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Abstract 

Solution NMR studies of high molecular weight proteins suffer from inadequate side-chain 

information and rapid signal decay. Selective 1H, 13CH3-methyl labelling of perdeuterated 

proteins has been the standard approach addressing these limitations but suffers from a lack of 

information about the non-methyl-containing amino acids. Here, we present methods for 

introducing additional isolated 1H-12C groups into proteins using inexpensive metabolic 

precursors and inhibitors.  

Using fumarate as a carbon source for Escherichia coli (E. coli) in D2O allows for stereospecific 

incorporation of 1H at 2 and 2H at 3 positions of the oxaloacetate family of amino acids (Asp, 

Asn, Met, and Lys). We demonstrate an efficient and inexpensive synthetic protocol for 

producing phenylpyruvate, hydroxyphenylpyruvate, and anthranilate precursors for labelling Phe 

(, ), Tyr (), and Trp (, , ), respectively. We labeled the imidazole ring of histidine by 

supplementing E. coli growth medium with the unlabelled amino acid.  

The 1H-12C groups introduced in eight non-methyl-containing amino acids complement methyl 

groups and can be connected to 1H-15N amide positions using multi-dimensional through-space 

NOESY experiments. We demonstrate the utility of our approach by labelling the outer 

membrane protein PagP in DPC detergent micelles (>50 kDa), yielding rich new structural 

restraints for chemical shift assignments and high-resolution structure determination.  

Solution NMR is the ideal technique for probing protein motion over various timescales. Most 

NMR studies frequently focus on quantifying only the backbone dynamics by measuring 15N 

relaxation properties in uniformly labelled proteins. Side chain motion also plays a pivotal role in 

many biological processes. However, characterizing side chain dynamics remains difficult for 
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solution NMR. We introduce a new method for assessing protein side-chain motion using 1H 

NMR relaxation rates, extending the dynamic analysis to exciting unstudied protein sites.  
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Chapter 1 

 

Introduction 

 

A portion of this chapter has been published as Danmaliki, G.I., Hwang P.M. Solution NMR 

spectroscopy of membrane proteins. Biochimica et Biophysica Acta (BBA)-Biomembranes, 

1862, 183356 (2020) 

 

Overview 

Solution nuclear magnetic resonance (NMR) spectroscopy is the most powerful 

spectroscopic method for studying the structure and dynamics of proteins under physiologic 

conditions. However, obtaining structural information for high molecular weight systems above 

30 kDa is technically challenging due to rapid signal decay that worsens with increasing 

molecular weights1,2. Selective 1H,13C-methyl labelling in a deuterated background has become 

the standard approach for mitigating rapid signal decay in solution NMR studies of high 

molecular weight proteins. However, this strategy suffers from a lack of information about non-

methyl-containing amino acids. My thesis is focused on developing cost-effective isotope 

labelling strategies for introducing isolated, long-lived 1H-12C magnetizations into proteins 

grown in deuterated E. coli media. Such magnetizations can be transferred through-space nuclear 

Overhauser enhancements (NOEs) to nearby 1H,13C-methyl and 1H,15N-amide groups in 

proteins, yielding rich new structural restraints for structure determination and additional spectral 

probes. While developing isotope labelling strategies for studying large protein systems, we also 

discovered a new method for analyzing protein side chain mobility. Protein side chain dynamics 

play a crucial role in many biologic processes, yet differentiating mobile from rigid side chains 

remains a technical challenge for solution NMR and other structural techniques. Our finding fills 

in a significant gap in protein structural biology. 
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Solution NMR in structural biology 

Solution nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for 

elucidating protein structures and dynamics at atomic resoluton.3,4 The advent of Fourier 

transform multi-dimensional NMR, combined with uniform isotopic labelling of proteins using 

NMR-active isotopes (15N and 13C), has allowed detailed structural and dynamic analyses of 

proteins with molecular weights up to 25 kDa.3,5 However, NMR studies of proteins over 30 kDa 

are complicated by rapid signal decay due to the slow tumbling of proteins, yielding spectra with 

poor resolution and low signal-to-noise1,2. The fast signal decay (determined by the transverse 

relaxation rate) scales roughly with molecular weight (Figure 1.1).  

 

Figure 1.1 Effect of molecular size on signal decay in solution NMR. Small proteins (< 20 kDa) 

tumble rapidly, resulting in a slowly decaying NMR signal with a narrow linewidth. Large 

proteins (> 30 kDa) tumble slowly, yielding a fast-decaying NMR signal with a broad linewidth.  

 

Technical developments in solution NMR, including high-field magnets equipped with 

cryogenic probes, transverse relaxation-optimized spectroscopy (TROSY) experiments, and 

recombinant protein expression with optimal isotope labelling, have extended the utility of 

solution NMR structural studies of proteins6,7, allowing it to provide unique insights into folding, 

internal mobility, and binding of drugs, lipids, and ligands in native-like conditions.8–10  
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However, the role of solution NMR in structural biology must evolve considering other 

advancing techniques. X-ray crystallography has been the method of choice to determine protein 

structures at the highest resolution. Cryo-electron microscopy (cryo-EM) is becoming the 

dominant technique with current methodologies allowing high-resolution characterization of 

previously intractable biological systems like large multi-protein and integral membrane protein 

complexes. Computational methods can now accurately predict three-dimensional structures of 

proteins from amino acid sequences.11,12 Given the dominance of these techniques, one may 

wonder if solution NMR spectroscopy still has a relevant role in structural biology. 

Solution NMR is an effective tool for determining the structures of small proteins and the 

dynamic movements of flexible protein regions, as well as for analyzing interactions between 

molecules. Additionally, it can be used to study proteins that are difficult to crystallize. 

Furthermore, NMR can be conducted on living cells or organisms, providing valuable insights 

into how proteins function in their natural environment. Since protein mobility plays a crucial 

role in biological activity, this can only be fully understood when studied at physiological 

temperatures, which can be easily accessed through solution NMR. However, the size of the 

protein is the main limitation when using solution NMR.  

Solution NMR methods for tackling large protein systems 

Deuteration with selective 1H-15N protonation 

Despite the utility of uniform 15N and 13C-labeling and triple resonance experiments, 

NMR studies of larger, fully protonated proteins are severely hampered by rapid signal decay. 

Relaxation at a given spin-1/2 nucleus (1H, 15N or 13C in proteins) is caused by local fluctuating 

magnetic fields from other nearby nuclei (dipolar relaxation) or electrons (chemical shift 

anisotropy). Deuteration minimizes dipolar relaxation pathways by replacing 1H nuclei in 

proteins with 2H, which is still magnetic, but only about 15 times as effective as 1H in inducing 

dipolar relaxation, providing sensitivity and resolution gains in most NMR experiments.13  

Complete deuteration can be accomplished by expressing proteins in bacterial growth 

media containing D2O and deuterated carbon source. The major problem with this approach is 

that most NMR pulse sequences start and end on 1H nuclei. To overcome this limitation, proteins 

grown in D2O are exchanged into H2O, allowing re-protonation at all exchangeable H positions 
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(although transient unfolding of the protein may be needed to exchange buried parts). This 

selectively re-protonates all H atoms bound to nitrogen, allowing 1HN-1HN nuclear Overhauser 

enhancement- (NOE-)derived distance restraints to be obtained for low-resolution structure 

calculation14,15.  

Transverse relaxation-optimized spectroscopy (TROSY) is a solution NMR strategy that 

exploits destructive interference between two interacting relaxation mechanisms.7,16 Dipolar 

relaxation is field invariant, whereas chemical shift anisotropy (CSA) scales with the square of 

the magnetic field strength. The destructive interference between dipolar coupling and CSA is 

serendipitously effective in both 1H and 15N atoms in backbone amide 1H-15N groups at a high 

magnetic field (roughly 1 GHz).16 However, the effect is most significant for 15N. In particular, 

pulse sequences that spend a long-time evolving transverse 15N magnetization benefit most from 

TROSY, as occurs in multi-dimensional experiments in which magnetization is transferred from 

15N to 13C via small 1- or 2-bond J-couplings (such as HNCA, HN(CO)CA, HN(CA)CB, HNCO, 

HN(CA)CO). Sensitivity gains from TROSY are most significant, with high levels of protein 

deuteration to attenuate long-range dipole-dipole interactions.16,17 Applying TROSY enables 

high-resolution NMR of large supramolecular complexes with molecular weights >30 kDa.4,17 

3D-TROSY versions of triple resonance experiments have allowed complete or near-complete 

backbone resonance assignment of several large proteins, establishing their global folds.14,18–21  

Like TROSY, Cross-correlated Relaxation-Induced Polarization Transfer (CRIPT), 

Cross-correlated Relaxation-Enhanced Polarization Transfer (CRINEPT), and Heteronuclear 

Multiple Quantum Coherence (HMQC) are NMR techniques that exploit the interference effect 

between dipolar relaxation and CSA to reduce transverse relaxation, extending the size limit of 

solution NMR to molecules with molecular weights beyond 100 kDa.22–24 Most other multi-

dimensional NMR experiments rely on the transfer of magnetization from one nucleus to another 

via scalar spin-spin coupling using the insensitive nuclei enhanced by polarization transfer 

(INEPT) pulse sequence element.25 The problem with INEPT elements is that a refocusing 180-

degree pulse interconverts fast- and slow-relaxing magnetization, and for molecular weights 

above 100 kDa, transverse relaxation during these short 1H-15N INEPT elements may become a 

limiting factor that compromises sensitivity. CRIPT, CRINEPT, and HMQC-based experiments 
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avoid extraneous magnetization-mixing pulses and thus better preserve slowly relaxing 

magnetization during magnetization transfers between 1H and 15N nuclei.6,22,26 However, it 

should be noted that in high molecular weight systems benefiting from non-INEPT transfers, 

signal decay tends to occur too quickly to obtain 3D or 4D NMR experiments needed for 

chemical shift assignment or structure determination. 

Selective Methyl Group Protonation and Methyl-TROSY 

For protein systems with a molecular weight above 100 kDa, obtaining NMR spectra of 

backbone amide groups becomes extremely difficult, even with deuteration and TROSY. Methyl 

groups give rise to a protein's most intense and longest-lived NMR signals. The protons in a 

methyl group are equivalent, contributing to the intensity of a single signal. Fast rotation around 

the methyl symmetry axis attenuates intra-methyl dipolar relaxation mechanisms by about one 

order of magnitude. Methyl groups in alanine, valine, leucine, isoleucine, threonine, and 

methionine are attractive targets for selective protonation since they populate hydrophobic 

protein cores, and they are essential for protein folding, stability, ligand binding, and 

interactions, making them valuable probes for obtaining structural and dynamic information.27,28 

Protocols for methyl-selective protonation in these amino acids have been successfully 

developed.29–32 Nuclear Overhauser enhancements (NOEs) can transfer magnetization between 

spatially close 1HN-13CH3 and 13CH3-
13CH3 groups to aid in the assignment process. These can 

also be combined with backbone 1HN-1HN NOEs and are particularly important for structure 

determinations of supramolecular complexes.33 

Relaxation interference effects are optimized in methyl TROSY, which is fundamentally 

the same pulse sequence as HMQC.34 Since methyl groups experience relaxation through a 

network of intra-methyl 1H–1H and 1H–13C dipolar interactions, methyl TROSY, whose effect is 

independent of magnetic field strength (unlike 1H-15N TROSY), prevents mixing of slow- and 

fast-relaxing magnetization throughout the pulse sequence, resulting in spectra with improved 

signal-to-noise in a highly deuterated background.34 Methyl TROSY experiments have provided 

structural, dynamic, and functional insights into protein systems up to 1 MDa in size (Figure 

1.2).35,36 However, a significant challenge of selective methyl labelling in large protein systems 

is that the methyl groups are isolated in spin systems, making sequence-specific chemical shift 
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assignments difficult through NMR experiments. Extensive mutagenesis in combination with 

computational methods have been used to aid the assignment process.  

