide exchange factor GrpE, some of the 

substrate population becomes trapped as a chaperone-bound partially unfolded state. 
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2.1 Introduction 

  The ubiquitous Hsp70 chaperone family is involved in preventing protein 

aggregation and assisting co- and post-translational protein folding1-3. The ATP-

dependent interaction of Hsp70 with its client proteins is critical for the function of the 

Hsp70 machinery. DnaK, the cytosolic E.coli Hsp70, is the best-studied member of the 

Hsp70 family4. DnaK interacts with its client substrates via the sequence-specific 

recognition of the DnaK-binding motif, which consists of a core of approximately five 

nonpolar amino acids flanked by basic residues5. This motif is very common in proteins 

and is predicted to occur with a frequency of about 1 in 40 residues5, implying that most 

proteins have at least one local DnaK binding site. 

  DnaK is an ATP-dependent chaperone and functions in concert with the two co-

chaperones DnaJ and GrpE.6 The kinetics and thermodynamics of the interaction of 

DnaK with its co-chaperones and with peptide substrates has been extensively 

characterized4, 7-11. Substrates enter the Hsp70 chaperone cycle by binding either DnaJ 

12 or to the ATP-bound state of DnaK13. ATP hydrolysis, stimulated by binding of both 

DnaJ and the substrate14, locks the substrate into a high-affinity ADP-DnaK-bound 

state. GrpE, the nucleotide exchange factor, then releases the bound ADP15. The latter 

process facilitates the binding of ATP, resulting in substrate release. The chaperone 

cycle is thus reset, and ready for additional rounds of substrate binding and release. 

  Fewer investigations have been carried out with larger protein substrates10,16, 

which are believed to bind the chaperone in a globally unfolded conformation17-19. The 

DnaK/DnaJ/GrpE (K/J/E) chaperone system is known to significantly accelerate the in 

vitro refolding of large proteins incapable of independent folding, e.g., firefly luciferase12, 
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20, by actively unfolding the misfolded substrate16, 20. Luciferase requires chaperones for 

efficient in vitro refolding and tends to aggregate, except at extremely low 

concentrations21,22. However, the generality of the active refolding assistance by K/J/E 

has not been addressed in the literature. In particular, it is not understood whether K/J/E 

catalyzes the refolding of all slow-folding proteins, including those that are able to fold 

even in the absence of chaperones. In summary, the extent of interaction between 

folding-competent substrates and the K/J/E chaperone network remains poorly 

characterized. 

In this work, we employ a two-state slow-folding variant of E.coli RNase H 

(RNase HD)23 as a model client protein for the K/J/E chaperone system. We investigate 

RNase HD folding kinetics in the presence of various combinations of DnaK, DnaJ and 

GrpE. Given that RNase HD has a strong local binding site for DnaK (Fig. 4.1) and is 

known to fold slowly on the typical timescale of chaperone binding, one would expect 

that RNase HD may significantly interact with K/J/E during folding. Such interaction 

could lead to either acceleration or retardation of the client protein folding. We find a 

small but significant decrease in RNase HD refolding rate, in the presence of K/J/E. This 

result shows that catalytic acceleration of protein folding by K/J/E, observed for some 

large multi-domain proteins, is not a universal feature of this chaperone system. Our 

data also support the presence of transient interactions of K/J/E with the folding-

competent substrate RNase HD. We propose that the physiological role of such contacts 

may be to decrease any likelihood of misfolding/aggregation while, at the same time, 

avoiding significant delays in the production of bioactive substrate. 
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Figure 4.1 A) Three-dimensional structure of E.coli RNase H (PDB code: 1F21).59 

The N and C termini are labeled. The unique DnaK binding site is shown in green. B) 

Predicted local DnaK binding scores 5 of RNase HD 23. Regions with a score lower than 

-5 are potential strong DnaK binding sites. The secondary structure of wild type E.coli 

RNase H derived from the protein crystal structure is mapped above the graph. 
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4.2 Experimental Methods 

 Protein Expression and Purification.  RNase HD.  RNase HD is a mutant of 

E.coli RNase H with all three native Cys replaced by Ala, in addition to the I53D 

mutation 23. The pSM101 plasmid encoding RNase HD was transformed into E. coli 

cells, and the protein was overexpressed as described24. Cell pellets were thawed and 

resuspended in ice-cold lysis buffer (50mM Tris, pH 8.0, 1mM EDTA, 10mM β-

mercaptoethanol), and lysed with lysozyme followed by mild sonication. RNase HD 

present in the inclusion bodies was extracted from the pellet with 50% acetonitrile 

containing 0.1% TFA, followed by a 0.5 M urea wash23. The protein was purified by 

reverse-phase HPLC on a Vydac C4 preparative scale column (Grace, Deerfield, IL). 

ESI-MS analysis of purified RNaseHD yielded a molecular weight of 17502 Da, in 

agreement with the expected average mass of 17503 Da. 

DnaK.  Overexpression and purification of DnaK was carried out according to published 

procedures 25-27 with minor modifications. E.coli DnaK was overexpressed in BL21(DE3) 

cells (Novagen, EMD Chemicals, Gibbstown, NJ) carrying a pET-11a vector encoding 

the dnaK gene. Cells were grown in standard Luria broth containing 50µg/mL 

carbenicillin at 30°C. Overexpression of the protein was induced by addition of 

isopropyl-ß-thiogalactoside (1mM) at an OD600 of 0.8. Cells were harvested after 

reaching an OD600 of 1.9-2.0. The cell pellet was resupsended in lysis buffer (25 mM 

Hepes, pH 7.5, 50 mM KCl, 5 mM MgCl2, 1 mM EDTA, 10 mM BME) and lysed with 

lysozyme in the presence of 2 mM PMSF as a protease inhibitor, followed by mild 

sonication.  
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DnaK was initially purified on a 300 mL anion exchange Q-Sepharose column 

(GE Healthcare, Piscataway, NJ) equilibrated with lysis buffer. The protein was eluted 

from the column using a linear KCl gradient (0 - 1 M). Fractions containing DnaK were 

pooled and concentrated to 5 mL with Amicon centrifugal concentrators (10 MWCO, 

Millipore, Billerica, MA).  The concentrated DnaK solution was then purified on a 

Superdex 200 gel filtration column (GE Healthcare) equilibrated with lysis buffer. Pure 

fractions were pooled, concentrated to ~ 20 mL and dialyzed against 25 mM HEPES 

(pH 7.5) buffer containing 1 mM EDTA and 10 mM BME in 10 MWCO dialysis cassettes 

(12-30 mL, Thermo Scientific, Rockford, IL).  

DnaK-bound nucleotide was removed by treatment with alkaline phosphatase26. 

2 units of alkaline phosphatase (Sigma-Aldrich Corp., St. Louis, MO) were added per 

mg of DnaK and the solution was stirred at 4°C with simultaneous dialysis to remove 

AMP. The A260/A280 ratio was monitored until the value went below 0.7. This typically 

takes about 5 hours. Alkaline phosphatase was subsequently removed by purification 

on the Superdex 200 gel filtration column (GE Healthcare). The pure nucleotide-free 

DnaK was finally concentrated, dialyzed against storage buffer (25 mM HEPES pH 7.5, 

5 mM MgCl2, 50 mM KCl), flash frozen in liquid N2 and stored at -80°C.  

DnaJ.  A plasmid containing the full-length E. coli DnaJ gene was overexpressed from a 

pUHE21∆12 plasmid in E. coli BL21 cells (Novagen, EMD Chemicals, Gibbstown, NJ) 

harbouring a placIq plasmid. DnaJ was purified according to a published protocol 28-31 

with minor modifications. Detergents were not used in any step of the purification. The 

first chromatographic step was changed from the S-sepharose column to the SP-
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sepharose cation exchange column (GE Healthcare), and the last step involving Q-

sepharose chromatography was removed. 

GrpE.  The expression plasmid pUHE21∆12 containing the full-length E. coli GrpE gene 

was overexpressed in E. coli BL21 cells containing a placIq plasmid (Novagen, EMD 

Chemicals, Gibbstown, NJ). The protein was purified according to established 

procedures30-32. Briefly, cells were lysed with lysozyme and mild sonication. GrpE was 

then successively purified on the HiTrap Q-sepharose anion exchange column (GE 

Healthcare), the HiTrap Blue Sepharose column (GE Healthcare) and a hydroxyapatite 

column (Bio-Rad Laboratories, Inc., Hercules, CA). Pure fractions were flash frozen and 

stored at -80°C.  

The activity of purified DnaK, DnaJ and GrpE was assessed via a firefly 

luciferase reactivation assay12. Concentrations of all proteins were estimated by UV-

visible absorption spectrophotometry (extinction coefficients: 35,46933, 15,80034, 14,000 

35 and 1,400 M-1cm-1 35 for RNase H I53D, DnaK, DnaJ and GrpE respectively).  

Stopped-flow kinetics.  RNase HD refolding time courses were monitored with an 

SFM-400 MOS-450/AF-CD stopped-flow spectrophotometer equipped with an HDS 

mixer (Bio-Logic, Claix, France). The experimental dead time was 6ms. A Xe-Hg lamp 

(Hamamatsu Photonics, Hamamatsu, Japan) and an 8-mm excitation slit width were 

used. Stopped-flow experiments were carried out with an FC-20 cuvette (2 mm x 2 

mm). 8000 data points were collected for each kinetic trace. All stopped-flow 

experiments were performed at 30ºC. Far-UV CD signals were monitored at 222 nm.  

RNase HD was unfolded in 20 mM sodium acetate (pH 6.0) containing 5 M urea 

(MP Biomedicals, Inc., Solon, OH). Unfolded protein samples were incubated at 4ºC 
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overnight prior to data collection to ensure complete unfolding. The urea-unfolded 

protein was refolded by 10-fold dilution into buffer containing 20 mM sodium acetate, 50 

mM KCl, 1 mM ATP and 5 mM MgCl2 in the absence or presence of chaperones. 

Unfolded controls consisted of unfolded protein diluted into 5 M urea. Final protein 

concentrations of RNase HD, DnaK, DnaJ and GrpE were 5, 15, 3 and 6 µM 

respectively. All kinetics data were background-corrected against appropriate buffer 

blanks. 

All stopped-flow CD-detected kinetic traces were fit to single exponential 

relations of the form 

 ))tkexp(1(ba)t(y obs−−+= , (3) 

where y(t) is the time-dependent ellipticity, a is the ellipticity at time t = 0 and b is the 

total change in ellipticity upon refolding.  

Size-exclusion chromatography.  Analytical size-exclusion chromatography was 

performed on a TSK-GEL G2000SW (Tosoh Bioscience LLC, King of Prussia, PA) 

column connected to an HPLC (Shimadzu, Columbia, MD) equipped with a SPD-6AV 

detector monitoring absorbance at 214nm. Flow rates were 1mL/min. RNase HD was 

unfolded under the same conditions as in the stopped-flow experiments and refolded by 

diluting 10-fold into elution buffer (20 mM sodium acetate pH 6.0, 100 mM KCl, and 5 

mM MgCl2) containing 1 mM ATP in the absence or presence of molecular chaperones. 

Samples were incubated at room temperature for 5 minutes before loading onto the 

column. The elution buffer did not contain any ATP since the absorbance was too high 

for detection at 214 nm. The gel filtration column was calibrated using the following 

molecular weight standards: bovine serum albumin (67 kDa), ovalbumin (43 kDa), 
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chymotrypsinogen A (25 kDa), horse heart myoglobin (17.6 kDa) and ribonuclease A 

(13.7 kDa). Blue dextran was used to determine the column void volume. 

 Gel filtration chromatograms were digitized with the Bytescout Graph Digitizer 

(Vancouver, Canada). Peaks arising from RNase HD, chaperones and buffer 

components were deconvoluted by fitting each peak to a log-normal function using the 

Levenberg Marquardt algorithm36-38 within the Fityk software package39. The 

deconvoluted native RNase HD peak intensity was used to calculate the extent of peak 

intensity reduction in the presence of various combinations of chaperones.  

Reverse-phase chromatography.  Protein fractions collected from the gel filtration 

experiments were lyophilized and resuspended in 35% acetonitrile containing 0.1% 

trifluoroacetic acid (Fisher Scientific, Fair Lawn, NJ). Samples were analyzed on an 

analytical reverse-phase Vydac C18 HPLC column (Grace). A flow rate of 1mL/min was 

maintained and protein elution was monitored using absorbance at 214 nm and 280 nm. 

RNase HD activity assays.  RNase HD activity assays were performed on the protein 

after its refolding in the absence or presence of chaperones, to test the extent of its 

bioactivity after refolding and interaction with the K/J/E chaperones (Fig. 4.8). RNase HD 

was first unfolded in urea and refolded (final protein concentration: 27 µM, for 10 min) in 

the absence or presence of pertinent molecular chaperones: DnaK (70 uM), DnaJ (12 

uM), GrpE (30 uM) and, whenever appropriate, ATP (1 mM). Refolded RNase HD was 

then diluted 1000-fold in the assay buffer (50 mM Tris, 50 mM NaCl, 10 mM MgCl2 pH 

8.0) containing 25 mg/mL rA/dT20 RNA-DNA hybrid to initiate the activity assay. RNase 

H activity assays were performed as described40 except that the timecourse of cleavage 

of RNA-DNA hybrids was followed via the increase in absorbance at 260 nm. 
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Absorbance is quenched by base stacking in the DNA-RNA hybrid (hypochromic effect). 

The quenching vanishes upon cleavage, which eliminates base stacking. 

Statistical analysis of stopped-flow refolding.  The statistical significance of the 

differences between the observed stopped-flow rate constants and burst and final CD 

ellipticity amplitudes was determined via the one-tailed Student’s t-test41. For the 

apparent rate constants, the t-test was carried out on two means as described39, to 

check the significance of differences between rate constants in the absence and 

presence of various chaperone combinations. In the case of CD signal amplitudes (ηB 

and ηF), the t-tests were carried out on a single mean, to evaluate the significance of the 

difference between the mean and the expected value in the absence of any change 

induced by K/J/E. The p values obtained from the Student’s t-test are discussed in the 

legend of Figure 4.3. 

 

 

4.3 Results 

RNase HD is a good model substrate to monitor client interaction with the K/J/E 

chaperone system.  In order to explore the influence of the E.coli Hsp70 chaperone 

system in the folding pathway of a protein substrate, we chose RNase H* I53D 23 as a 

model client protein. E.coli Ribonuclease HI (RNase H) is a 155 amino acid 

endoribonuclease that catalyzes the hydrolysis of RNA in RNA-DNA hybrids. The wild 

type enzyme lacks disulphide bonds in the native state. The mutant construct RNase 

H*, which has all three Cys replaced by Ala is folded and enzymatically active24. The 

RNase H variant that we employ in our study, RNase H* I53D, here denoted as RNase 



 

 

166 
HD, is the triple Cys-to-Ala mutant containing an additional point mutation at residue 53, 

with Ile53 replaced by Asp 23. In the native state, I53 is buried in the hydrophobic core at 

the interface between helices A and D. The Ile53 to Asp mutation results in a 

destabilization of the RNase H kinetic intermediate and switches the folding mechanism 

from three-state to two-state, while retaining the RNase H enzymatic activity 23. RNase 

HD is thus a slow two-state-folding protein with a folding rate constant of 0.03 s-1. It is 

among the slowest known two-state folders in vitro42 at 25°C.  

A widely used computational algorithm that scans protein primary structure for 

potential local DnaK interaction sites 5 predicts a strong DnaK binding site near the N-

terminus of RNase HD, as shown in Figure 4.1. Since it is known that RNase HD folds 

slowly, it is possible that this hydrophobic DnaK binding motif remains solvent-exposed 

for a sufficiently long time to interact with the Hsp70 chaperone system. The above 

considerations make E.coli RNase HD an attractive model protein for studying the time-

course of folding-competent substrate interaction with the E.coli K/J/E chaperone 

machinery. 

The apparent folding rate of RNase HD decreases in the presence of K/J/E.  In 

order to probe the kinetics of RNase HD refolding in the absence and presence of K/J/E, 

we employed stopped-flow fast mixing in conjunction with far-UV circular dichroism (CD) 

detection. The CD signal at 222 nm is a measure of the extent of α-helical secondary 

structure in a protein. RNase HD was unfolded in 5 M urea pH 6 and allowed to refold in 

the absence or presence of various combinations of DnaK, DnaJ and GrpE. Chaperone 

concentrations were chosen to reflect the physiologically relevant ratio of K:J:E = 5:1:2 
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in E.coli cells 16. The concentration ratio of substrate : DnaJ was ~ 1.6:1, which is nearly 

optimal for the in vitro K/J/E-mediated refolding of luciferase 14, 30.  

Stopped-flow refolding traces of RNase HD are shown in Figure 4.2. All kinetic 

traces were fit to a single exponential (see Materials and Methods) to extract rate 

constants, and burst-phase and final CD amplitudes. Comparative histograms showing 

apparent refolding rate constants of RNase HD in buffer containing or lacking DnaJ, 

DnaK/ATP, DnaK/DnaJ/ATP and DnaK/DnaJ/GrpE/ATP are reported in Figure 4.3. 

An initial important result illustrated in Figure 4.3A is that the refolding of RNase 

HD is not accelerated by the presence of the entire K/J/E chaperone system. Instead, 

there is a small but statistically significant (p < 0.05) apparent deceleration in RNase HD 

refolding. It is thus clear that the catalytic refolding activity of the Hsp70 chaperone 

system, observed in the case of the folding-incompetent client luciferase 12, is substrate 

dependent. Hence catalytic acceleration of substrate folding is not a general feature of 

Hsp70. In the case of RNase HD, which is a slow two-state folder capable of achieving 

its native state independently, i.e., even in the absence of chaperones, the folding 

process is effectively slowed down when K/J/E are present. 
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Figure 4.2 Experimental far-UV CD-detected stopped-flow kinetic traces for the 

refolding of RNase HD (blue) in the absence and presence of various combinations of 

DnaK, DnaJ and GrpE at 30ºC at 222 nm. Time-dependent variations in ellipticity of 

refolding buffer and urea-unfolded RNase HD are shown in red and orange, 
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respectively. The ellipticity of the refolding buffer subtracted from the ellipticity of the 

refolding trace, denoted as ∆ellipticity, is plotted on the y-axis. The ellipticity of the 

refolding solution, containing contributions from chaperones, has been subtracted out. 

The observed time-dependent change in ellipticity thus arises from the substrate protein 

alone, assuming that the secondary structure of the chaperones is not significantly 

perturbed. Final concentrations of RNase HD, DnaK, DnaJ, and GrpE and ATP in the 

refolding mixture were 5, 15, 3, and 6 µM and 1 mM, respectively. Least squares fits of 

the kinetic traces to linear or single-exponential functions are in black. Average rate 

constants derived from curve fitting are listed close to each corresponding refolding 

trace. Error bars represent 1 standard error calculated from 2 – 8 independent repeats, 

with each repeat comprising 4 – 6 replicate measurements. 