 

Figure 1.2. The range of biological assemblies above 100 kDa studied using the methyl-TROSY 

technique.  

Strategies for selective methyl group protonation in perdeuterated proteins 

 Over the past 25 years, several strategies have been proposed for selective methyl group 

protonation in the six methyl-containing amino acids in proteins. These labelling approaches aim 

to produce deuterated proteins with selective 13CH3-labeling in methyl-containing amino acids. 

Such labelling schemes can be achieved by adding into deuterated E. coli growth media 13C1H3-

methyl-labeled amino acids or their metabolic precursors (Figure 1.3). Depending on the 

biosynthetic pathway of the desired methyl group, residues synthesized as late products of an 

irreversible metabolic reaction are the easiest to label (Figure 1.3).37 
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Figure 1.3. Simplified biosynthetic steps involved in the metabolism of methyl-containing 

amino acids. The carbon positions are colour coded according to their metabolic origin. 

Pyruvate-derived positions are shown in blue, whereas carbons derived from aspartate within the 

TCA cycle are highlighted in red. Amino acid residues are darkly shaded, while precursors 

frequently used in methyl labelling protocols are shown without fill. Two pyruvate molecules 

condense to form acetolactate, and blue dots represent carbon positions derived from one of the 

pyruvate molecules.   

 

Isoleucine  

Isoleucine contains two methyl groups: the 2-methyl and the 1-methyl, derived 

biosynthetically from pyruvate and -ketobutyrate, respectively. E. coli synthesizes isoleucine 

by combining one molecule of pyruvate and one molecule of -ketobutyrate (Figure 1.3). As a 

result, different labelling strategies have been developed targeting one or the other methyl group. 

Like leucine and valine, it is possible to supplement E. coli growth media with labelled 

isoleucine. However, this strategy has primarily been replaced by late -ketoacid precursors of 

the final amino acid.29,38,39 The precursor-based methods are considerably cheaper, affording 

greater flexibility in the isotopic composition of the desired residue.  

The earliest methyl-specific labelling protocol reported in literature involves the 1-

methyl group of isoleucine.40 Gardner and Kay used the (3,3-2H2) 
13C 2-ketobutyrate precursor to 

label the 1-methyl group of isoleucine without isotope scrambling. The precursor is derived 
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from 13C-labelled threonine in two steps. Step one converts threonine into (3-2H) -ketobutyrate 

via the activity of threonine deaminase in D2O. The second step converts (3-2H) -ketobutyrate 

into (3,3-2H2) -ketobutyrate via a solvent exchange at position 3 in D2O at elevated pH. The 

final product is incorporated into isoleucine by E. coli during protein synthesis (50-70 mg/L 

added 1 hour before induction).38,39 It is advantageous to supplement deuterated 13C glucose to 

the E. coli medium to ensure complete 13C labelling of the isoleucine side chain. Protonation at 

the Ile 1 methyl position is desirable since its signals occupy a unique region in the 2D 13C-1H 

correlation spectra (Figure 1.4). Structurally, the isoleucine 1-methyl group is typically about 

3.7Å away from the protein backbone, facilitating the observation of NOEs between the methyl 

protons and amino acid side chains that are distant in the primary sequence. Since the first 

protocol, several alternative approaches have been developed for synthesizing -ketobutyrate 

with various isotope labeling patterns commercially available from suppliers.41,42 

 

Figure 1.4. Expected chemical shifts of different methyl groups in 2D 1H-13C correlation spectra. 

The coloured ellipses represent the average positions of methyl group signals. The average 

chemical shifts were taken from BioMagResBank (BMRB https://www.bmrb.io/). The 

boundaries of the ellipses are within two standard deviations of the chemical shifts.  

 

The isoleucine 2-methyl group is derived from pyruvate. Rosen et al. have shown the 

selective protonation of leucine, valine, and isoleucine-2 methyl groups when E. coli is grown 

https://www.bmrb.io/
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on 13C-pyruvate as the sole carbon source in D2O.43 However, isotope scrambling from the 

pyruvate methyl group dilutes signal intensities into numerous isotopomers (CH3, CH2D, CHD2, 

and CD3), compromising peak patterns and sensitivity. Ruschak and Ayala et al. have developed 

the specific labelling of the isoleucine-2 methyl group using 2-hydroxy-2-ethyl-3-ketobutanoic 

acid (2-aceto-3-hydroxybutyrate) precursor.44,45 They showed that Ile-2 methyl group could be 

selectively labelled (>95% efficiency) when 100 mg/L of the precursor is added to the E. coli 

medium before induction of protein synthesis in D2O. The precursor is produced as a racemic 

mixture, but only the 2-(S)-aceto-2-hydroxybutyrate enantiomer is metabolized by E. coli. One 

drawback of this precursor is that some isotopic label is metabolized to the pro-(R) methyl group 

of leucine and valine, manifesting as weak peaks in 2D 1H-13C correlation spectra. Ayala and 

coworkers showed that the isotope scrambling could be minimized by concurrently adding 200 

mg/L of deuterated -ketovalerate (leucine and valine precursor) to the growth medium.45  

Leucine and Valine 

Leucine and valine are derived from two pyruvate molecules; the amino acids share a few 

common metabolic intermediates (Figure 1.3). The earliest protocol developed to label both 

methyl groups of leucine and valine using [3-2H] 13C α-ketoisovalerate [13CH3, 
13CH3] 

selectively labelled both proR and proS methyl groups.29,42,46 The use of this precursor to study 

large proteins proved inefficient because of intense intraresidue 1H-1H dipolar interactions 

between prochiral methyl groups, limiting the sensitivity of NMR experiments and overcrowding 

in the 2D 1H-13C correlation spectra. Subsequently, racemic [3-2H] 13C α-ketoisovalerate [13CH3, 

12CD3] precursors were used to label only one of the prochiral methyl groups in both amino 

acids.39,47 This precursor enhances the resolution and sensitivity of methyl TROSY spectra in 

large proteins. However, since it is synthesized as a racemic mixture, 50% of the prochiral 

methyl signal is detectable with both proR and proS sites visible by NMR at reduced sensitivity, 

preventing its use for the stereospecific assignment. Stereospecific labelling of leucine and valine 

was achieved using acetolactate (2-hydroxy-2-[13C]methyl-3-ketobutyrate)48, a more upstream 

metabolite in Leu and Val biosynthesis (Figure 1.3). The precursor can be chemically 

synthesized to yield 100% proR or proS labelling of the methyl groups. Finally, protocols for 

labelling either leucine or valine have also been proposed. Kainosho’s group showed synthetic 
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routes for labelling either of the prochiral methyl groups in leucine and valine,49 while 

Lichtenecker used -ketoisocaproate precursor to selectively label leucine residues.50 

Alternatively, supplementing acetolactate precursor with deuterated leucine selectively labels 

valine methyl groups.51  

Methionine 

The -methyl group of methionine is a valuable probe of protein structure and dynamics 

since it is uniquely positioned at the end of a long side chain unconnected to carbon but to a 

sulphur atom. These properties contribute to its signals resonating at an uncrowded region of the 

2D 1H-13C correlation spectrum (Figure 1.4). Isotope labelling of the methionine methyl group 

can be achieved by supplementing deuterated E. coli growth media with labelled methionine.52 

Gelis and co-workers demonstrated the utility of this approach using 250 mg/L of [13CH3]-

labelled methionine for a scrambling-free SecA (204 kDa) study.52 Fischer and colleagues 

developed an efficient synthetic protocol for producing  2-oxo-methionine precursor for labelling 

methionine residues in E. coli.31 It is relatively straightforward to react 13CH3I with 

homocysteine to produce methyl-labelled methionine, and this approach had been used long 

before protein perdeuteration was used for large proteins.53–55  

Alanine and threonine 

Alanine is the smallest amino acid containing a methyl group and one of the most 

abundant amino acids in protein sequences. The -methyl group of alanine is directly connected 

to the protein backbone serving as an excellent reporter of backbone structure and dynamics. 

Specific labelling of alanine or threonine is generally more difficult, as both residues are either 

synthesized in reversible reactions or are intermediates in the biosynthesis of other methyl-

containing amino acids. Selective labelling of alanine- and threonine-2 methyl groups involves 

supplementing these residues directly into the E. coli minimal expression media.30,32 Ayala and 

colleagues added 800 mg/L of 2-[2H], 3-[13CH3] alanine for incorporation into perdeuterated 

proteins.30 The reversible conversion of alanine to pyruvate via the enzymatic activity of alanine 

transaminase results in the supplemented alanine being scrambled to other pyruvate-derived 

methyl groups, i.e. isoleucine, leucine and valine. Co-addition of perdeuterated forms of -
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ketoisovalerate-d7, succinate-d4 and isoleucine-d10 with labelled alanine reduces scrambling to 

<1%. 

Of the six methyl-containing amino acids, threonine has one of the less hydrophobic side 

chains, residing within protein interiors or surfaces and participating in hydrogen bonding or 

signaling via phosphorylation. Velyvis showed an inexpensive biosynthetic strategy for 

producing L-[-2H; -2H;-13CH3]-Thr, adding it directly to the E. coli expression medium for 

labelling the proteasome core particle (670 kDa).32 More recently, Ayala has shown an 

asymmetric synthetic route for producing methyl-specifically labelled threonine, demonstrating 

its application on the 82 kDa Malate Synthase G, adding to the limited number of threonine 

labelling strategies.56 

Combinatorial labelling of methyl-containing amino acids 

The high level of perdeuteration required to produce proteins labelled explicitly at the 

methyl groups significantly reduces available NMR probes for structural studies compared to 

conventional uniform labelling. However, the six methyl-containing amino acids represent about 

30-40% of residues found in proteins, 50% in protein hydrophobic cores, and about 30% in 

protein-protein interfaces.57,58  Specific labelling of the methyl-containing amino acids provides a 

good picture of protein structure and dynamics, maximizing the utility of the methyl NMR probe. 

As a result, several strategies have been developed for the combinatorial labelling of methyl 

groups, including ILV (Ile-1/Leu-proS/Val-proS), IMT (Ile-1/Met-Thr-2), AIM (Ala-/ Ile-1/ 

Met-), AMLV (Ala-/Met-/ Leu-proS/Val-proS), AILV (Ala-/ Ile-1/Leu-proS/Val-proS), 

MILV (Met-/Ile-1/Leu-/Val-proS), and MILVT (Met-/Ile-1/Leu-/Val-proS/ Thr-2) etc. The 

combinatorial labelling strategy should ideally label more than one amino acid type 

simultaneously and target methyl cross peaks that do not overlap in the 2D 1H-13C correlation 

spectrum. The availability of cost-effective metabolic precursors has made combinatorial 

labelling a robustly versatile and popular strategy.  

Aromatic residue 1H, 13C-site-selective labeling 

A significant drawback of selective methyl group protonation is the inability to obtain 

structural information for non-methyl-containing amino acid side chains. Specifically, the side 

chains of aromatic amino acids are crucial in defining the hydrophobic packing and ligand 
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binding interfaces in proteins. They exhibit many long-range interproton NOEs important for 

determining protein folds.59–61 However, the NMR analysis of aromatic ring signals using the 

conventional uniform labelling is complicated by severe signal overlap due to poor chemical 

shift dispersion, strong scalar couplings, and rapid signal decay.59–61 Lichteneker and coworkers 

have developed a biosynthetic method for labelling aromatic amino acids in E. coli bacteria 

using -ketoacid precursors.62–65 These -ketoacid precursors, featuring an alternating [1H-13C]-

[2H-12C]-[1H-13C] ring patterns, incorporate an isolated 1H-13C spin system in a deuterated 

background, simplifying chemical shift assignment of the ring signal and minimizing 1H-1H and 

13C-13C scalar coupling (Figure 1.5). Phenylpyruvate and 4-hydroxy phenylpyruvate are the late 

metabolic precursors for labeling phenylalanine and tyrosine.62 Anthranilate, indole, and 

indolepyruvate precursors have each been used to label tryptophan.66,67 Histidine labeling is 

achieved using imidazole pyruvate.65  

Large signal enhancements can be obtained when the TROSY principle is applied to 

aromatic C-H groups.68 Many NMR labs now combine methyl-specific protonation with the 

aromatic site-selective labelling to protein systems within 50-100 kDa. However, significant 

drawbacks of this labelling strategy are the cost associated with precursor synthesis and the rapid 

dipolar relaxation that still dominates any 1H-13C spin system, preventing the routine application 

of the labelling strategy to large protein systems.  

 

Figure 1.5. Overview of -ketoacid precursors used for labelling aromatic amino acids. 

 

Stereo-Array Isotope Labeling (SAIL) 

Kainosho and coworkers have developed stereo array isotope labeling (SAIL), in which 

extensive chemical and enzymatic syntheses are employed to produce amino acids with optimal 

stereoselective 2H, 13C, and 15N labeling.69,70 The method works well for structural and dynamic 
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studies of proteins with molecular weight <50 kDa. Due to the high cost of precursor synthesis, 

SAIL is always used with cell-free protein expression, allowing efficient use of the labelled 

precursors while preventing isotope label scrambling, which occurs in conventional bacterial 

protein expression systems. SAIL enhances spectral sensitivity and resolution at all amino acid 

residue positions, but the short-range 1H-13C dipolar interaction still strongly dominates 

relaxation at non-methyl sites (Figure 1.6). 

 

Figure 1.6. The design concept of SAIL amino acids.  

Our approach for overcoming the size limitation of solution NMR involves economic 

stereoselective deuteration of non-methyl-containing amino acid side chains 

  Rapid signal decay in large proteins and inadequate side chain information are the two 

significant limitations of protein structure determination by solution NMR.71 Selective 

deuteration can overcome these problems, which slows signal decay and provides unambiguous 

stereospecific side chain chemical shift assignments. This thesis posits that only isolated 1H-12C 

groups in a highly deuterated background possess sufficiently long-lived magnetization for non-

methyl-containing amino acids in large proteins (Figure 1.7). Magnetization from 1H-12C groups 

can be transferred via through-space NOEs to nearby 1H-15N or 1H-13C groups, providing the 

spectral resolution needed.  
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Figure 1.7. The design concept for stereoselective deuteration of non-methyl-containing amino 

acids 

Escherichia coli bacteria as a model system for isotope labelling 

E. coli expression remains the most convenient means for producing proteins with 

complex isotope labelling patterns.72,73 The ease of genetic manipulation, rapid growth rate, and 

ability to overexpress large quantities of protein using simple, inexpensive growth media 

containing glucose, inorganic salts, and amino acid precursors make E. coli the first choice for 

protein expression.74–77 We have developed a model protein system, the thermostable mutant of 

the human Pin1 WW domain (the smallest folded protein domain containing all 20 amino acid 

residues except cysteine), for monitoring isotope incorporation into proteins expressed in E. coli 

bacteria. During my Ph.D., I assessed many different growth media for producing the desired 

stereospecific amino acid labelling pattern. 

To demonstrate the utility of our approach, the second chapter of this thesis presents a 

method of introducing stereoselective 1H-12C-labeling at the beta methylene proton (Hβ2) of 

aspartate, asparagine, methionine, and lysine amino acid residues in an otherwise highly 

deuterated background by supplementing unlabeled sodium fumarate to the bacterial growth 

media.71 We used this labelling strategy for the unambiguous stereospecific assignment of the 
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beta methylene protons and showed its application for delineating side chain rotamers and 

dynamics in any protein.   

The third chapter of the thesis establishes a new complementary method for labelling the 

aromatic rings of phenylalanine (H, H), tyrosine (H), tryptophan (H, H, H), and histidine 

(H) with isolated 1H-12C groups using selectively deuterated phenylpyruvate, 

hydroxyphenylpyruvate, anthranilate, and unlabeled histidine as additives for E. coli D2O-based 

media. Our combined approaches improve the existing methyl labelling techniques, providing 

long-lived and highly selective 1H-12C magnetization in seven non-methyl-containing amino 

acids in a highly deuterated background, facilitating high-resolution structure determination of 

large protein systems.  

To demonstrate the utility of our approach, we applied the labelling strategy on a 

bacterial outer membrane enzyme PagP in dodecylphosphocholine DPC detergent micelles (>50 

kDa), a protein our lab has extensive experience working on for a decade. PagP catalyzes the 

transfer of a palmitate chain from the sn-1 position of a phospholipid to the hydroxyl group of 

the N-linked R-3-hydroxymyristate chain on the proximal glucosamine unit of lipid A (Figure 

1.8).14,78 The modification allows bacteria to evade host immune defences by providing 

resistance to antimicrobial peptides and attenuating the activation of lipopolysaccharide-

mediated signalling through the Toll-like receptor 4 (TLR4) signal transduction pathway.79,80 

PagP likely catalyzes reactions through a covalent intermediate using a variant of the classic Ser-

His-Asp catalytic triad, an arrangement that should be druggable. This enzyme is a potential 

target for developing anti-infective agents and a tool for synthesizing lipid A-based vaccine 

adjuvants and endotoxin antagonists.81 
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Figure 1.8. Reaction catalyzed by PagP. The acyltransferase PagP transfers a palmitate chain 

(red) from the sn-1 position of a phospholipid, such as phosphatidylethanolamine, to the free 

hydroxyl group at the 2-position of a distal glucosamine unit of the simplest form of hexa-

acylated E.coli lipopolysaccharide (LPS), shown here as Kdo2-lipid A, yielding a lyso-

phospholipid and hepta-acylated LPS molecule.14,78 
 

Of the many enzymes involved in lipid A modification, PagP is the only known enzyme 

found in the outer membrane of E. coli. The solution structure of the EcPagP has been solved in 

DPC and n-octyl--D-glucoside (OG)/sodium dodecyl sulfate (SDS) detergents, revealing an 8-

stranded antiparallel -barrel preceded by an amino-terminal amphipathic  helix, with the 

active site residues located at the extracellular loops that are unstructured and dynamic (Figure. 

1.9).14  

 

Figure 1.9. Solution structures of PagP in DPC and -OG/SDS detergent micelles.14 (a) Lowest 

energy structure of PagP in DPC (blue) and -OG/SDS (red) (b) 20 lowest energy structures of 

PagP in DPC. PagP is an eight stranded anti-parallel beta barrel preceded by an amino terminal 

amphipathic alpha helix. The core of the barrel is well defined, whereas the extracellular loops, 
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particularly the large loop1 is relatively disordered. Side chains of the residues important for 

catalysis, H33, D76 and S77, are shown in green.14 

 

The X-ray crystal structure of PagP, solved in lauryl dimethylamine N-oxide (LDAO), 

showed an LDAO molecule buried in the barrel interior (Figure 1.10).82 This binding pocket in 

the core of the barrel serves as a hydrocarbon ruler that allows the enzyme to distinguish 

palmitate from other acyl chains found in phospholipids.82 The structural features of PagP pose 

interesting questions: 1) how can enzyme activity be supported in a protein where key catalytic 

residues are highly dynamic? 2) how do phospholipids which are not normally found in the outer 

leaflet of the outer membrane find their way to the active site of PagP. Despite the wealth of 

information about the structure and dynamics of PagP, little is known about its catalytic 

mechanism. The putative active site residues H33, D76 and S77 are not organized into a classic 

catalytic triad for catalysis. 

 

Figure 1.10. The X-ray crystal structure of PagP in LDAO detergent micelles shows an LDAO 

molecule occupying the substrate phospholipid binding site.82 (a) Cut off view of PagP showing 

LDAO detergent molecule buried in an interior binding pocket (b) Top view of PagP showing an 

empty binding pocket colored by electrostatic potential.82 

 

Like most membrane-bound enzymes of lipid metabolism, PagP requires a membrane-

mimetic environment. However, only a select few detergents support enzymatic activity.82 The 

enzyme is active in DDM and CYFOS-7, but shows little or no activity in DPC or LDAO. 

LDAO and DPC have long hydrophobic tails, allowing them to inactivate PagP by occupying the 
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substrate’s binding site, whereas DDM and CYFOS-7 have a bulky head group and a bulky 

cyclohexane tail, respectively, precluding them from binding the inner hydrophobic binding 

pocket, thus promoting enzymatic activity. The study of PagP dynamics in CYFOS-7, a 

detergent that promotes enzymatic activity, revealed that PagP exists in an equilibrium between 

two dynamically distinct states: a relaxed “R” form characterized by high degree of mobility and 

a tense “T” form characterized by more highly structured active site residues.83 

Attempts to crystallize and solve the solution structure of the tense form of PagP by 

conventional methods have been unsuccessful. A high-resolution structure by NMR will require 

the application of new isotope labeling methodologies. Selectively deuterated PagP structures 

could be solved in a bilayer, bicelles or nanodisc, which can help to resolve disordered loops, 

lipid interactions, or catalytic states. These systems can provide a more native-like environment 

compared to solutions in detergent, and thus, help to retain the structural and functional integrity 

of the protein, providing useful information about protein-lipid interactions and dynamics.  

Dynamics by Solution NMR 

Backbone dynamics 

Proteins undergo various structural transitions at different timescales displaying physical 

motions ranging from bond vibrations, loop motions, and rotamer dynamics implicated in 

enzyme catalysis, ligand binding, conformational changes, protein folding, unfolding, etc. 

(Figure 1.11). NMR is the most versatile technique used to characterize protein dynamics. 

Among the numerous approaches available that provide access to internal motions over a wide 

range of timescale, the measurement of backbone 15N relaxation rates have proven to be the most 

popular for quantifying protein motion.84,85 The 15N relaxation experiments are based on a 2D 

1H-15N heteronuclear single quantum coherence (HSQC) experiment, which provides 

information about all 15N-1H atom pairs in a protein. The 2D 15N HSQC shows backbone amide 

NH correlations for every amino acid type except proline in a uniformly labelled protein, 

allowing peak intensity changes to be monitored for site-specific information about the 

timescales and amplitudes of dynamic fluctuations. Backbone 15N relaxation provides 

information on internal motions faster than the overall tumbling motions (sub ns) and slower 

motions on the us-ms timescales that give rise to conformational exchange-induced 

relaxation.86,87 These investigations into the rapid sub-nanosecond motions most commonly 
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measure the longitudinal rate constant, R1, the transverse relaxation rate constant, R2, and the 

15N-{1H} nuclear Overhauser effect (NOE), from which the dipolar cross-relaxation rate between 

15N and its neighbouring proton can be extracted. These experiments usually indicate that the 

protein backbone is rigid in a folded domain except for long loops and tails.  

 

Figure 1.11. Accessible timescales of NMR experiments. The top portion corresponds to protein 

dynamics (adapted from).9  

 

The longitudinal or spin-lattice relaxation R1 is the process by which net magnetization 

returns to equilibrium. R1 relaxation is commonly determined using the inversion recovery 

experiment (Figure 1.12a).85,88 This experiment applies a 180° pulse to tilt magnetization from 

the +z to -z axis, followed by a variable delay, which allows magnetization to relax before a 90° 

pulse flips magnetization from the z-axis to the transverse plane for detection. (Practically 

speaking, phase cycling to subtract out the equilibrium magnetization allows for a relaxation 

curve that decays to zero signal, requiring fewer fitting parameters). Insertion of an 15N inversion 

recovery element into a 2D 1H-15N HSQC sequence allows R1 relaxation rates to be measured at 

most sites throughout the protein.   