In contrast, the apparent RNase HD refolding rate constant in the presence of 

DnaK, DnaJ and ATP, but no GrpE, is about two-fold larger than in the absence of the 

whole chaperone system. In the absence of GrpE, client proteins are known to become 

kinetically trapped in the DnaK substrate-binding pocket in the ADP-bound state of 

DnaK43. As supported by additional evidence from gel filtration, HPLC, SDS-PAGE and 

RNase H activity assays (see below), the large observed rate constant in the presence 

of DnaK/DnaJ/ATP reflects the generation of a kinetically stable RNase HD-chaperone 

complex by some of the substrate molecules. Formation of this complex is dramatically 

enhanced by the presence of DnaJ, which stimulates the basal ATP hydrolysis of DnaK 

in conjunction with the substrate 14. Persistent substrate-DnaK complex formation 

accounts for the fact that a faster apparent rate is only detected when the refolding 

buffer contains both DnaK and DnaJ, but not when only DnaK or DnaJ is present. 
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Figure 4.3 Stopped-flow refolding data analysis. Bar diagram reporting the A) rate 

constants, B) final (ηF) ellipticity fractions (see eqns. 1 and 2), and C) burst phase 

amplitudes (ηB), and obtained from stopped-flow data analysis. Chaperone 
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combinations pertinent to each experimental condition are listed below the 

corresponding bar. Error bars represent 1 standard error calculated from 2 – 8 

independent measurements, with each measurement consisting of 4 – 6 independent 

runs. Statistically significant differences (relative to the RNase HD-only experiment) are 

shown in the graph by asterisks (*: p ≤ 0.1, **: p ≤ 0.05, ***: p ≤ 0.001). 
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From the average observed rate constants in Figure 4.3A, one may infer that 

DnaJ or ATP-DnaK independently retard the folding of RNase HD to a similar extent as 

K/J/E. However, the observed refolding rate constants in the presence of either DnaJ or 

ATP-DnaK are not sufficiently statistically different from the chaperone-free case, due to 

a p value larger than 0.05. Interestingly, numerical simulations on the folding of RNase 

HD in the presence of DnaJ, ATP-DnaK, or the entire K/J/E system (Sekhar, A., Lam, 

H.N. and Cavagnero, S., submitted) predict a small kinetic retardation due to transient 

client binding and release by DnaJ, ATP-DnaK or K/J/E 10, 43. 

Stopped-flow circular dichroism (CD) is consistent with the generation of a 

partially unfolded K/J-bound substrate, in the absence of GrpE.  In order to 

evaluate the extent of folding occurring in the presence of chaperones and the formation 

of any chaperone-substrate complexes, we computed the final ellipticity fraction (ηF) of 

RNase HD by far-UV circular dichroism. The ηF parameter is a measure of the change in 

final ellipticity due to the client protein, in the presence of chaperones. Since the CD 

signal at 222 nm is related to the degree of α-helical secondary structure, ηF is a probe 

of the final (F) fraction of native RNase HD formed 160 s after refolding initiation in the 

presence of chaperones. If RNase HD has folded completely to its native state, ηF is 

expected to be 1. The ηF parameter is defined as 

 
[ ] [ ]

[ ] FR

FCFRC
F

,

,,

θ

θ−θ
=η   . (1) 

Here, [θ]R,F and [θ]RC,F correspond to the ellipticity at 222 nm of the RNase HD refolding 

(R) traces in the absence and presence of chaperones (C), respectively, at the end of 

the stopped-flow measurements (t = 160 s). [θ]C,F  is the ellipticity arising from the 
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chaperone-containing solution in the absence of RNase HD after 160 s from refolding 

initiation. All [θ]F values were obtained from least-squares fitting of the corresponding 

kinetic traces either to a linear ([θ]C,F) or a single exponential relation ([θ]R,F and [θ]RC,F), 

as detailed in the Materials and Methods.  

As shown in Figure 4.3B, in the presence of ATP-DnaK and DnaJ and in the 

absence of GrpE, ηF is ~0.65. This means that the CD signal intensity at the end of the 

kinetic run is only about 65% of the expected value for fully folded substrate. 

This reduction in ellipticity may arise from a smaller α-helical content of RNase 

HD or, alternatively, it may also be due to conformational changes within the chaperones 

(DnaK and DnaJ) upon interaction with the substrate. Published studies of DnaK and 

DnaJ in the absence and presence of various substrates revealed no significant 

perturbations in the secondary or tertiary structure of these chaperones upon substrate 

binding44-46. Hence it is more likely that the observed decrease in ellipticity can be 

ascribed entirely to RNase HD. 

Gel filtration, HPLC, SDS-PAGE and substrate activity assays collectively 

support formation of ca. 35% complex between RNase HD and K/J after a few minutes 

from mixing unfolded protein and chaperone-containing solution (see sections below). 

Given that the stopped-flow experiment was run at concentrations of substrate and 

chaperones slightly different from those used in the chromatographic and activity 

assays, we conclude that some chaperone-substrate complex is also present at the end 

of the stopped-flow experiment. However, we cannot precisely quantify its population 

due to the difference in experimental conditions. Hence, the stopped-flow ηF value of 

~0.65 (Fig. 4.3B) shows that the smaller α-helical content of RNase HD detected at the 
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end of the kinetic run must be due to the fact that the chaperone-bound substrate 

population is partially unfolded. This intriguing result is in agreement with previous 

experimental observations with other substrates, indicating that DnaK binds polypeptide 

and protein clients in a globally unfolded conformation 18,19, 44.  

Figure 4.3B also shows that ηF in the presence of only DnaJ or ATP-DnaK, and 

in the presence of the complete K/J/E chaperone system, is statistically 

indistinguishable from 1 (p > 0.1). This result confirms that the RNase HD folds to 

completion under these conditions. The mere presence of ATP-DnaK or DnaJ in the 

folding environment of RNase HD is not sufficient to create a stable chaperone-substrate 

complex, in agreement with the notion that the synergistic stimulation of ATP hydrolysis 

by the substrate and DnaJ is necessary for trapping substrates as complexes with ADP-

DnaK  14. In contrast, GrpE in the folding buffer reverses the kinetic trapping seen with 

K/J by facilitating the exchange of bound nucleotide, allowing ATP to bind DnaK and 

dissociate the chaperone-substrate complex. 

Burst phase CD amplitudes support the existence of transient interactions 

between RNaseHD and chaperones.  We computed burst phase CD signal amplitudes 

to gauge the extent of substrate secondary structure at 6 ms from refolding initiation 

(i.e., within the dead time of our stopped-flow measurement). The burst phase (denoted 

by the subscript B) amplitude of the far-UV CD signal was quantified in a similar fashion 

to the final amplitude, via a parameter denoted as burst ellipticity fraction (ηB), defined 

as: 
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According to the above formula, ηB is an indication of the fraction of the substrate’s 

native helicity after 6 ms from stopped-flow experiment initiation. 

As illustrated in Figure 4.3C, ηB is statistically different from 1 (p < 0.1) only in the 

case of RNase HD folding in the presence of ATP-DnaK and DnaJ. This result stems 

from the fact that the burst phase amplitude is dramatically smaller, than for the 

refolding of RNase HD alone. The small value of ηB (equal to ca. 0.3) therefore shows 

that the addition of K/J to the refolding buffer causes a global decrease in substrate 

structure at 6 ms, relative to the chaperone-free process. The simplest explanation for 

the origin of this effect is the presence of some interactions between the substrate and 

the K/J chaperone system. The latter conclusion is in qualitative agreement with 

evidence from gel filtration, HPLC and activity assays (see below), which support the 

presence of a persistent substrate-chaperone complex after a few minutes from 

refolding initiation. 

The ηB values in the presence of ATP-DnaK (p = 0.14) and DnaJ alone (p = 

0.28), as well as in the presence of the entire K/J/E chaperone system (p = 0.22), are 

statistically indistinguishable from 1. This result likely reflects our inability to assess 

transient chaperone-substrate interactions above noise level. In the case of folding in 

the presence of DnaJ, however, the observed ηB value of 1 may also be a result of a 

DnaJ-RNase HD complex possessing the same helical content as the native unfolded 

state of RNase HD. This explanation is in agreement with the fact that DnaJ binds 

protein surfaces47, thereby allowing the development of helical secondary structure 

within the bound polypeptide.  
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Analytical size-exclusion, reverse-phase HPLC and SDS-PAGE confirm the 

existence of a kinetically trapped RNase HD-chaperone complex in the presence 

of K/J.  Stopped-flow kinetic rate constants and final ellipticity fractions observed in the 

absence of GrpE suggest that RNase HD forms a kinetically trapped complex with 

chaperones. In order to obtain direct evidence for RNase HD-chaperone complex 

formation, we carried out analytical size exclusion HPLC experiments, which 

discriminate between molecules based on their hydrodynamic radii. Hence, this method 

is a sensitive reporter of complex formation under refolding conditions. Unfolded RNase 

HD was allowed to refold in buffer containing DnaK, DnaJ and ATP for 5 min., and the 

mixture was then injected into the size exclusion column. Samples were eluted from the 

column immediately using refolding buffer lacking chaperones and ATP. A 5-fold higher 

concentration of chaperones and RNase HD was employed in these experiments while 

maintaining the same substrate : chaperone ratio, to obtain good signal-to-noise. 

Figure 4.4 shows gel filtration chromatograms of RNase HD refolded in the 

absence (panel A) and presence (panel C) of ATP-DnaK and DnaJ. There is a 

significant reduction in the intensity of the native RNase HD peak in the presence of 

DnaK and DnaJ, indicating that a fraction of RNase HD molecules form complexes with 

chaperones.  

To confirm the presence of a complex of RNase HD and K/J on the size exclusion 

column, we collected elution fractions A and B (Fig. 4.4) and analyzed the contents 

using analytical reverse phase HPLC. Panels A and B of Figure 4.5 show the reverse 
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Figure 4.4 Analytical gel filtration chromatograms, followed by electronic absorption 

at 214 nm, of RNase HD A) in the absence of chaperones, B) in the presence of 

DnaK/ATP and C) in the presence of DnaK, DnaJ and ATP. Urea-unfolded RNase HD 

was refolded in 20 mM sodium acetate pH 6.0 containing 100 mM KCl, 5 mM MgCl2 and 

1 mM ATP in the absence (A) and presence of chaperones (B and C) before injecting 

into the size-exclusion column. Peaks denoted with asterisks arise from buffer 

components (i.e., ATP and ADP). The elution volume corresponding to each molecular-

weight standard used to calibrate the column is indicated at the top of each panel (see 

Materials and Methods for names of standard proteins). In all chromatograms, 

absorption intensities are reported on the same absolute scale. 
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Figure 4.5 Analytical reverse-phase HPLC chromatograms of gel filtration fractions A 

and B (see Fig. 4.4A and C).  
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phase HPLC chromatograms of fractions A and B, respectively. Pure RNase HD elutes 

at 8 minutes (Fig. 4.5A). The gel filtration DnaK peak (fraction B) for the Figure 4.4C 

sample, containing RNase HD refolded in ATP-DnaK and DnaJ, shows a significant 

amount of RNase HD in the HPLC chromatogram (Fig. 4.5B). This observation confirms 

that RNase HD and DnaK co-elute on the gel filtration column, providing firm evidence 

for the physical interaction of RNase HD and DnaK under these conditions, in the 

absence of GrpE. Similar results are also obtained by SDS-PAGE, as shown in Figure 

4.6. 