The transverse or spin-spin relaxation R2
 is the process by which the transverse 

component of magnetization decays or dephases. A 90° pulse tilts magnetization into the 

transverse plane, followed by a variable delay period, which is used to quantify R2 relaxation 

rate. During this delay period the magnetization is locked into the transverse plane by a train of 

180° pulses optimized to reduce the impact of pulse imperfections and off-resonance effects 

(Carr-Purcell-Meiboom-Gill or CPMG elements). An alternative is to measure transverse 
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relaxation in the rotating frame, i.e. R1ρ.
84,89 The R1ρ is determined by measuring magnetization 

decay under a spin-lock field, which generates a rotating magnetic field in the transverse plane 

perpendicular to the static magnetic field (Figure 1.12b).90,91 The R1ρ rate is then converted to an 

R2 rate.  

The heteronuclear 2D 15N-{1H} NOE experiment is another widely used NMR 

experiment for probing fast timescale (ps-ns) protein dynamics, allowing the quantitation of 

residue-specific fluctuations in proteins. The experiment differentiates unfolded and partially 

flexible regions from the protein-folded core. The heteronuclear NOE values are determined by 

measuring the NOE experiment (Figure 1.12c), which transfers magnetization through space via 

the dipolar coupling of 1H to the attached 15N.92,93 The experiment measures two different spectra 

with and without protein saturation, and the ratio of the intensities between the two experiments 

gives the NOE values for each residue. A significant decrease in the NOE intensity compared to 

the average NOE values in a protein corresponds to residues undergoing fast timescale motion.93  

The model-free analysis (Figure 1.12d) allows the extraction of dynamic information in a 

quantitative form from the R1, R2 and the steady-state NOE relaxation data using the formalism 

initially developed by Lipari and Szabo.94,95  
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Figure 1.12. Description of NMR experiments for measuring backbone dynamics (a) the 

inversion recovery pulse scheme showing sample spectra at variable delay points and a chart of 

magnetization buildup back to equilibrium (b) R1ρ pulse scheme showing representative spectra 

at variable delays and a chart of magnetization decaying in the transverse plane (c) schematic 

diagram interpreting the heteronuclear NOE experiment (d) Motional analysis using the Model-

free approach.    

 

The R1 and R2 relaxation rates and the NOE enhancements of an amide 15N spin are 

dominated by the dipolar interaction of the 15N spin with its attached 1H and by CSA as 

described by:88,96 

 

𝑅1 =
1

𝑇1
=  𝑑2[𝐽(𝜔𝐻 − 𝜔𝑁) + 3𝐽(𝜔𝑁) + 6𝐽(𝜔𝐻 + 𝜔𝑁)] + 𝑐2𝐽(𝜔𝑁) 

 

𝑅2 =
1

𝑇2
=  (

𝑑2

2
) [4𝐽(0) + 𝐽(𝜔𝐻 − 𝜔𝑁) + 3𝐽(𝜔𝑁) + 6𝐽(𝜔𝐻) + 6𝐽(𝜔𝐻 + 𝜔𝑁)]

+ (
𝑐2

6
) [4𝐽(0) + 3𝐽(𝜔𝑁)] 

 

𝑁𝑂𝐸 = 1 + [[
𝛾𝐻

𝛾𝑁
] 𝑑2{6𝐽(𝜔𝐻 + 𝜔𝑁) − 𝐽(𝜔𝐻 − 𝜔𝑁)}𝑇1] 

 

The constants d2 and c2 are defined as 

 

𝑑2 = 0.1𝛾𝐻
2𝛾𝑁

2ℎ2 (4𝜋2)⁄ 〈1 𝑟𝐻𝑁
3⁄ 〉2 

 

𝑐2 = (
2

15
) 𝛾𝑁

2𝐵0
2(𝜎∥ − 𝜎⊥)2 

 

where 𝑅1 is the longitudinal or the spin-lattice relaxation rate constant; 𝑅2 is the transverse or 

spin-spin relaxation rate constant; 𝛾𝐻 and 𝛾𝑁 are the gyromagnetic ratios of the 1H and 15N 

nuclei; 𝜔𝐻 and 𝜔𝑁 are the 1H and 15N Lamor frequencies; ℎ is the Planck’s constant;  

𝑟𝐻𝑁 is the internuclear 1H-15N distance (1.02 Å); 𝐽(𝜔𝑖) is the spectral density at frequency 𝜔𝑖; 
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𝐵0 is the static magnetic field strength; 𝜎∥ and 𝜎⊥ are the parallel and perpendicular components 

of the assumed axially symmetric 15N chemical shift tensor, which for peptide bonds has a value 

of about (𝜎∥ − 𝜎⊥) = −160𝑝𝑝𝑚.97 

For a protein in solution, the spectral density function 𝐽(𝜔), depends on the overall motion of the 

macromolecule and the internal motions of the 1H-15N bond vector. The model-free formalism 

uses a minimum number of motional parameters to describe 𝐽(𝜔) as follows:94,95 

 

𝐽(𝜔) = 𝑆2𝜏𝑚 (1 + 𝜔2𝜏𝑚
2 )⁄ + (1 − 𝑆2)𝜏/(1 + 𝜔2𝜏2) 

 

Where S2 is the order parameter which describes the degree of spatial restriction of the internal 

motion of the 1H-15N bond vector; 𝜏𝑚 is the correlation time resulting from the tumbling motion 

of the entire molecule. The effective correlation time resulting from internal motions is described 

by 𝜏𝑒, where 1 𝜏⁄ = 1 𝜏𝑚⁄ + 1 𝜏𝑒⁄ . This model assumes that the overall tumbling of the molecule 

is isotropic. The transverse relaxation rate constant may contain additional contributions from the 

chemical exchange process that arise from the µs-ms timescales, 𝑅𝑒𝑥. As a result, an extended 

model-free spectral density function has been developed describing internal motions occurring in 

the fast and slow timescales.98,99 If the term containing the correlation time describing the faster 

of the two motions contributes a negligible amount to relaxation, the spectral density function 

becomes:85 

𝐽(𝜔) = 𝑆2𝜏𝑚 (1 + 𝜔2𝜏𝑚
2 )⁄ + (𝑆𝑓

2 − 𝑆2)𝜏/(1 + 𝜔2𝜏2) 

 

where the order parameter 𝑆2 is expressed as the product of two order parameters representing 

the fast (𝑆𝑓
2, 𝜏𝑓 < 10 𝑝𝑠) and slow (𝑆𝑠

2, 𝜏𝑠 < 𝜏𝑓 < 𝜏𝑚) motions, i.e. 𝑆2 = 𝑆𝑓
2𝑆𝑠

2. The effective 

correlation time for the slow internal motions, 𝜏𝑠 , is included using the following relationship:  

1 𝜏⁄ = 1 𝜏𝑠⁄ + 1 𝜏𝑚⁄ . 

The 𝑅𝑒𝑥 term accounts for contributions to transverse relaxation from processes other than 

dipole-dipole and CSA. The equation describing R2 relaxation is modified to account for the 

conformational exchange averaging processes as follows: 

𝑅2 =  𝑅2(𝐷𝐷) + 𝑅2(𝐶𝑆𝐴) + 𝑅𝑒𝑥 
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The DD and CSA subscripts denote dipole-dipole and chemical shift anisotropy contributions to 

transverse relaxation. 

Side chain dynamics  

Protein side chain dynamics play a vital role in many biological processes. Unlike the 

generally rigid backbone, side chains can be quite flexible, with most residues in a protein 

accessing multiple rotameric states defined by the 1 dihedral angle (Figure 1.13).100,101 A typical 

120 transition effectively remodels the protein surface. An understanding of protein side-chain 

motion is thus of greater interest. Yet, differentiating mobile from rigid side chains remains a 

technical challenge for solution NMR studies. 

 

Figure 1.13. The three major 1 dihedral angle rotamers as viewed along the C-C bond.  

 

Comprehensive studies of side chain relaxation are rare because of experimental 

challenges. In principle, 13C transverse relaxation time should offer more information on 

dynamics since carbon nuclei populate the protein backbone and side chain. In practice, 

however, the application of 13C relaxation has been greatly limited due to 13C-13C and 1H-1H J 

coupling and cross-correlated relaxation between 13C-1H dipoles, which is not the case for 

backbone amides, which are considered as isolated two-spin systems.102,103 Earlier attempts to 

study side chain relaxation used 12C/13C and 1H/2H fractional labelling to produce isolated 1H-13C 

groups that behave similarly to 1H-15N.103–106 However, these labelling methods are localized 

predominantly to a protein segment, providing an incomplete picture of overall dynamics. 

Some methods have been developed to probe side-chain dynamics in a uniformly 13C-

labeled, or 13C-, 15N-labeled protein involving pulse schemes for measuring cross-correlated 

relaxation between two C-H dipoles in a methylene or methyl group.102,107–109 The group of 

Lewis Kay developed a modified CBCACONH pulse scheme for measuring cross-correlated 

relaxation rates at the C positions in proteins.107 Extending dynamic characterization beyond 
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C, the group of Daiwen Yang further extended this methodology using a CC(CO)NH TOCSY-

based 3D pulse sequence for measuring 1H-13C dipole-dipole cross-relaxation at all CH2 

positions in proteins less than 15kDa in size. These methods extract cross-correlation rates based 

on deviations from the expected 1:2:1 ratio in the 13C1H2 triplet intensities, differentiating mobile 

from rigid CH2 groups.108 The group extended this scheme to methyl groups, relying on 

differences in peak intensities of the 13C quartet component of methyl groups to extract cross-

correlated relaxation rates to characterize methyl group dynamics. Moreover, differences in the 

multiplet components also allow the estimation of the magnitude of the 13C nucleus CSA 

tensor.109 

Additional methods focus on 2H relaxation, which is an excellent reporter of protein 

dynamics, with relaxation dominated by the strong quadrupolar interaction that is much larger 

than other relaxation effects.105,110 Yang and Kay developed an experiment for measuring side-

chain 2H T1 and T1 relaxation rates using 15N-, 13C-labeled proteins in 50% D2O. Following that 

experiment, Kay and coworkers further developed new pulse schemes for measuring deuterium 

relaxation in 13CH2D methyl groups of 15N-, 13C-labeled perdeuterated proteins, allowing five 

relaxation rates to be measured per deuteron.105 Since then, measurement of 2H relaxation rates 

has been mainly applied to study methyl group dynamics.105,110 Application to methine and 

methylenes has been limited to protein systems <15 kDa due to poor chemical shift dispersion 

and signal losses from larger proteins.  

Because of spectral overlap in 2D 1H-13C spectra, rapid signal losses due to long 

magnetization transfer steps, and rapid relaxation induced by dipolar interactions, side chain 

methods never achieved the popularity of 15N relaxation methods. As a result, additional NMR 

methods are needed to measure side-chain dynamics in non-methyl-containing amino acids. 

Although 1H is the most abundant element in biomolecules, measuring 1H relaxation is 

complicated by J couplings, cross-relaxation, and cross-correlated relaxation. We have 

developed a novel method for measuring 1H relaxation rates in proteins. Chapter four of this 

thesis presents a simple NMR relaxation experiment that uses a radiofrequency field as a DIPSI2 

mixing scheme at the beginning of any multi-dimensional pulse sequence to measure relaxation 

rates at all proton sites in proteins. The pulse scheme compels all 1H atoms to behave similarly 
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with respect to strong coupling and maximum rotating frame 1H-1H cross-relaxation. We applied 

the experiment to the human Pin1 WW domain, allowing for the measurement of relaxation rates 

at all protein sites. The fastest 1H relaxation rates observed belong to rigid Pin1 residues, 

especially those found buried in the folding core. Flexible side chains undergoing rapid rotameric 

transitions at the χ1 dihedral angle are associated with slow 1H relaxation rates. 

Moreover, the 1H relaxation rates correlate well with two independent measures of side-

chain dynamics: the cross-correlated relaxation rates in 13C1H2 methylene groups and 3J 

couplings sensitive to the χ1 dihedral angle (3JHα,Hβ ,  
3JN,Hβ, and 3JCO,Hβ). These correlations 

indicate that 1H relaxation rates can be a reliable indicator of side-chain motion. This simple 

methodology will allow side chain dynamics to be characterized with the same ease as backbone 

15N relaxation. 

Summary 

In this introductory chapter, I discussed some practical challenges of solution NMR in 

proteins. Even though X-ray crystallography and electron microscopy are the preferred methods 

to determine protein structures and their complexes, solution NMR is the ideal technique for 

monitoring the functional dynamics of proteins at various timescales, especially for systems that 

are difficult to crystallize or too small for electron microscopy. Solution NMR has primarily 

been considered a technique ideally suited for characterizing proteins smaller than 20 kDa.  I 

have shown that NMR has made significant progress toward studying the structure and dynamics 

of large proteins, owing to current developments in protein production, sample preparation, pulse 

sequences, high-field magnets, and advances in isotope labelling strategies. The selective methyl 

group protonation, aromatic residue labelling, and SAIL labelling approach incorporate protons 

at specific protein sites, pushing the size limit of solution NMR to previously intractable 

biological systems. Despite these advances, structural determination of proteins by solution 

NMR remains challenging. Emerging techniques for labelling proteins cost-effectively and 

measuring side chain dynamics will undoubtedly bring additional advances to protein structural 

biology unique to solution NMR.   
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Chapter 2 

 

Stereoselective Deuteration in Aspartate, Asparagine, Lysine, and Methionine 

Amino Acid Residues Using Fumarate as a Carbon Source for Escherichia coli 

in D2O 

 

A version of this chapter has been previously published as: Danmaliki, G.I., Liu, P.B., Hwang, 

P.M. Stereoselective deuteration in aspartate, asparagine, lysine, and methionine amino acid 

residues using fumarate as a carbon source for Escherichia coli in D2O. Biochemistry 56, 45, 

6015–6029 (2017). PMH directed the research. PBL helped with protein purification. GID 

expressed and purified the human Pin1 WW domain protein and its constructs, tested several 

metabolic precursors and inhibitors, acquired all the 2D and 3D NMR data, assigned the protein 

chemical shifts, and analyzed the data under PMH supervision. GID wrote the manuscript, and 

PMH edited it. 

 

Summary 

Perdeuteration with selective 1H,13C-enrichment of methyl groups has enabled solution NMR 

studies of large (>30 kDa) protein systems. However, we propose that for all non-methyl 

positions, only magnetization originating from 1H-12C groups is sufficiently long-lived, and it 

can be transferred via through-space NOEs to slowly relaxing 1H-15N or 1H-13C methyl groups to 

achieve multidimensional solution NMR. We demonstrate stereoselective 1H,12C-labeling by 

adding relatively inexpensive unlabeled carbon sources to Escherichia coli growth media in 

D2O. Using our model system, a mutant WW domain from human Pin1, we compare deuteration 

patterns in 19 amino acids (all except cysteine). Protein grown using glucose as the sole carbon 

source had high levels of protonation in aromatic rings and the Hβ positions of serine and 

tryptophan. In contrast, using our FROMP media (fumarate, rhamnose, oxalate, malonate, 

pyruvate), stereoselective protonation of Hβ2 with deuteration at Hα and Hβ3 was achieved in 

Asp, Asn, Lys, and Met residues. In solution NMR, stereospecific chemical shift assignments for 

Hβ are typically obtained in conjunction with χ1 dihedral angle determinations using 3-bond J-

coupling (3JN−Hβ, 3JCO-Hβ, 3JHα-Hβ) experiments. However, due to motional averaging, the 

assumption of a pure rotameric state can yield incorrect χ1 dihedral angles with incorrect 
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stereospecific assignments. This was the case for three residues in the Pin1 WW domain (Lys28, 

Met30, and Asn44). Thus, stereoselective 1H,12C-labeling will be useful not only for NMR 

studies of large protein systems, but also for determining side chain rotamers and dynamics in 

any protein system. 

Introduction 

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique for the 

elucidation of protein structure and dynamics at atomic resolution, contributing about 10% of all 

the structures deposited in the Protein Data Bank1. The development of multinuclear 

multidimensional solution NMR combined with uniform isotopic enrichment (13C, 15N) supports 

the determination of protein structures up to 25 kDa2,3. However, for systems more than 25 kDa, 

NMR studies are hampered by rapid signal decay, determined by the transverse relaxation rate, 

which scales roughly with molecular weight. One strategy for minimizing the transverse 

relaxation rate is to replace the 1H nuclei in a protein with 2H to minimize 1H-1H and 1H-13C 

dipolar relaxation4–7. However, this approach reduces the number of available NOE-based 1H-1H 

distance restraints required for high-resolution structure determination8. Reincorporating 1H at 

specific sites in a highly deuterated background is therefore necessary. Several approaches have 

been developed over the past decades to achieve this goal. 

Random fractional deuteration has been utilized by several groups,4,9 and depending on 

the size of the protein, a deuteration level of 50-90% provides a good compromise between 

spectral quality and available distance information necessary for high-resolution structure 

determination. The disadvantage of this technique is that it produces numerous isotopomers that 

disperse signals into multiple peaks due to deuterium isotope shift, compromising sensitivity and 

resolution4,9.  

Methyl groups are ideal molecular probes for solution NMR spectroscopy studies of large 

proteins. Protocols for selective protonation of methyl groups of Ala, Thr, Ile, Leu, Val, and Met 

in perdeuterated background have been developed10–17. Rapid rotation about the methyl 

symmetry axis attenuates 1H-13C dipolar relaxation. An inability to obtain structural information 

for all non-methyl-containing amino acid side chains is the major limitation of this approach. For 

instance, the side chains of the aromatic amino acids are very important for hydrophobic packing 
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in proteins and ligand binding interfaces. 12C reverse labeling of the aromatic side chains of 

phenylalanine and tyrosine simplifies spectral crowding and overlap, improving sensitivity while 

providing long range NOEs18,19. However, one drawback of this approach is that strong 1H-1H 

dipolar relaxation still occurs between vicinal protons in the aromatic rings. 

The stereo-array isotope labeling (SAIL) technique developed by Kainosho and co-

workers is a creative approach that provides a unique solution to rapid transverse relaxation in 

NMR20. In this technique, all twenty amino acids are chemically and enzymatically synthesized 

and then incorporated into protein with a cell-free expression system. The amino acids are 

synthesized with a stereospecific and regiospecific pattern fully 13C labelled, with only one 1H 

attached to every 13C atom and all other sites completely deuterated. The technique greatly 

enhances spectral sensitivity and resolution, but the major drawbacks are that it is extremely 

labor-intensive and costly, and fast dipolar relaxation still dominates any non-methyl 1H-13C 

group even in a highly deuterated background.  

Despite advances to judiciously incorporate 1H into proteins in an otherwise highly 

deuterated background, new methods are needed to obtain structural information from all 20 

amino acid residues in a protein. Here, we present a protocol for producing proteins in 

Escherichia coli (E. coli) using inexpensive non-isotopically enriched carbon sources, taking 

advantage of the inherent amino acid biosynthetic pathways in E. coli to incorporate 1H stereo-

specifically into proteins produced in D2O-based media. This approach eliminates the dominant 

sources of dipolar relaxation (1H-1H and 1H-13C dipoles), producing isolated 1H-12C groups in a 

largely deuterated background. This provides additional 1H magnetization that can be transferred 

via through-space NOEs to nearby 1H-15N and 1H-13C methyl groups, which can then be resolved 

via multinuclear NMR to provide the necessary structural restraints for high-resolution structure 

determination of large protein systems. 

Experimental Procedures 

Construct design 

We have applied our labeling technique to the WW domain from the human Pin1 protein, 

the smallest folded protein domain we could identify containing all 20 amino acids except 

cysteine (about 30 residues). It has been characterized by extensive biophysical studies and 
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mutagenesis. The rate-limiting step for the folding of this protein is the formation of a “loop 1” 

structure (between the first two β-strands) consisting of an unusual four-residue type-II turn 

inserted within a larger six-residue loop that is implicated in protein-protein interactions21,22. 

Replacing the wild-type loop 1 with a shorter sequence has been shown to improve both folding 

and thermal stability by an order of magnitude21. The wild-type protein has a low yield when 

expressed in E. coli, typically 2 mg/L, explaining why most studies utilized peptide synthesis 

over recombinant expression21,23,24. Due to these reasons, we designed, optimized, and expressed 

a mutant human Pin1 WW domain construct in E. coli possessing a shortened loop 1,21 and a 

His-tag connected by a long N-terminal linker (Figure 2.1). An expression vector for this was 

synthesized by ATUM (formerly DNA2.0), with a high copy number origin of replication, 

ampicillin selection marker, strong ribosome binding site, lacI repressor gene, and a T5 promoter 

controlled by two flanking lacO sites that allow induction by the addition of IPTG (isopropyl -

D-1-thiogalactopyranoside) in E. coli. The T5 promoter is recognized by E. coli RNA 

polymerase, so the construct can be expressed in any strain. Codons were optimized by ATUM 

for expression in E. coli, and the 53-amino acid construct yielded ~75 mg/L when expressed in 1 

L minimal M9 media (10 g glucose). 

 

Figure 2.1 Mutant human Pin1 WW domain sequence. Red lettering denotes modifications made 

to the native amino acid sequence: an N-terminal His-tag followed by a flexible linker, as well as 

an Ala-Asp substitution/deletion for Ser-Gly-Arg in the middle of the protein in loop 121. The 

three anti-parallel β-strands are shown in bold. 

 

Production of (15N, 13C)-mutant human Pin1 WW domain in H2O minimal M9 media 

To facilitate complete stereospecific resonance assignments, fully protonated uniformly  

(15N,13C)-labeled mutant human Pin1 WW domain was expressed in E. coli BL21(DE3) with 

slight modifications to methods described earlier3,25,26. The protein was expressed in 1 L M9 

minimal media, containing 9 g Na2HPO4 and 2.5 g KH2PO4 dissolved in 950 mL H2O, yielding a 

pH 7.3-7.4. A 50 mL solution containing 1 g 15NH4SO4, 3g 13C-glucose, 1 mL 1 M MgSO4, 1 

mL 0.1M CaCl2, 1 mL 5 % ampicillin solution, 1 mg biotin, and 100 mg thiamine was filtered 

and added to the autoclaved 950 mL M9 salts.  
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Four to six transformed colonies were inoculated into 10 mL LB media containing 100 

mg/L ampicillin and incubated at 37 °C. After reaching A600 ~1.0, the cells were diluted into 1 L 

minimal M9 media and allowed to grow further until A600 ~0.8. The cells were induced with 1 

mM IPTG and allowed to grow for six hours post-induction. The cells were centrifuged at 5000 

rpm (4420 x g) for 20 min and harvested. The cell pellet was re-suspended in 20 mL lysis buffer: 

50 mM Tris (pH 8.0), 10 mM MgSO4, 10 ug/mL DNase I. 200 mg sodium deoxycholate and 20 

mg lysozyme, each pre-dissolved in 1 mL distilled water, was added to the lysis buffer to disrupt 

cell membranes and cell walls. The lysate was centrifuged at 15000 rpm (27,000 x g) for 15 

minutes, and the supernatant was syringe-filtered with a 0.45 µm cut-off filter. The supernatant 

was applied to a Qiagen Ni-NTA column equilibrated with binding buffer (20mM Tris-HCl, 

300mM NaCl, 10 mM imidazole), and then washed with the same buffer containing 80 mM 

imidazole. Protein was eluted with the same buffer containing 250 mM imidazole. Fractions 

were assessed by SDS-PAGE, and fractions containing pure protein were dialyzed against 6.5 

mM ammonium bicarbonate for three days and then lyophilized. Mass spectrometry was used to 

confirm the identity of the protein and showed that the initial methionine in the sequence had 

been removed. To facilitate the stereospecific assignments of methyl groups, a mutant human 

Pin1 WW domain sample was produced using 10% uniformly (1H, 13C)-enriched glucose and 

90% unenriched glucose as described previously27. 