To provide further evidence on chaperone-substrate association in the presence 

of various chaperone combinations, Figure 4.7 illustrates the reduction in native 

unbound RNase HD gel filtration peak intensities. In the presence of only ATP/DnaK or 

DnaJ, small amounts of complexes are formed. As expected, the extent of complex 

formation increases significantly in the presence of both ATP-DnaK and DnaJ. 

While DnaJ is essential for significant complex formation in the presence of 

DnaK/ATP, as evidenced by stopped-flow and gel filtration, one may wonder why the 

DnaJ chaperone is not explicitly observed in the HPLC and SDS-PAGE analysis of 

fraction B. At least two reasons contribute to this observation. First, the concentration of 

DnaJ injected on the column is 5-fold smaller than that of DnaK. Second, free DnaJ is 

known to exist in solution as a heterogeneous oligomeric mixture48, hence it elutes from 

the size-exclusion column as a broad peak. Now, HPLC and SDS-PAGE (Figs. 4.5 and 

4.6) show that DnaJ in fraction B falls below the detection threshold of these 

techniques, suggesting that DnaJ, whose presence enhances complex formation with 

DnaK, does not actually participate in a stable ternary complex between DnaK and 
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Figure 4.6 SDS-PAGE gel analysis of gel filtration fractions A and B (see Fig. 4.4A 

and C). Prior to running each of the gel fitration fractions through the gel (16.5% Tris-

tricine), precipitation with trichloroacetic acid (TCA) was carried out to effectively 

concentrate the samples for SDS-PAGE analysis. The arrows indicate bands 

corresponding to RNase HD. 
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Figure 4.7 Extent of complex formation between RNase HD and the DnaK chaperone 

measured by gel filtration as the reduction in native RNase HD peak intensity. Error bars 

correspond to ±1 standard error, derived from 2 – 7 independent measurements.  

 

 

 

 

 



 

 

182 
RNase HD. The simplest interpretation of this result is that DnaJ dissociates from the 

ternary complex once RNase HD has achieved stable binding to DnaK. This observation 

is entirely consistent with the known catalytic role of DnaJ in the Hsp70 chaperone 

cycle49.  

Gel filtration reveals the presence of DnaK-RNase HD interactions even in the 

presence of GrpE (Fig. 4.7). This is likely an artifact resulting from ATP depletion in the 

refolding buffer prior to complete release of all chaperone-bound RNase HD, which 

occurs rapidly because of the high chaperone concentrations in the gel filtration sample. 

This idea is supported by computer simulations (see below). In addition, the spatio-

temporal separation of DnaK-RNase HD complexes from both GrpE and ATP on the gel 

filtration column may render GrpE unable to release the bound substrate during the 

course of the gel filtration run, contributing to the observed result. 

RNase activity assays further support the presence of a substrate complex with 

K/J, upon refolding RNase HD in the absence of GrpE.  In order to directly assess 

the effect of molecular chaperones on the production of free, bioactive RNase HD, we 

performed RNase HD activity assays 23 immediately after refolding in the absence or 

presence of different molecular chaperones (Fig. 4.8A). This assay is based on the 

spectrophotometric monitoring of the cleavage of RNA-DNA hybrids by native RNase 

HD. Activity assays were carried out in the presence of excess RNA-DNA hybrid to 

ensure that the initial reaction rate is directly proportional to the amount of native RNase 

HD. Figure 4.8A shows the enzymatic activity of RNase HD refolded in the 

absence/presence of chaperones, expressed as a percent of the activity observed when 

chaperones are absent. Hence, the y-axis of Figure 4.8A is a direct measure of the
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Figure 4.8 A) Enzymatic activity of RNase HD performed after 10 min from refolding 

initiation, in the presence of different combinations of chaperones. Data are shown as 

percent of the activity of a control RNase HD sample refolded in the absence of 

chaperones. Error bars represent ± 1 standard error of the mean, calculated from three 

independent measurements. B) Computer simulations predicting the expected ATP 

depletion as a function of time under the stopped-flow and gel filtration/activity assay 

experimental conditions. The refolding time in the stopped-flow experiments is 160 s, 
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while the refolding time in the gel filtration and activity assays is 10 min. The spatial 

separation of the solution components during gel filtration experiments may introduce 

additional effects (not taken into account in this simulation). 
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fraction of bioactive RNase HD under different chaperone environments.  

In the presence of only DnaJ or DnaK/ATP, RNase HD essentially folds to 

completion as observed from the > 90% enzymatic activity. Hence there is no 

chaperone-substrate complex at equilibrium, after refolding is complete. As discussed 

above, the observed small kinetic retardation under these conditions is consistent with 

the presence of only rapid and transient interactions between substrate and 

chaperones, upon substrate refolding under these conditions. 

However, when both DnaK and DnaJ are present, only 65% of the RNase HD 

molecules fold to the bioactive native state. This result is consistent with the fact that the 

remaining 35% of RNase HD molecules are sequestered as a chaperone complex, 

consistent with the gel-filtration and HPLC analysis. Hence, several internally consistent 

experimental observations concur in showing that there is a substantial extent of 

persistent complex formation when RNase HD folds in the presence of DnaK, DnaJ and 

ATP, in the absence of GrpE.  

Addition of GrpE to the chaperone mixture releases a part of the DnaK-substrate 

complexes, resulting in an increase of enzymatic activity to ca. 70%. The fact that 

substrate release is incomplete under these conditions is likely due to the depletion of 

ATP during the 10 min refolding time used in the assay. Once ATP is hydrolyzed to 

ADP, GrpE loses its ability to release DnaK-bound RNase HD, explaining the lower-

than-expected enzymatic activity. This concept is supported by the computer simulation 

of ATP consumption shown in Figure 4.8B, carried out with a recently developed 

computational model for protein folding in the presence of the K/J/E chaperone system 

(Sekhar, Lam and Cavagnero, submitted). This simulation shows that virtually all the 
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ATP is hydrolyzed within the first three minutes of preincubation, under the experimental 

conditions used in the gel filtration and activity assay experiments. In contrast, most of 

the ATP is available in the stopped-flow experiments during the 160 s refolding time, 

enabling complete substrate release and folding. The key difference between the 

stopped-flow and gel filtration/activity assay experimental conditions, responsible for the 

faster ATP hydrolysis in the case of gel filtration/activity assays, is that gel filtration and 

activity assays were run with a ~ 5-fold larger chaperone concentration than the 

stopped-flow experiments. 

 

 

4.4 Discussion 

The effect of the K/J/E chaperones on protein folding kinetics is highly substrate-

dependent.  RNase HD is a 2-state slow-folding protein capable of attaining its native 

state independently, i.e., in the absence of molecular chaperones. This study compares 

the apparent folding rates of RNase HD in the absence and presence of the K/J/E 

molecular chaperones, to gain insights into the potential role of these chaperones in the 

cellular environment. We show that the K/J/E chaperone system interacts transiently 

with the E.coli single-domain protein RNase HD while it folds to the native state. This 

interaction slightly decreases the observed folding rate of this protein. Our observation 

is consistent with a prior report showing retardation in the folding of a large multi-domain 

maltose binding protein (MBP) variant in the presence of K/J/E50. However, while MBP 

is a large multi-domain protein, RNase H is a smaller client composed of only one 

domain. Our studies, which demonstrate transient interactions between K/J/E and a 
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single-domain protein on its way to the native state, are important because single-

domain proteins account for ~70% of the E.coli proteome51. 

Taken together, our experimental results on RNase HD and previously published 

data on maltose binding protein and luciferase establish that the kinetic effect of K/J/E 

on protein folding is highly substrate-dependent. Not all slow-folding client proteins are 

accelerated by K/J/E, even though they may extensively interact with the chaperone 

system before folding to the native state. 

It still remains unclear what specific substrate characteristics (primary / 

secondary structure, tertiary fold, folding pathways etc.) prompt the K/J/E catalytic 

refolding activity. On one hand, it is possible that K/J/E is particularly efficient at 

rescuing substrate proteins from kinetic traps in their folding energy landscape, as in the 

case of firefly luciferase 22 by actively unfolding misfolded substrates and allowing them 

additional chances to undergo folding. On the other hand, acceleration in protein folding 

may depend on the extent of conformational search that a substrate can accomplish 

while bound to DnaK. In this context, proteins with several properly positioned 

hydrophobic residues may fold faster in the presence of K/J/E because they undergo a 

more rapid diffusion across the folding energy landscape while bound to the DnaK 

chaperone. 

The DnaK chaperone interacts transiently with partially unfolded RNase HD, under 

substrate refolding conditions.  Intriguingly, the burst-phase fraction ηB data indicate 

that interaction with chaperone is accompanied by smaller client secondary structure (at 

comparable time-points) than client folding in the absence of chaperones. This result 

suggests that the transient interaction with chaperone effectively retards structure 
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formation and, in so-doing, it maintains the substrate in a conformational state that may 

be particularly appropriate to support proper folding. 

The existence of a predominantly unfolded DnaK-bound substrate conformation 

is entirely consistent with prior studies at equilibrium focusing on complexes between N-

terminal protein fragments and the substrate-binding domain of DnaK19, 52. However, no 

prior investigations addressed the transiently chaperone-bound conformation of folding-

competent protein clients on their way to the native state. 

Transient substrate-chaperone interactions may serve important biological roles.  

Our stopped-flow and gel filtration experiments show significant interactions between 

folding RNase HD and chaperones under conditions where the interaction is kinetically 

trapped (i.e., K/J conditions, see Figs. 4.2, 4.4, 4.5 and 4.6). Our results also show that 

in the presence of the complete chaperone system (K/J/E experiment), i.e., under the 

most physiologically relevant conditions for a healthy cell, folding is slowed down only 

moderately (Fig. 4.2A) and there is no significant substrate-chaperone complex at the 

end of the folding process. This result is consistent with the presence of only transient 

interactions between substrate and K/J/E. 