Production of (15N, 12C)-mutant human Pin1 WW domain in D2O-M9 minimal media 

To assess the specific 1H/2H incorporation into individual amino acids, mutant human-

Pin1 WW domain was expressed in D2O, using protonated natural abundance 12C-glucose rather 

than 13C-glucose as described in the previous section. The expression and purification process 

was basically the same as the previous section, except that cells were diluted into D2O M9 media 

prior to induction. The bacterial cells were grown in D2O media for at least one doubling time, 

which was three hours. Cells were induced at A600nm ~0.8 using 1 mM IPTG and allowed to grow 

for six hours post-induction. The purification was the same as in the previous section, yielding 

isotopically enriched protein that we will denote as Pin1(glucose). The level of 1H/2H 

incorporation in every amino acid was determined by comparing the peak intensities from a 1H-

13C HSQC spectrum of Pin1(glucose) with that of a fully protonated sample, Pin1(unlabeled). 
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The HSQC was performed with long 13C indirect acquisition times (20 ms) without constant 

time, which was made possible because only natural abundance (1%) 13C isotope was used. 

 

Rationale for isotope labeling using D2O-“FROMP” minimal media 

The major concern in producing perdeuterated proteins is the phenomenon of isotopic 

“scrambling”, whereby metabolic precursors are processed variably through multiple pathways 

before they are incorporated into amino acids, resulting in multiple isotopomers, like CH2, CHD, 

and CD2.
11,28 The presence of multiple isotopomers spreads signals into multiple peaks, 

compromising both sensitivity and resolution. One potential cause of scrambling is the 

interconversion between phosphoenolpyruvate, pyruvate, and oxaloacetate at the juncture of the 

key metabolic pathways: glycolysis, tricarboxylic acid (TCA) cycle, and gluconeogenesis 

(Figure 2.2)29. Oxalate has been shown to inhibit many of the enzymes at this key metabolic 

juncture including the gluconeogenic enzymes, phosphoenolpyruvate carboxykinase (PEPCK), 

malic enzyme, and phosphoenolpyruvate synthetase (Figure 2.2)30–32. We reasoned that oxalate 

could thus be used to limit scrambling, so long as precursors are supplied on both sides of the 

blockade: pyruvate on the side of the TCA cycle and rhamnose on the 

glycolysis/gluconeogenesis side (Figure 2.2). Rhamnose was chosen instead of glucose because 

it is metabolized into L-lactaldehyde (which can be converted to pyruvate) and dihydroxyacetone 

phosphate. Gluconeogenic synthesis of glucose from dihydroxyacetone phosphate and 

subsequent metabolism to erythrose-4-phosphate via the pentose phosphate pathway would result 

in a higher degree of deuteration at the aromatic amino acids than if glucose were supplied in the 

media. (see Figure 2.2).  
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Figure 2.2 Overview of amino acid biosynthetic pathways. Carbon sources added to the growth 

media: rhamnose/glucose, pyruvate, and fumarate (green). Enzyme inhibitors: oxalate and 

malonate (red). Oxalate inhibits multiple enzymes involved in the interconversion of 

phosphoenolpyruvate, pyruvate, and oxaloacetate/malate: (1) phosphoenolpyruvate synthetase 

and pyruvate kinase, (2) phosphoenolpyruvate carboxykinase, and (3) pyruvate carboxylase. 

Malonate inhibits succinate dehydrogenase (4), preventing oxidation of succinate to fumarate. 

 

We also postulated that the amino acids belonging to the oxaloacetate family in the TCA cycle 

(aspartate, asparagine, lysine, threonine, and methionine) could be stereospecifically labeled with 

1H at the Hβ2 position and 2H at the Hβ3 position by supplying fumarate as an additional carbon 

source. Fumarate is converted into malate in a reaction catalyzed by fumarase, with one 2H 

stereospecifically incorporated from D2O (Figure 2.3)33. Malate is then metabolized within the 

TCA cycle to oxaloacetate, which is converted into aspartate by transamination. Endogenous 

fumarate production by the TCA cycle can be suppressed by the addition of malonate to the 

growth media (Figure 2.2)34,35. 
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Figure 2.3. Stereoselective incorporation of 2H from D2O into the Hβ3 position in aspartate. 

Fumarate supplied in the growth media is converted into malate in a reaction catalyzed by 

fumarase, with one 2H stereospecifically incorporated from D2O. Malate dehydrogenase 

catalyzes the oxidation of malate to oxaloacetate, which is converted to aspartate via a 

transamination reaction.  

 

Production of mutant human Pin1 WW domain in D2O-“FROMP” (fumarate, rhamnose, 

oxalate, malonate, and pyruvate) media 

Cells were grown initially in 10 mL LB till an A600nm ~1 was reached. The cells were 

diluted in 1 L M9/H2O medium containing 1g NH4Cl and 3g 12C-rhamnose. Doubling time was 

two hours, and the cells were allowed to grow till A600nm ~0.7. The cells were then harvested and 

re-suspended in 0.9 L M9/D2O, containing 8 g Na2HPO4, 2.2 g K2HPO4, 1g NH4Cl and 3g 12C-

rhamnose, 0.11 g MgSO4 (anhydrous), 0.01 g CaCl2 (anhydrous), 90 mg ampicillin, 100 mg 

thiamine, and 1 mg biotin that was sterile filtered. The bacterial cells were grown for one hour 

prior to the addition of 3 g sodium pyruvate, 3 g sodium fumarate, 1 g oxalic acid and 1 g 

malonic acid, induced at A600nm ~0.9, and allowed to grow for six hours post-induction. Protein 

purification was the same as in the previous sections, yielding ~10 mg per liter of growth media. 

We will denote the NMR sample from this preparation as Pin1(FROMP). Peak intensities 

obtained from Pin1(FROMP) were compared to Pin1(unlabeled) and Pin1(glucose) using 1H-13C 

HSQC spectra. 

 

NMR Spectroscopy 

All NMR samples were 500 µL in volume. The buffer conditions were: 100 mM KCl, 10 

mM imidazole, 0.5 mM 2,2-dimethyl-2-silapentane-5-sulfonate-d6 sodium salt (DSS-d6) as an 

NMR chemical shift internal reference, and 0.01 % NaN3 in 90% H2O, 10% D2O or 100 % D2O, 

pH 6.8. Concentrations ranged from 0.5 to 2 mM protein. 
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All NMR experiments were conducted at 30 °C on a Varian Inova 500 MHz 

spectrometer. The spectrometer was equipped with triple resonance probes and Z-pulsed field 

gradients. All one-dimensional experiments were processed using VNMRJ (Varian Associates) 

and all two-dimensional and three-dimensional NMR experiments were processed using 

NMRPipe/NMRDraw software36. The 2D and 3D spectra were analyzed further using 

NMRviewJ (One Moon Scientific)37. 

Backbone 1H, 15N, 13C chemical shift assignments for the mutant human Pin1 WW 

domain were obtained by analyzing the 3D HNCACB and 3D CBCA(CO)NH experiments. 

Sidechain 1H and 13C chemical shift assignments were obtained by analyzing the (H)C(CO)NH-

TOCSY and H(C)(CO)NH-TOCSY experiments. Aromatic side-chain resonances were assigned 

using an aromatic 3D 13C-edited NOESY-HSQC (mixing time 100 ms). The 2D constant time 

1H,13C-HSQC experiment on an NMR sample prepared with 10% 13C-glucose labeling was used 

to obtain stereospecific assignments of Leu and Val methyl groups in the protein (Pro-S methyl 

groups are in phase with methionine methyls, which are free from 1-bond 13C-13C J couplings). 

The chi-1 dihedral angle and the stereospecific assignment for Hβ protons were obtained by 

analyzing the following experiments: 3D HNHB, 3D HN(CO)HB, and 1H-TOCSY-15N-HSQC 

(28 ms mixing time). For these experiments, the intensity of the correlations between HN and 

Hβ2/Hβ3 depends on 3JN-Hβ, 
3JCO-Hβ, 

3JHα-Hβ respectively, giving an internally redundant dataset for 

determining if Hβ2/Hβ3 forms 60° (small 3J) or 180° (large 3J) dihedral angles with N, CO, and 

Hα, respectively, as determined by the three major χ1 rotameric states: trans, gauche-, and 

gauche+. 

Results and Discussion 

Chemical shift assignment of Pin1 WW domain 

The 2D 1H-15N HSQC NMR spectrum of fully protonated Pin1 WW domain showed well 

dispersed amide proton signals, characteristic of a folded protein domain. A near-complete 

backbone and sidechain assignment was achieved for the structured region of the protein 

including all aromatic sidechains, providing probes of isotope labeling patterns in 19 out of the 

20 naturally occurring amino acids (all except cysteine). 



45 

 

 

Quantitation of 1H/2H incorporation in Pin1 WW domain grown in D2O-12C-glucose or 

D2O-(FROMP) media 

The 2D 1H-13C HSQC spectrum of Pin1(unlabeled), shown in Figure 2.4a, serves as a 

reference against which deuterated samples can be compared, facilitating the testing of various 

unlabeled carbon sources for biosynthetic incorporation in E. coli. All HSQC spectra relied on 

natural abundance 13C, allowing high resolution of the indirect 13C dimension without constant 

time evolution. Peak intensities from Pin1(unlabeled) were compared to the peak intensities of 

Pin1(glucose) (Figure 2.4b) or Pin1(FROMP) (Figure 2.4c) to determine the level of 1H/2H 

incorporation into every amino acid site, normalized by a scaling factor. The scaling factor 

corrects for differences in concentration between the samples and was very close to 1. For 

aliphatic positions, the scaling factor was derived by comparing intensities of serine β-methylene 

hydrogens, since these were the most highly protonated positions in all samples studied (see 

Table 2.1). The scaling factor was calculated to ensure that the sum of isotopomers at the serine 

β position was the same for all three protein samples. It is also important to note that in 

quantitating each isotopomer, individual peaks corresponding to CH3 and CH2(D) have to be 

scaled down by factors of 3 and 2, respectively, when compared to CH(D), due to the signal 

contribution of every proton. For aromatic sidechain positions, the most highly protonated 

positions were the Hδ ring protons of Phe/Tyr, and these appeared to be protonated ~100% in all 

samples. The aromatic region of Pin1(unlabeled) is shown in Figure 2.5a and compared that of 

Pin1(glucose) (Figure 2.5b) or Pin1(FROMP) (Figure 2.5c). 