The most important biological consequence of a transient association is that 

chaperone-substrate interactions do not slow down protein folding significantly. Folding 

to the native conformation is usually a pre-requisite for the biological function of a 

protein. From a cellular perspective, it is thus disadvantageous for K/J/E to significantly 

slow down protein folding, particularly for proteins that can fold efficiently even in the 

absence of interaction with chaperones. From our results, it appears that the kinetics of 
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the K/J/E chaperone system is tuned to maximize chaperone-substrate interactions 

while maintaining a reasonable rate of native protein production. 

The transient nature of chaperone-substrate interactions also facilitates the 

recycling of DnaK, DnaJ and GrpE, likely preserving the bioavailability of these 

chaperones in the cellular context. Finally,  transient chaperone-substrate interactions 

may be important for the ability of Hsp70 to prevent the aggregation that has been 

observed in previous studies on a different substrate 52. 

The transient association observed under physiological conditions is in 

interesting contrast with the biological scenario under heat-shock conditions. At 42°C, 

GrpE is inactivated by reversible unfolding53, generating effective K/J-only conditions 

and leading to the kinetic trapping of the substrate within the DnaK binding pocket. 

Chaperone-substrate interactions are known to be more persistent under heat shock 

conditions, explaining the need to upregulate the DnaK concentration at 42°C, given the 

higher propensity for misfolding and aggregation at this temperature. 

Mechanistic considerations on the role of the K/J/E chaperone system on slow-

folding proteins such as RNase HD.  Interaction with the K/J/E chaperone system 

slows down the apparent refolding of the RNase HD. Therefore, the catalytic 

acceleration of folding detected for some large multi-domain proteins unable to fold 

independently is not a general feature of the K/J/E chaperone system. The 

measurements with RNase HD suggest that a simple kinetic partitioning model54,55 for 

protein folding in the presence of the K/J/E chaperone system is sufficient to account for 

our experimental findings. We are currently carrying out additional studies to specifically 
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address the role of kinetic partitioning for the K/J/E interaction with 2-state-folding 

proteins exhibiting different intrinsic folding rates and thermodynamic stability. 

Consistent with this hypothesis, low resolution EPR distance measurements56 

showed that substrate conformation is identical when bound to ATP-, ADP- and NF-

DnaK. Thus, ATP-binding and hydrolysis do not appear to be coupled to conformational 

work performed on the chaperone-associated client substrate at the DnaK binding site. 

The authors of this studies argued that this observation provides support for a kinetic 

partitioning mechanism 56. Additional studies are clearly necessary to provide more 

direct evidence for kinetic partitioning of client proteins between folding and chaperone-

binding routes. 

From a kinetic standpoint, our measurements are consistent with a simple 

holdase57 mechanism for K/J/E activity in the case of RNase HD. On the other hand, our 

results do not exclude that the folding of a fraction of the substrate molecules may be 

accelerated by K/J/E. However, either the fraction of molecules or the relative increase 

in folding rate (or both) is not sufficiently large to be detected as a separate stopped-

flow kinetic phase. The consistency of our results with a kinetic partitioning mechanism 

does not conflict with K/J/E-induced conformational changes in the substrate at the 

molecular level. The final (ηF) ellipticity fraction, together with evidence from activity 

assays, indicate that RNase HD binds chaperones in a predominantly unfolded 

conformation. This observation is not incompatible with the unfoldase activity 57 of K/J/E 

observed in its interaction with a luciferase variant58. However, given that we are unable 

to assess the conformation of the unfolded substrate under refolding conditions before it 
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binds the chaperones, our data alone are unable to either support or disprove any 

unfoldase activity by the K/J/E chaperone system. 

 

 

4.5 Conclusions 

This study shows that RNase HD interacts significantly with DnaK (and its co-

chaperones DnaJ and GrpE) on its way to the native state, that RNase HD is at least 

partially unfolded upon its interaction with DnaK, and that the chaperone-substrate 

interaction retards the timescale of RNase HD folding only slightly, under physiologically 

relevant (non-heat-shock) conditions. Our findings have three major biological 

implications. 

First, the transient, nature of chaperone-substrate interactions ensures that the 

production of a bioactive native protein like RNase HD, which does not need the 

chaperone to fold, is not substantially slowed down by the interaction with the K/J/E 

chaperones. This result suggests that the cellular function of slow-folding non-obligatory 

clients, binding K/J/E on their way to the native state, is not significantly perturbed by 

interaction with the K/J/E chaperone system. It is conceivable to propose that this 

conclusion may apply to an even greater extent to the folding of faster-folding 

substrates, which are likely to interact with the K/J/E system even less. 

Second, the existence of transient substrate-chaperone association ensures that 

the effective concentration of chaperone-free unfolded or partially folded substrate is 

substantially decreased by the K/J/E chaperone system during protein folding, thereby 

reducing opportunities for misfolding and aggregation. 
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Conformational Changes of the drkN SH3 Protein upon 

Interaction with the Hsp70 Molecular Chaperone 

 

 



 

 

201 
Abstract 

 

The molecular details underlying the conformational changes experienced by 

protein substrates upon interaction with the Hsp70 chaperone are important to gaining 

key insights into protein folding, aggregation and degradation in the cell. Most Hsp70-

substrate interaction studies, however, have focused on small peptide substrates rather 

than proteins, and on the substrate binding domain (SBD) of Hsp70 rather than the full-

length chaperone. Given that the function of Hsp70 involves folded and unfolded protein 

states, it is ideal to focus on a substrate that enables analysis of both of these 

coexisting states. Here, multidimensional NMR and native gel analysis are performed to 

monitor the effect of ADP-bound DnaK (the E. coli Hsp70) on the drkN SH3 protein 

substrate, which slowly exchanges between the folded and unfolded states on the NMR 

chemical shift timescale. When drkN SH3 and DnaK are present in the sample, the 

translational diffusion of both the folded and unfolded states of SH3 is decelerated, 

suggesting an interaction of both states with the chaperone. No major changes in 

substrate conformation are detected in the presence of the chaperone. Finally, to 

account for the overall undetectability of folded SH3 population in the presence of 

chaperone, we propose that some NMR-invisible, possibly Hsp70-bound “dark” states 

are populated.  
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5.1 Introduction 

Molecular chaperones interact with various states of proteins to guide their 

correct folding and turnover.1 Chaperones are known to assist both co- and post-

translational protein folding, and are overexpressed under various stress-inducing 

conditions to help maintain protein homeostasis.2 Even under non-stress conditions, 

molecular chaperones interact with approximately 30% of the total protein population, 

reflecting the importance of chaperones in protein quality control.3 

The Hsp70 molecular chaperones are ~70 kDa proteins that are always present 

in healthy cells and become overexpressed under stress conditions. Hsp70 chaperones 

play a central role in protein folding, disaggregation, and degradation.4 They cooperate 

with co-translationally active chaperones to help nascent protein folding, and channel 

the misfolded or aggregated proteins to downstream folding- and degradation-related 

machines. Consistent with the crucial functions of chaperones, Hsp70 also has diverse 

connections with disease. For instance, Hsp70 overproduction is known to be involved 

in the development of multiple types of cancer by inhibiting apoptotic pathways.5 In 

addition, pilot studies have shown that enhanced Hsp70 chaperone activity positively 

affects the course of neurodegenerative disorders.6 

 The Hsp70 chaperone consists of an N-terminal ~45 kDa nucleotide binding 

domain (NBD) with ATPase activity, a C-terminal ~25 kDa substrate binding domain 

(SBD) that directly interacts with the substrate molecules, and a flexible linker that 

connects the two N- and C-terminal domains. The different nucleotide-bound states of 

Hsp70 interact with other chaperones and co-chaperones to help maintain a correctly 
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folded pool of proteins. While the ATP-bound state of DnaK has minimal substrate-

binding affinity, the ADP- and nucleotide-free states of this chaperone have 

considerable affinity for peptide and protein substrates.4 

It is well known that the Hsp70 chaperone adopts different conformations in its 

nucleotide-free, ADP- and ATP-bound states.4,7 However, very little is known about the 

conformational changes undergone by the substrate upon interaction with the 

chaperone. X-ray,8 NMR,9-11 and EPR11 studies showed that short peptides adopt an 

extended conformation upon binding to the substrate-binding-domain (SBD) or the full-

length Hsp70 chaperone. In addition, when apomyoglobin N-terminal fragments bind the 

SBD of Hsp70, native and nonnative helical structures that resemble the acid-unfolded 

full-length apomyoglobin are generated.12 Regarding other chaperones, X-ray studies 

have shown that a polypeptide binds to truncated GroEL chaperonin in a extended 

conformation.13 In addition, p53 adopts a molten-globular state upon interaction with 

Hsp90 chaperone as studied by NMR.14 Most of the studies involve protein fragments 

and peptides binding to the truncated form of chaperones. Yet, analysis of the 

interaction between full-length native proteins and full-length Hsp70 is crucial.15 

 While it is generally accepted that Hsp70 binds unfolded proteins,8,16 other 

reports hint at the fact that chaperones may directly interact with folded substrates.17,18 

In addition, since the function of Hsp70 is related to the interconversion between 

different substrate states, studies on how Hsp70 interacts with both folded and unfolded 

substrates are important to understand Hsp70 function. 

 In this work, we investigate how full-length ADP-bound DnaK (ADP-DnaK) 

interacts with the full-length drkN SH3 protein client by multidimensional NMR 
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spectroscopy. DnaK is the E. coli Hsp70. ADP-DnaK has high affinity and slow 

exchange rates with its substrates,4 facilitating the study of DnaK-induced substrate 

conformational changes by NMR. 

The substrate protein is the N-terminal domain of the Drosophila melanogaster 

adaptor protein drk (drkN SH3),19 which slowly exchanges between folded and unfolded 

states on the NMR chemical shift timescale, enabling observation of NMR resonances 

arising from both states. drkN SH3 also possess a strong DnaK local binding site.20 Our 

experimental results suggest that both folded and unfolded states of SH3 may be 

associated with DnaK while the overall substrate conformation is generally preserved. 

Both states maintain significant rotational freedom while associated with DnaK. In 

addition, highly-populated NMR-invisible “dark states”,21 presumably heavily associated 

with Hsp70, are also likely present. 