When E. coli is grown in D2O, almost all alpha hydrogens are derived biosynthetically 

from solvent during transamination reactions, so these positions are highly deuterated in 

Pin1(glucose) (Figure 2.4b) or Pin1(FROMP) (Figure 2.4c). The result agrees well with the 

findings of Rosen et al11 and Otten et al38, who observed (~95 %) deuteration at the Hα of all 

amino acids. A notable exception in our study, however, is the Hα positions of methionine 

residues, which retain a small degree of protonation (see Figures 2.4b and 2.4c), a distinction we 

are at a loss to explain. 
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Figure 2.4. Natural abundance 2D 1H-13C HSQC (aliphatic region) (A) Fully protonated Pin1 

(unlabeled) (B) Deuterated Pin1(glucose) (C) Deuterated Pin1 (FROMP). Highlighted in black 

are the fingerprint regions of human Pin1 for methyl-containing amino acids, Hα of all residues, 

Hβ positions of Trp, His, Ser, Thr, Hγ positions of Pro, Arg, Lys, and Hδ positions of Pro. 

Highlighted in green are the Hβ protons of Asp, Asn, Lys, and Met. Protein concentration was 2 

mM, pH ~ 6.8 in each sample. The acquisition and processing parameters for each spectrum 

were identical for comparison.  
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Table 2.1. Average percent isotopomers in the amino acids of mutant Pin1 WW domain grown in 

glucose/FROMP and D2O 
Amino 

acid 

type Cβ       Cγ       Cδ       Cε     

                

Val 

CH: 

0/0 

CD: 

100/100              

                

Ile 

CH: 

0/0 

CD: 

100/100   

CH2: 

0/0 

CHD: 

27/0 

CD2: 

73/100         

Leu 

CH2: 

0/0 

CHD: 

0/0 

CD2: 

100/100  

CH: 

0/0 

CD: 

100/100          

                

Glu 

CH2: 

0/0 

CHD: 

0/0 

CD2: 

100/100  

CH2: 

0/35 

CHD: 

30/38 

CD2: 

70/27         

Gln 

CH2: 

0/0 

CHD: 

0/0 

CD2: 

100/100  

CH2: 

0/35 

CHD: 

32/54 

CD2: 

68/11         

Arga 

CH2: 

0/0 

CHD: 

0/0 

CD2: 

100/100  

CH2: 

0/53 

CHD: 

43/45 

CD2: 

57/2  

CH2: 

0/0 

CHD: 

80/50 

CD2: 

20/50     

Proa 

CH2: 

0/0 

CHD: 

0/0 

CD2: 

100/100  

CH2: 

0/40 

CHD: 

30/33 

CD2: 

70/27  

CH2: 

0/0 

CHD: 

33/48 

CD2: 

67/52     

                

Aspa 

CH2: 

0/0 

CHD: 

0/156 

CD2: 

100/0             

Asn 

CH2: 

0/0 

CHD: 

20/160 

CD2: 

80/0             

Met 

CH2: 

0/0 

CHD: 

0/30 

CD2: 

100/70  

CH2: 

0/0 

CHD: 

35/45 

CD2: 

65/55         

Lysa 

CH2: 

0/0 

CHD: 

0/90 

CD2: 

100/10  

CH2: 

0/0 

CHD: 

38/35 

CD2: 

62/65  

CH2: 

0/0 

CHD: 

22/76 

CD2: 

78/24  

CH2: 

0/0 

CHD: 

0/0 

CD2: 

100/100 

 

Thr 

CH: 

27/0 

CD: 

73/100              

 

 

Serb 

CH2: 

90/75 

CHD: 

10/25 

CD2:  

0/0             

                

Trpa 

CH2: 

80/80 

CHD: 

20/20 

CD2: 

0/0             

Phe 

CH2: 

0/0 

CHD: 

40/35 

CD2: 

60/65             

Tyra 

CH2: 

0/0 

CHD: 

30/30 

CD2: 

70/70             

                

His 

CH2: 

0/0 

CHD: 

0/0 

CD2: 

100/100                         

aaverage of two residues, baverage of three residues. 
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Figure 2.5. Natural abundance 2D 1H-13C HSQC (aromatic region) (A) Fully protonated human 

Pin1 expressed in H2O-glucose (B) Human Pin1 expressed in D2O-glucose (C) Human Pin1 

expressed in D2O-FROMP. Protein concentration was 2 mM, pH ~ 6.8 in each sample. The 

acquisition and processing parameters for each spectrum were identical for comparison. 

 

Pyruvate family (alanine, valine, leucine, isoleucine-γ2) 

Methyl groups are excellent probes of structure and dynamics in solution NMR studies 

because of their favourable relaxation properties and occurrence in protein hydrophobic cores 

and protein-protein interfaces39,40. Experimental protocols for the production of highly deuterated 

proteins with selective 1H-13C labeling at methyl groups of alanine, valine, leucine and isoleucine 

have been established in many studies.3,38 In theory, these protocols can be combined with our 
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FROMP-media to produce 1H-13C methyl labeling at these amino acids. Thus, we will not 

discuss the biosynthetic pathways for these amino acids in detail, focusing more on other residue 

types for which isotope labeling strategies have not been as well established.  

Isotopomeric distributions for methyl groups have been studied in detail using 1H-glucose 

as carbon source by Otten et al38 and Shekhtman et al41, as well as by Rosen et al11 for 1H-

pyruvate. The results obtained for Pin1(FROMP) are similar to those obtained by Rosen et al11 

for 1H-pyruvate, as expected, given that pyruvate is the source of Ala, Val, Leu, and Ile-γ2 

methyl groups in both studies. It is noteworthy that we obtain the same isotopomeric 

distributions for these amino acids despite our FROMP media also containing rhamnose and 

fumarate, which would be metabolized to phosphoenolpyruvate and oxaloacetate, respectively. 

There does not appear to be substantial pyruvate production from these metabolites supplied in 

the FROMP media, suggesting that oxalate in the media successfully suppresses metabolic flux 

through the PEP–pyruvate–oxaloacetate node29. As pointed out by Rosen et al,11 the high degree 

of scrambling observed in pyruvate may be due to the enzymatic activity of alanine 

aminotransferase, which catalyzes the interconversion of pyruvate and alanine, introducing 

solvent deuterons to the methyl group in the process42–44. 

The hydrogen atoms in the Ile-δ1 and Thr-γ2 methyl groups are not derived from 

pyruvate and display a different isotopomer distribution from the methyl groups of Val and Leu. 

The Ile-δ1 methyl group is derived from Thr-γ2, and these two methyl groups show almost 

identical isotopomer distributions (Table 2.2).  

When 1H-glucose is utilized as carbon source in D2O media, much higher degrees of 

deuteration are obtained compared to 1H-pyruvate, since all pyruvate for biosynthesis would 

have to be derived from phosphoenolpyruvate, oxaloacetate, or malate. The levels of methyl 

group deuteration shown in Table 2.2 are far greater than those obtained by Otten et al38, due to a 

larger estimation of the population of “invisible” CD3 isotopomers, ~50% versus ~0%. Aside 

from this discrepancy, both studies agree with a roughly 1:1 ratio of CH2D:CHD2 isotopomers. 
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Table 2.2. Average percent isotopomers in methyl-containing residues of Pin1 WW 

domain grown in glucose/FROMP and D2O 

  Ala (3)*-β 

Val-

γ2 

Val-

γ1 

Leu-

δ1 

Leu-

δ2 Ile-δ1 Ile-γ2 

Met (2)*-

ε Thr-γ2 

CH3 3/17 4/43 5/50 4/52 0/63 0/0 6/29 0/2 0/4 

CH2D 15/17 18/27 26/28 21/31 20/30 5/8 21/23 7/8 6/10 

CHD2 21/24 18/22 26/26 24/26 23/17 26/31 18/23 7/7 31/37 

CD3 61/42 60/8 43/0 51/0 57/0 69/61 55/25 86/83 63/49 

* Average of three alanines and two methionines, all other values are derived from single 

residues. 

 

Phosphoglycerate family (serine, cysteine, tryptophan, and glycine) 

Serine is a major metabolic precursor in the biosynthesis of cysteine, tryptophan, and 

glycine. The human Pin1 WW domain possesses no cysteine residue. All alpha hydrogens 

exchange with solvent in a D2O-based growth, so glycine is entirely deuterated. Serine and 

tryptophan have similarly high levels of protonation at the Hβ position in Pin1(glucose), with 80-

90% CH2 isotopomer. These hydrogen atoms are derived from the 3-position of 3-

phosphoglycerate in the glycolytic pathway (Figure 2.6 and Figure 2.2). It is somewhat 

surprising that the protonation is so markedly greater than 50%, since one might expect the 3-

position of 3-phosphoglycerate to have an isotopomeric ratio CH2:CHD of 1:1, with the two 

isotopomers derived from the glycolytic catabolism of a single glucose molecule. However, 

glycolysis yields 100% CH2 isotopomer, because the enzyme, phosphohexose isomerase (which 

catalyzes the conversion of glucose-6-phosphate to fructose-6-phosphate), transfers a proton 

from the 2-position of glucose to the 1-position of fructose, instead of deriving a deuteron from 

solvent45. Thus, glycolysis in D2O yields two identical molecules of 3-1H-3-phosphoglycerate 

from a single molecule of 1H-glucose. Rosen et al. also observed very high levels of protonation 

at Hβ for Ser, Trp, and Cys grown with glucose as a carbon source, but a much lesser degree of 

protonation when 1H-pyruvate was used.11 In contrast, a high proportion of Ser and Trp CH2 

isotopomer was maintained in Pin1(FROMP) Table 2.1, suggesting that most of the 3-

phosphoglycerate used in the biosynthesis of serine was derived from the catabolism of 

rhamnose and not from gluconeogenic precursors derived from pyruvate/oxaloacetate. This 

result is likely due to the availability of rhamnose as a carbon source, as well as the presence of 
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oxalate in FROMP media as a tight inhibitor of PEP carboxykinase and PEP synthetase, limiting 

the production of phosphoenolpyruvate from oxaloacetate and pyruvate, respectively. 

 

 

Figure 2.6. Biosynthesis of serine from 3-phosphoglycerate. 

 

Oxaloacetate family (aspartate, asparagine, methionine, threonine, lysine, isoleucine) 

The amino acids asparagine, methionine, lysine, threonine, and isoleucine (CO, Cα, Cγ1 

and Cδ1) are derived from aspartate, formed in a transamination reaction involving oxaloacetate. 

Oxaloacetate is generated as a TCA cycle intermediate from the oxidation of (L)-malate, which 

in turn is generated by the addition of a water molecule across the double bond of fumarate. This 

reaction is catalyzed by the enzyme fumarase, and when the reaction takes place in D2O, the 

result is (2S,3R)-3-2H-malate (Figure 2.3)33. We hypothesized that using fumarate as a carbon 

source would result in stereospecific incorporation of 1H at the Hβ2 position and 2H at the Hβ3 

position of aspartate. In fact, this is what was observed, with a strong 1H signal at the Hβ2 

position and no detectable 1H signal at the Hβ3 position in Pin1(FROMP) Figure 2.4c, as opposed 

to virtually no detectable signal at either position in Pin1(glucose) Figure 2.4b.  Based on signal 

intensities, one would estimate 160% 1H incorporation into the Hβ2 position of Asp/Asn 

Pin1(FROMP) Table 2.1, which is clearly an overestimate. The signal is more intense than that 

observed in Pin1(unlabeled) because the transverse relaxation of the CHD group in 

Pin1(FROMP) is much slower than that of the CH2 group in Pin1(unlabeled). In contrast, Asp16 

is part of the mobile N-terminal tail of the protein, so its signals were twice as intense as those 

originating from other Asp/Asn residues. For Asp16, the observed signal intensity ratio was 

closer to 100% rather than 160%, because relaxation differences are less of a factor in 

determining signal intensity.  