 

 

5.2 Experimental Methods 

Protein Expression and Purification 

DnaK   The DnaK gene sequence was cloned into a N-terminal His-SUMO tag plasmid 

using Champion™ pET SUMO Expression System (Invitrogen, Carlsbad, CA), to 

express His-SUMO-DnaK protein. The plasmid was transformed into BL21 (DE3)-RIPL 

competent cells (Agilent Technologies, Palo Alto, CA, USA) and grown in 2L standard 

LB broth containing 50µg/mL kanamycin. Overexpression of the protein was induced by 

addition of isopropyl-ß-thiogalactoside (0.5mM) at an OD600 of 0.8. Cells were 



 

 

205 
harvested after 24 hours of shaking incubation at 25°C. The cell pellet was resuspended 

in lysis buffer (30 mM potassium phosphate, 500 mM NaCl, 30 mM imidazole, pH 7.4) 

and lysed by sonication. Supernatant was collected after 30 min centrifugation at 15,000 

rpm. 

The supernatant was initially applied to a HisTrap HP column (5 x 1mL; GE 

Healthcare, Piscataway, NJ) and eluted with 30 mM potassium phosphate, 500 mM 

NaCl, 500 mM imidazole, pH 7.4 buffer. After dialysis against 50 mM Tris-HCl, 150 mM 

KCl, 1 mM DTT, pH 7.4 buffer, His-tagged SUMO protease (10,000u; MCLAB, South 

San Francisco, CA) was added and incubated for 12 hours at room temperature. The 

flow-through (which contains native DnaK) was collected upon applying the sample to 

the HisTrap HP column (5 x 1mL). The flow-through was reapplied to a cleaned HisTrap 

HP column (5 x 1mL) to insure that no His-tagged proteins are in the final flow-through. 

This final fraction was concentrated, dialyzed against 50mM Tris-HCl, 5mM MgCl2, 

50mM KCl, pH 7.2 buffer, flash frozen in liquid N2 and stored at -80°C. 

SH3    SH3 was expressed and purified using the same protocol as in Chapter 2. Note 

that only SH3 protein is isotope-enriched. 

GrpE   GrpE was expressed and purified using the same protocol as in Chapter 4. 

 

NMR Experiments 

All NMR experiments were performed on a Varian 600 MHz spectrometer 

equipped with a triple resonance 1H{13C,15N} triple axis gradient cryogenic probe. All 

experiments were carried out at 25°C. 
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NMR sample preparation   The SH3 only NMR sample was prepared by adding 

100µM or 300µM of SH3 to 50mM Tris-HCl, 5mM MgCl2, 50mM KCl, 5 mM ADP, and 

15 mM DTT in 95%/5% H2O/D2O. For making NMR sample containing both SH3 and 

DnaK, 4-fold stoichiometric excess of DnaK compared to SH3 (400µM or 1200µM, 

respectively) was added to the above composition. In the latter case, further treatment 

to remove any effect from aggregated species (supposedly from pre-bound substrates 

that are released from DnaK by SH3; see Fig. 5A.1) was performed. Briefly, after 24 

hours of incubation of the SH3 + DnaK sample at room temperature, supernatants after 

ultracentrifugation at 115,000 rpm (TLA-120.1 rotor, Beckman Coulter, Fullerton, CA) for 

30 min were collected for NMR experiments. 

SH3 backbone assignment   3D HNCACB and 3D CBCA(CO)NH experiments were 

employed to use Cα and Cβ chemical shifts for inter-residue connections. In addition, 3D 

HNCO and 3D (HCA)CO(CA)NH experiments were employed to use CO chemical shifts 

for inter-residue connections. Nz exchange 1H-15N HSQC was performed to link the 

folded and unfolded amides to verify the backbone assignment (Fig. 5A.2). Note that the 

backbone assignment was performed at pH 7.2 and 25 °C.19 

Diffusion ordered spectroscopy (DOSY)   In order to rule out the effect of convection 

in the NMR sample tube during DOSY experiments, convection-compensated diffusion 

experiments were carried out.22 The convection-compensated (cc) DOSY element was 

attached in front of the 1H-15C HSQC sequence to discriminate diffusion rates between 

the folded and unfolded SH3 resonances (Fig. 5.3a). Alanine methyl groups were used 

as diffusion probes, where the 3D HBHA(CO)NH in addition to the backbone 

assignment experiments gave methyl assignments for the five alanines in SH3. Sweep 
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widths of 10,000Hz and 2,000Hz were employed for the direct and indirect dimensions, 

respectively. 32 rows were collected in the indirect dimension. Cosine-bell-squared 

apodization function was applied to both direct and indirect dimensions. In addition, the 

cc DOSY element was attached in front of a 1H acquisition sequence to measure the 

diffusion rate of the natural abundance DnaK (Fig. 5.3b). 

Resonance volume/linewidth/c.s. analysis   NMRPipe23 was used to process all NMR 

data. NMRViewJ24 was used to perform NMR spectral analysis via Lorentzian fitting the 

NMR peaks. 

 

Native Gel Experiments 

Non-denaturing PAGE gels were run with a vertical electrophoresis apparatus 

(Bio-Rad, Hercules, CA) at constant voltage (200V) for 30 min at room temperature. 

The gel buffer consists of 375 mM Tris-HCl (pH 8.8) and 8% acrylamide (with bis-

acrylamide). Tetramethyl-ethylenediamine (TEMED) and ammonium persulphate (APS) 

are added to the buffer for polymerization. The gel running buffer contains 25 mM Tris 

and 192 mM glycine. The samples were prepared identically as in NMR experiments 

and incubated for 2 hours before mixing with the sample buffer (30 mM Tris-HCl at pH 

6.8, 20% glycerol) and loading on the gel. Coomassie blue was used for both tracking 

and staining. 
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5.3 Results and Discussion 

Significant Decrease in Native SH3 Population upon Addition of DnaK Chaperone 

  Upon addition of DnaK to SH3, a dramatic decrease in intensity and volume of 

the folded SH3 resonances in the 1H-15N HSQC spectra was observed (Fig. 5.1). Note 

that the well-dispersed resonances are the folded species, while the clustered 

resonances are the unfolded species. Interestingly, the effect of DnaK on resonance 

intensities is much more pronounced in the folded state of SH3 than in the unfolded 

state. Similar observations were made with iron-sulfur cluster scaffold protein (IscU) 

binding to a specialized Hsp70-like protein (HscA).15 In order to verify that there was no 

effect from SH3 protein aggregation or degradation on these spectral results, two weeks 

after making the SH3 + DnaK sample, a large amount of unlabeled-SH3 was added to 

check whether the DnaK-SH3 interaction is reversible (Fig. 5.2). Indeed, most of the 

folded 13C,15N-SH3 resonances recovered upon addition of unlabeled-SH3, illustrating 

the reversible nature of DnaK-SH3 interaction.15 

 

Both Native and Unfolded SH3 States are Associated with DnaK 

In order to test whether SH3 is bound to DnaK, we performed a Diffusion 

Ordered SpectroscopY (DOSY) experiment to measure the diffusion rates of native and 

unfolded SH3 in the absence and presence of DnaK (Fig. 5.4), using the pulse 

sequences shown in Figure 5.3. As mentioned in the Experimental Methods, these 

pulse sequences enable convection-compensated22 (cc) measurements of the 

translational diffusion coefficient, which suppress undesired artifacts. Measurements 
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Figure 5.1 1H-15N HSQC spectra of a) 300µM SH3, b) 300µM SH3 and 1200µM 

DnaK, and c) the overlap of the two spectra. Only SH3 is 13C,15N-isotope-enriched. 

Sweep width of 1937 Hz with 256 increments was employed in the indirect dimension. 

72°-shifted and 54°-shifted sine-bell-squared apodization functions were applied to 

direct and indirect dimensions, respectively. 
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carried out with these sequences yielded slightly smaller translational diffusion 

coefficients than the regular DOSY experiment (data were collected with a cryogenic 

probe). The above sequences were tailored to yield either high-resolution heteronuclear 

NMR data (Fig. 5.3a) or a solvent-suppressed 1D 1H data (Fig. 5.3b). The latter pulse 

sequence was employed to circumvent the low 1H-13C HSQC NMR signal from the 

natural abundance DnaK. 

The translational diffusion coefficient of unfolded SH3 in the presence of DnaK is 

dramatically slower than that of free unfolded SH3 and approaches the diffusion of 

substrate-free DnaK (Fig 5.4). Note that substrate-free DnaK is prone to oligomerization 

(especially under the “DnaK only” experimental conditions of 0.3mM ADP-DnaK), while 

substrates tend to bind to the monomeric form of DnaK.25  Thus, unfolded SH3 in the 

presence of DnaK may even diffuse more slowly than the DnaK monomer, indicating 

that the unfolded SH3 is mostly in complex with the DnaK chaperone. 

The translational diffusion coefficient of folded SH3 in the presence of DnaK is 

also significantly smaller than that of free folded SH3 (Fig. 5.4). Note, however, that the 

extent of decrease in diffusion coefficient is smaller than the case of unfolded SH3. 

In summary, the data collected so far imply that both folded and unfolded SH3 in 

the presence of DnaK are in different states from those of the corresponding substrates 

in the absence of DnaK. The case of folded DnaK is particularly interesting. In the 

presence of DnaK, this species is either ca. 50% bound to the chaperone or in fast 

exchange relative to both the NMR chemical shift and translational diffusion timescales 

(see ∆ value in Fig. 5.3) with another presently unidentified slowly diffusing species. 

Note, however, that the effect of the increased viscosity due to the addition of 1.2 mM  
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Figure 5.2 SH3 reversibly binds to DnaK. After 2 weeks of incubation of the SH3 + 

DnaK sample in Fig. 5.1b, it was diluted by three fold a) without and b) with adding 

excessive amount of unlabeled SH3. a) HSQC spectrum of 100 µM 13C,15N-SH3 and 

400 µM DnaK. b) HSQC spectrum of 100 µM 13C,15N- SH3, 400 µM DnaK, and 1mM 

SH3. A sweep width of 1900Hz with 64 increments was employed in the indirect 

dimension. A cosine-bell-squared apodization function was applied to both direct and 

indirect dimensions. 
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Figure 5.3 Pulse sequence used for the Diffusion Ordered SpectroscopY (DOSY) 

experiments. a) The convection-compensated (cc) DOSY element was attached in front 

of the 1H-13C HSQC sequence, to compensate for the intrinsic convection in the NMR 

sample tube as well as to avoid proton exchange effect between water and amide in 

case 1H-15N HSQC was used instead. The δ, τ, and ∆ values are set to 2ms, 4ms, and 

100ms, respectively. The gradients are varied according to the one-shot scheme6 to 

maintain the lock power and compensate for the imperfect 180° pulses during the 

biopolar-gradient pulses.26 The phase cycle is φ1 = 8(x), 8(-x); φ2 = 16(x), 16(-x); φ3 = x, -

x; φ4 = x, x, y, y, -x, -x,-y -y;  φrec =  2(x, -x, -x, x), 4(-x, x, x, -x), 2(x, -x, -x, x). φ3 and φrec 

phases change sign every other row for STATES-TPPI acquisition. The thin and thick 

lines represent 90° and 180° pulses, respectively. b) For natural abundance samples, 
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the cc DOSY element was attached to the 3-9-19 WATERGATE sequence27. The phase 

cycle is φ1 = x, -x; φ2 = 2(x), 2(-x); φ3 = 4(x), 4(-x); φrec =  x, -x, -x, x, -x, x, x, -x. 

 

 

 

 

 

Figure 5.4 DOSY experiments on SH3 resonances in the absence and presence of 

DnaK. The methyl groups from five alanine residues of SH3 were used as DOSY 

probes. The translational diffusion coefficient of DnaK was determined by integrating the 

methyl region of 1D spectra obtained from the pulse sequence shown in Fig. 5.3b. The 

error bars come from linear regression of five different gradient values and averaging 

different alanine methyl probes from single samples, i.e. SH3 only, DnaK only, and SH3 

with DnaK. The diffusion coefficient calibration was done by setting the HDO diffusion 

coefficient at 25°C to 19.02 x 10-10 (m2 s-1).10  
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DnaK can be significant,33 and control experiments to investigate the effect of increased 

viscosity resulting form addition of DnaK will be performed in the near future. 

 

Spectral Analysis of SH3 Resonances in the Absence and Presence of the DnaK 

Chaperone 

 An important question at this juncture is: how does the SH3 substrate associate 

with DnaK? In order to provide an answer to this question, we performed a preliminary 

spectral analysis (Fig. 5.5) of the 1H-15N HSQC resonances in Fig. 5.1. All the 

unambiguously assigned SH3 linewidths, volumes and chemical shifts were compared 

in the absence and presence of DnaK. 

 For unfolded SH3, the change in both linewidth and volume upon addition of 

DnaK is highly site-specific (Fig. 5.5b and d). Furthermore, the average changes in 

linewidth (4.2 ± 0.9 Hz) and volume (0.9 ± 9.7 %) are small. In combination with the 

native gel (further discussed in next section) and translational diffusion analysis, this 

result shows that the unfolded SH3 resonances in the presence of DnaK are due to a 

DnaK-bound state. The unfolded state preserves or somewhat increases its population 

upon addition of DnaK to the medium (although volumes do not change much on the 

average) and also preserves much of its flexibility (fast local rotation tumbling in the 

bound state leads to only moderate increase in linewidths). 

 Note that small but non-negligible 1H chemical shift differences are observed 

both in the folded and unfolded states of SH3 upon addition of DnaK. Thus, there may 

be fast conformational exchange processes involving both states. Further implications 

will be discussed in Chapter 6. In addition, some resonances are broadened beyond  
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Figure 5.5 Spectral analysis for SH3 in the absence and presence of DnaK. 1H-15N 

HSQC spectra from Fig. 5.1 were analyzed. 1H linewidth (∆δH1) changes in a) folded and 

b) unfolded states of SH3 upon addition of DnaK are shown. The linewidth change is 

calculated as ∆δH1,with DnaK – ∆δH1,without DnaK (Hz). The percent volume changes in c) 

folded and d) unfolded states of SH3 upon addition of DnaK are shown. The resonance 

volume (V) percentage change is calculated as (Vwith DnaK  –  Vwithout DnaK)/ Vwithout DnaK 

(%).1H chemical shift changes in e) folded and f) unfolded states of SH3 upon addition 

of DnaK are shown. The chemical shift change is calculated as ∆δH1,with DnaK – ∆δH1,without 

DnaK (Hz). The red residue numbers indicate resonances that have no assignments, 

overlap with other resonances, missing, or whose S/N is too small to be analyzed 

properly, and thus set to zero in the plots and excluded from the average calculation 

displayed on the right-hand side of each plot.  
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detection and we are therefore unable to assess whether or not these resonances 

experience large chemical shift changes upon addition of DnaK. More accurate 

identification of these resonances is currently in process. 

  In the case of the folded SH3 resonances, a uniform change in both linewidths 

and volumes is observed throughout the sequence (Fig. 5.5a and c). The linewidths 

show a small and uniform increase (2.9 ± 0.2 Hz) and the volumes display a dramatic 

uniform decrease (78.9 ± 1.4 Hz) in the presence of DnaK, which is consistent with the 

visual inspection of Fig. 5.1. 

The decrease in the resonance volume reflects the loss of NMR observable 

population, especially when the population is not shifted to the other NMR observable 

state (i.e., DnaK-bound unfolded SH3). At this stage, I propose that the DnaK-SH3 

interaction leads to a new population that is not detectable by NMR, a so-called NMR 

“dark state”.21 This dark state was previously observed in α-synuclein protein interacting 

with lipids,21 oligomeric amyloid species,28 and the p53 protein interacting with Hsp90 

chaperone.14 The significant linebroadening beyond detection in these states are likely 

due to exchange broadening and/or very slow rotation tumbling. 

We observe that, while the translational diffusion of folded SH3 is slowed down in 

the presence of DnaK (Fig. 5.4), the linewidth of folded SH3 is only slightly affected (2.9 

± 0.2 Hz). Two possible scenarios may explain this result. First, folded SH3 may 

undergo fast exchange on the NMR chemical shift timescale with slowly-diffusing 

species with similar linewidth (e.g. DnaK-bound unfolded SH3). Second, some of the 

folded SH3 population may be in a DnaK-bound globally folded and still maintain its 

rotational freedom. 
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Slight increase in linewidth (2.9 ± 0.2 Hz) can be either caused by a small 

rotational hindrance of folded SH3 in the presence of DnaK or by lifetime broadening 

caused by unidirectional conversion of the visible folded SH3 to the invisible “dark state” 

at the rate of ~2-3 s-1. The “dark state” is characterized by a much shorter T2 than the 

free species.28,29 For the second scenario (some of the folded SH3 population is DnaK 

bound) to hold, the level of association between the folded SH3 and DnaK should allow 

fast SH3 rotational tumbling, deceleration of SH3 translational diffusion, and a 

mechanism for small but uniform linebroadening. More experiments and discussion are 

ongoing to clarify the mechanism. 

 

Significant Population of SH3 is Bound to DnaK  

 To confirm complex formation between SH3 and DnaK, non-denaturing PAGE 

gels were run. Since the gel does not contain sodium dodecyl sulfate, native complex 

formation can be visualized.30 

When we compare the first two lanes of Fig. 5.6 (SH3 only and SH3 + DnaK), 

decrease of SH3 band intensity is evident, which illustrates that significant portion 

(~60%) of SH3 is bound to DnaK. When comparing the second (SH3 + DnaK) and the 

third (DnaK only) lanes, potential DnaK-SH3 complex bands appear, further confirming 

the association of SH3 with DnaK. Note, however, that the native gel and NMR 

experiments were carried out under slightly different conditions (see Experimental 

Methods for details). 
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Figure 5.6 Complex formation between SH3 and DnaK as observed by native gel 

analysis. 
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GrpE does not Affect the DnaK-SH3 Interaction 

  DnaK functions in concert with other co-chaperones to help protein folding.4 

GrpE, one of the co-chaperones, is a nucleotide exchange factor that accelerates ADP 

release from ADP-DnaK by up to 5000-fold via forming ADP-DnaK-GrpE and DnaK-

GrpE complexes.31,32 

  In order to simulate the nucleotide-free DnaK condition, excess amount of GrpE 

was added to the sample (Fig. 5.7). Consistent with the EPR study which shows that 

peptides bound to different nucleotide states (ATP, ADP and nucleotide-free states) of 

DnaK display no significant changes in mobility and structure,11 we observed no 

significant spectral change in NMR when GrpE was added to the DnaK + SH3 sample 

(Fig. 5.7). 
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Figure 5.7 The effect of GrpE (an E. coli nucleotide exchange factor) on DnaK-SH3 

interaction. a) The same spectrum as in Fig. 5.2a. That is, HSQC spectrum of 100 µM 

13C,15N-SH3 and 400 µM DnaK. b) HSQC spectrum of 100 µM 13C,15N- SH3, 400 µM 

DnaK, and 1mM GrpE. NMR spectra were processed as in Fig. 5.2. 
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5.4 Conclusions 

The interaction between the full-length ADP-DnaK chaperone and the drkN SH3 

domain was monitored in this study. NMR diffusion measurements, heteronuclear NMR 

experiments followed by spectral analysis, and native gel analysis were employed to 

provide information on the Hsp70-substrate interaction. 

  Since the SH3 domain slowly exchanges between folded and unfolded states on 

the NMR chemical shift timescale in the absence of chaperone, the SH3 interaction with 

the DnaK chaperone provides information on how both states are affected by DnaK. 

Unfolded SH3 binds DnaK as expected according to the reported tendency of 

DnaK to bind extended/unfolded conformations.8,10,16 In addition, upon addition of DnaK, 

small chemical shift changes and linebroading of selected unfolded SH3 resonances 

suggest the presence of small perturbations of the SH3 conformational ensemble. 

Unexpectedly, translational diffusion of folded SH3 was also slowed down in the 

presence of DnaK. This observation may not be due to simple binding of the native 

state to DnaK on the fast chemical shift timescale since only very small linewidth 

broadening was observed for folded SH3 in the presence of DnaK. Two different 

schemes were proposed (Fig. 5.8). First, folded SH3 experiences fast exchange with 

DnaK-bound unfolded SH3. Second, folded SH3 directly associates with DnaK such 

that diffusion is slowed down by two-fold and rotation tumbling is minimally perturbed. 

Both mechanisms encompass the presence of significantly-populated NMR-invisible 

“dark states”. 
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Figure 5.8   Proposed mechanisms for the drkN SH3 conformational change in the 

presence of the DnaK molecular chaperone. The proposed relationships between the 

main populated species are shown. The red colored elements are responsible for slow 

diffusion of folded states in different schemes. Dotted bracket indicates the NMR-

observable folded SH3 in scheme #2. The double-headed arrow inside the bracket 

denotes fast rotational tumbling of folded SH3 when associated with DnaK. 
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Overall, exposure of the SH3 substrate to Hsp70 leads to the identification of 

different substrate states. They are Hsp70-bound unfolded state, NMR-invisible “dark 

state(s)”, and possibly an Hsp70-associated folded state. 

 

 

Appendix 

Appendix 5A contains figures related to NMR sample preparation and Nz 

exchange experiment to verify SH3 backbone assignments. 
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Supporting Information for Chapter 5 

 

Conformational Changes of the drkN SH3 Protein upon 

Interaction with the Hsp70 Molecular Chaperone 

 

 

 

 

 

 



 

 

230 

 

 

Figure 5A.1 Coomassie blue stained SH3 + DnaK samples on a SDS PAGE gel. Note 

that 0.015% of the total NMR sample was loaded on lanes 1, 2, and 3 while 10% of the 

ultracentrifuged total pellet was loaded on lane 4. There was no observable difference 

for lanes 1, 2, and 3, while lane 4 is overemphasized compared to other lanes. Sample 

from lane 3 was used for the SH3 + DnaK NMR experiments. 
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Figure 5A.2 Nz exchange 1H-15N HSQC experiment was preformed to verify the SH3 

backbone assignment. Cyan lines connect the folded and unfolded SH3. 
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Future Directions 
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 As I have been writing the last chapter of my thesis, I have come to realize how 

little I have contributed to the scientific field of my study. Here, I present my thoughts on 

possible future directions of my Ph.D. research.  

 

 

6.1 Photo-CIDNP 

Direct Electron-to-Nucleus Polarization Transfer using Microwave Pulse 

 A remaining task in photo-CIDNP is to gain more sensitivity. Utilization of 

microwave pulses provides an opportunity towards this goal. 

The importance of pulsed microwave source has been realized in the field of 

dynamic nuclear polarization (DNP).1 The pulsed microwaves reduce heating2 caused 

by CW microwaves in conventional DNP experiments and enable DNP 

hyperpolarization without unfavorable field dependence.3 Despite the technical 

difficulties, many efforts are made to construct high-power pulsed microwave devices.4 

 In principle, transient radicals that are formed during the photo-CIDNP 

experiments can also be manipulated using pulsed microwave. For instance, using 

INEPT5–like pulse sequence as shown in Fig. 6.1, polarization can be transferred from 

an unpaired electron to a nucleus in the same molecule. 

 Two conditions should be met for this idea to work. First, the radical pair lifetime 

should be longer than 1/A (A is the hyperfine coupling constant) plus the RF pulse 

lengths, for the hyperfine coupling evolution to occur (Fig. 6.1). Since the observed 

lifetime of the tryptophan-flavin radical pair is ~20 µs and A is ~10 MHz,6 high-power  
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Figure 6.1   INEPT–like pulse sequence to transfer the unpaired electron polarization to 

nuclear polarization. The thin and thick lines (of E and I channels) represent 90° and 

180° pulses, respectively. The 180° pulse pairs may be omitted if ∆ is set to the multiple 

of inverse of electron Larmor frequency (Hz). ∆ = 1/4A, where A is the hyperfine 

coupling constant between the unpaired electron and the nucleus. EzIy denotes the 

resulting anti-phase coherence of the nucleus. Refocused INEPT may be employed to 

achieve in-phase Ix magnetization. 
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short RF and microwave pulses may enable the scheme shown in Fig. 6.1 to work. Note 

that very high-power pulsed microwave source is necessary to carry out this experiment. 

Second, since we are not allowing unpaired electrons to thermally relax, the unpaired 

electrons in the radical pair should have intrinsic spin polarizations. The fact that light-

induced transient radical pairs have characteristic negative and positive EPR 

intensities7 illustrates the fact that electron spin polarizations exist upon radical pair 

formation.  

 

Double Laser Irradiation to Extend Photo-CIDNP Probes 

 Available photo-CIDNP probes in proteins are solvent-exposed Trp, Tyr, and His 

amino acids. Extending photo-CIDNP-active probes is crucial to render photo-CIDNP a 

more general NMR sensitivity tool. 

 Spontaneous electron transfer occurs from excited-state indole to acrylamide but 

not from ground-state indole to acrylamide.8 Therefore, as expected, indoles are more 

easily oxidizable in their electronically excited states. Hence, if one could excite peptide 

bond electronic transitions (at ca. 200 nm)9 simultaneously with the photoexcitation of 

flavin (at 488 nm), one may be able to observe photo-CIDNP across polypeptide 

backbones. It is in principle possible that excitation of the dye may not even be 

necessary, as in the case of the excited indole and acrylamide pair. 

 The scheme of this experiment and pictures from my initial instrument setup are 

shown in Fig. 6.2. I used 193nm excimer laser and 488nm argon ion laser to excite 

peptide bonds and flavins, respectively. The most difficult challenge of this experiment 

is irradiating 193nm light to the NMR sample sitting in the magnet.  Many commercially 
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Figure 6.2   Double laser irradiation scheme. a) A schematic diagram of the experiment. 

b) Pictures from the double laser instrument setup. In order to minimize the optical fiber 

(which has very poor transmission efficiency at 193 nm) length, both 488 and 193 nm 

laser beams were transferred through space and focused into the optical fiber near the 

NMR spectrometer. 
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available UV-resistant optical fibers were employed, but all gave <1% transmission 

efficiency at this wavelength. Either due to the poor 193 nm excitation or some intrinsic 

problem to the scheme (e.g. peptide bond has too short excited-state lifetime), the 

experiment did not work. 

 In case this experiment resumes in the future, I feel that direct mirror reflection of 

193 nm light should be employed to guide the light into the NMR sample. In addition, 

chemicals mimicking peptide bond rather than a full-length protein should be tested 

initially.10 

 

 

6.2 Mechanism of Hsp70 Chaperone – Substrate Interaction 

Future Work on the Current DnaK - SH3 Interaction Project 

 The content of Chapter 5 does not form a complete story. Experiments and data 

interpretation are still ongoing. In particular, although we proposed different states of 

SH3 in the presence of DnaK (folded SH3 associated with DnaK, unfolded SH3 bound 

to DnaK, and the “dark state”), their mutual relationship is barely characterized. Below 

are my opinions to supplement the project. 

 As mentioned in Chapter 5, non-negligible chemical shift changes were observed 

for some folded/unfolded SH3 resonances in the presence of DnaK. In rare cases, new 

peaks appear. (Fig 6.3) The small chemical shift changes imply that the protein is 

experiencing fast-intermediate chemical exchange with a different (most likely invisible) 

species. CPMG relaxation dispersion experiment will clarify this issue and identify the  
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Figure 6.3   Expanded view of 1H-15N HSQC (Fig. 5.1) where resonances from SH3 

only sample are colored black and from SH3+DnaK sample colored red. Note that only 

SH3 is 13C,15N-isotope-enriched and observed. Decrease in resonance intensities, small 

chemical shifts, and appearance of new resonance of SH3 in the presence of DnaK are 

all clearly observed. 
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other species involved. Characterization of the newly appearing resonances will also 

provide clues on the exchanging counterpart. In addition, linewidth measurement at 

different magnetic fields (e.g. 900 Hz) can give more information on the small and 

uniform linebroadening effect observed in the folded SH3 with DnaK. 

In addition, in case the stable SH3 T22G mutant,11 which has virtually identical 

structure as the folded SH3, does not show decrease in volume/intensity and retains its 

diffusion rate in the presence of DnaK, we can postulate that the folded SH3 can 

associate with DnaK (or form the “dark state”) only through the unfolded SH3. 

Furthermore, although DTT in the DnaK sample quenches photo-CIDNP 

phenomenon, dialyzing DTT out before the photo-CIDNP experiment may allow us to 

see the photo-CIDNP effect. It would be exciting to observe different photo-CIDNP 

patterns between the resonances before and after adding DnaK to SH3, especially in 

cases where chemical shifts and linebroadening are very similar. 

Lastly, the NMR-invisible “dark state”12 seems to have great implications in many 

biological processes. Studies to characterize the state’s structure, dynamics and 

relationship with other species will be challenging and promising. 

 

Focusing on DnaK in Action 

 Although NMR is a great tool to study structure and dynamics of biomolecules in 

physiologically relevant conditions, we still have to prepare a very well defined highly 

concentrated state (often made of a protein or two) for NMR studies. The topic of 

“dynamics” that interests me is not only confined to local fluctuations (e.g. ns-ps, ms-µs 
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timescale motion), but also extends to describing how a protein dynamically interacts 

with other partners to carry out its function. 

 In this respect, a question that I wish to answer regarding DnaK is as follows. At 

conditions where natural substrates13,14 tend to misfold and aggregate (e.g. at 45 °C), 

how are the substrates continuously rescued at equilibrium in the presence of DnaK-

DnaJ-GrpE (-ClpB) chaperones and a plenty of ATP? In other words, I wish to observe 

the relevant picture of how DnaK machinery helps protein folding by NMR. 

 The immediate obstacle for this experiment is that ATP is very quickly depleted. 

This is because high concentrations of chaperones and substrates are necessary for 

NMR studies. This leads us back to the NMR sensitivity issue. If we can observe good 

NMR signals from proteins at submicromolar concentrations, ATP depletion would not 

be a problem. I think the more we want to observe the molecular details of the 

physiologically relevant processes by NMR, the more the NMR sensitivity enhancement 

issue comes into play. 
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