The high level of stereospecific 1H incorporation at the Hβ2 position of Asp/Asn implies 

that the 1H atom originating on fumarate remained attached through its enzymatic conversion to 

malate, oxaloacetate, aspartate, and asparagine. In contrast, when pyruvate is converted to 
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alanine by alanine aminotransferase, methyl protons are readily replaced by solvent deuterons,42–

44 explaining why protonation of the Ala methyl is substantially lower than that of Leu and Val 

methyls, despite the fact that all are derived from pyruvate. Thus, aspartate aminotransferase can 

catalyze the conversion from oxaloacetate to aspartate without perturbing hydrogens at the β 

position, in contrast to alanine aminotransferase, which tends to exchange them with solvent. 

A prerequisite for the stereospecific labeling of 1Hβ2 and 2Hβ3 in Asp/Asn is that the 

oxaloacetate precursor is derived entirely from the fumarate supplied in FROMP media. 

Oxaloacetate is produced from succinate through the activity of succinate dehydrogenase, which 

is inhibited by malonate. Oxaloacetate is also produced by anaplerotic reactions, most notably 

the carboxylation of phosphoenolpyruvate by PEP carboxylase, a reaction inhibited both by 

oxalate and TCA cycle intermediates46,47. Hence, the FROMP media used in the current study 

was effective at preventing isotope scrambling related to the key PEP-oxaloacetate-pyruvate 

node29. 

Lys, Thr, and Met are also derived from aspartate. The biosynthesis of these amino acids 

requires reduction of the Cγ carboxyl of Asp, consuming two reducing equivalents from 

NADPH. The Cγ positions of Lys, Thr, and Met are partially protonated, with the fully 

deuterated isotopomer predominating (>50%) in both Pin1(glucose) and Pin1(FROMP) Table 

2.1. This incorporation indicates that a small proportion of the hydride in NADPH is 1H, rather 

than 2H. In E. coli, NADP+ is converted to NADPH through the activities of glucose-6-

dehydrogenase and 6-phosphogluconate dehydrogenase in the pentose phosphate pathway, as 

well as isocitrate dehydrogenase in the TCA cycle48. NADPH is required in the biosynthesis of 

several amino acids, so the 1H:2H ratio of NADPH will impact isotopic labeling at many 

different sites, resulting in isotopic mixtures. Improving labelling homogeneity will require 

either finding a way to control the 1H:2H ratio of NADPH or bypassing NADPH-dependent 

synthetic steps with downstream metabolites. 

 In the biosynthesis of lysine (Figure 2.7), pyruvate is added to the skeleton of aspartate-β-

semialdehyde, accounting for the high level of protonation observed at the Hδ position in 

Pin1(FROMP). One intermediate in the biosynthetic pathway, L,L-α,ε-diaminopimelate, is a 

symmetric molecule (Figure 2.7), so that the β and δ positions are interchangeable, as are the 
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(deuterated) α and ε positions. Thus, the aspartate-β-semialdehyde component contributes 

equally to both β and δ positions, and the pyruvate component contributes equally to these 

positions as well. In Pin1(FROMP), the Hβ2 position has an apparent protonation of 90% 

(although given the relaxation effects observed in Asp/Asn, the actual percentage may be closer 

to 60%), while the Hβ3 position is entirely deuterated. Therefore, the stereospecificity of 

protonation introduced by the aspartate-β-semialdehyde precursor is the same as that introduced 

by the pyruvate precursor (coincidentally). Given the symmetry of the L,L-α,ε-diaminopimelate, 

the corresponding Hδ3 position must be equally protonated and the Hδ2 position deuterated. As is 

usually the case, the Lys sidechain δ hydrogens have chemical shifts that are too overlapped to 

make this distinction. Thus, it is not possible to make stereospecific assignments based on NMR 

spectra, yet it is possible to assign the stereochemistry based on symmetry considerations in the 

biosynthesis of lysine.  

 

Figure 2.7. Pathways for the biosynthesis of asparagine, lysine, threonine, and methionine. 

Atoms derived from solvent (red), protons derived from NADPH (green), protons derived from 

pyruvate (blue), protons derived from methyltetrahydrofolate (light blue), sulfur derived from 

cysteine in methionine biosynthesis (blue). The pathway enzymes are: 1. Aspartokinase 2. 

Aspartate-β-semialdehyde dehydrogenase (entry point of a proton to Hγ of all amino acids 
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belonging to the oxaloacetate family) 3. Dihydropicolinate synthase 4. Δ1-piperidine-2,6-

dicarboxylate dehydrogenase (entry point of a proton to the Hγ of lysine) 5. N-succinyl-2-amino-

6-ketopimelate synthase 6. Succinyl diaminopimelate aminotransferase (PLP enzyme) 7. 

Succinyl diaminopimelate desuccinylase 8. Diaminopimelate epimerase 9. Diaminopimelate 

decarboxylase 10. Homoserine dehydrogenase (entry point of proton to the Hγ of threonine and 

methionine) 11. Homoserine kinase 12. Threonine synthase (PLP dependent enzyme) 13. 

Homoserine acyl transferase 14. Cystathionine-γ-synthase 15. Cystathionine-β-lyase 16. 

Methionine synthase. 

 

Aspartate-β-semialdehyde is also converted into homoserine (Figure 2.7), a common 

branch point for the synthesis of threonine and methionine. Isomerization of homoserine to 

threonine occurs through a phosphorylated intermediate that displaces a hydrogen atom from Cβ. 

Thr Hβ retained around 27 % protonation in Pin1(glucose) Table 2.1, similar to the findings of 

Otten et al38. However, in Pin1(FROMP), it is the Hβ3 from homoserine that is retained 

(unfortunately), so that the Hβ is completely deuterated at this position. Homoserine is also 

converted into homocysteine as a synthetic precursor to methionine. Homocysteine is then 

methylated at its sulfur atom by 5-methyltetrahydrofolate, producing methionine and 

tetrahydrofolate. 5-methyltetrahydrofolate can be regenerated either through the catabolism of 

serine or glycine. Given the very high level of deuteration observed at the methionine εCH3 

group of Pin1(glucose) and Pin1(FROMP) (see Table 2.2), it would appear that glycine is the 

dominant source of single carbons in the folate cycle. The Hβ2 position of Met is substantially 

less protonated (30%) than the corresponding position in Asp/Asn/Lys, presumably as a result of 

one of the many enzymatic steps leading from aspartate-β-semialdehyde to methionine. 

α-ketoglutarate family (glutamate, glutamine, proline, arginine) 

α−ketoglutarate is a TCA cycle intermediate that gives rise to glutamate, glutamine, 

proline and arginine. As shown in Figure 2.8, α-ketoglutarate formed in the TCA cycle is 

deuterated at the Hβ positions because it originates from the oxaloacetate ketone carbon, which 

condenses with acetyl-CoA and subsequently acquires 2H from D2O solvent. However, the Cγ of 

α−ketoglutarate are derived from the methyl group of pyruvate, hence Glu, Gln, Arg, and Pro are 

highly protonated at Hγ in Pin1(FROMP) and to a much lesser degree in Pin1(glucose) Table 2.1. 

The relative isotopomeric populations are consistent with those observed in the methyl groups of 

Val and Leu, which are also derived from pyruvate. 
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The Hδ hydrogens in proline are derived from NADPH or NADH. In the biosynthesis of 

proline, glutamate is phosphorylated, followed by the conversion of γ-glutamyl phosphate into 

glutamate γ-semialdehyde, resulting in the incorporation of a hydrogen at the Hδ of proline from 

NADH (Figure 2.8). Δ1-Pyrroline-5-carboxylate, the product of non-enzymatic cyclization of 

glutamate γ-semialdehyde, undergoes a reduction reaction with NADH or NADPH providing a 

second hydrogen at Hδ. There appeared to be some stereospecificity to the low protonation 

pattern at the proline Hδ position, but we were unable to resolve this further. 

 

Figure 2.8. Biosynthesis of glutamate, glutamine, proline and arginine from α-ketogulatarate. 

Protons incorporated from NADPH are shown in green. NADPH supplies protons to the Hδ 

positions of proline and arginine. Atoms incorporated from solvent are shown in red. Pathway 

enzymes labeled 1 and 2 are N-acetylglutamate kinase and N-acetylglutamate dehydrogenase 

respectively. 

 

In arginine, the reduction at the Hδ position requires the conversion of N-acetyl-γ-

glutamyl phosphate into N-acetylglutamate γ-semialdehyde using NADH or NADPH as 

cofactors (Figure 2.8). The semialdehyde is then converted to N-acetylornithine through a 

transamination reaction that converts glutamate into α-ketoglutarate. Ornithine is subsequently 

converted into arginine via the urea cycle. Thus, the Hδ position of arginine acquires one H atom 

from NADH/NADPH and one solvent deuteron from a transamination reaction. We have no 
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explanation why the protonation level observed at Hδ of arginine was higher in Pin1(glucose) 

than Pin1(FROMP) Table 2.1. It is possible that there are cytosolic pools of NADPH with 

varying ratios of 1H:2H depending on the local enzymes that regenerate it. 

Phosphoenolpyruvate + erythrose-4-phosphate family (tryptophan, phenylalanine, 

tyrosine) 

Erythrose-4-phosphate and two molecules of phosphoenolpyruvate (PEP) are the 

precursors for chorismate, the common branch point leading to the synthesis of the aromatic 

amino acids, phenylalanine, tyrosine, and tryptophan.  

The six-member ring in the tryptophan indole group is derived from chorismate. The 1- 

(aldehyde), 2-, 3-, and 4-positions of erythrose-4-phosphate become the Cζ2, Cη2, Cζ3, and Cε3 

positions of Trp. Hζ2 and Hη2 are partially protonated in Pin1(glucose) but entirely deuterated in 

Pin1(FROMP) (Figure 2.9). In contrast, the Hε3 position in Trp is derived from the 4-position of 

erythrose-4-phosphate, and it is ~100% protonated in both Pin1(glucose) and Pin1(FROMP). 

The Hζ3 position of Trp is derived from NADPH, so it would be expected to be partially 

protonated and partially deuterated in both Pin1(glucose) and Pin1(FROMP). However, the 

protonation level was higher in Pin1(FROMP) for unknown reasons. The five-member ring of 

the Trp indole group is derived from phosphoribose (Figure 2.10). The Trp Hδ1 position is 

derived from position 2 of phosphoribose and is highly protonated, although less so in 

Pin1(FROMP) than in Pin1(glucose) (Figure 2.9). 

The labeling pattern observed at the Hδ and Hε of both phenylalanine and tyrosine 

residues is similar in both Pin1(glucose) and Pin1(FROMP) Figure 2.9. The Hδ1 position of 

phenylalanine and tyrosine is derived from the methylene group of PEP, while the 4-position of 

erythrose-4-phosphate is the source of protons at Hδ2, accounting for the high level of 

protonation observed at the Hδ site (the Hδ1 and Hδ2 positions are interchangeable) Figure 2.11. 

The Hε1 and Hε2 positions of Phe/Tyr have the same biosynthetic origin as the Hζ3 and Hζ2 

positions of tryptophan, respectively. Although the Hε1 and Hε2 positions of Phe/Tyr cannot be 

distinguished from each other spectroscopically due to ring flips, one would expect levels of 

protonation similar to their corresponding sites in tryptophan. A higher degree of protonation at 

the Hζ position of phenylalanine was observed for Pin1(glucose) versus Pin1(FROMP), which is 
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consistent with the corresponding Hη2 position in tryptophan, both derived from the 2-position of 

erythrose-4-phosphate.  

 

Figure 2.9. Average percent protonation observed at the aromatic sidechains of phenylalanine, 

tyrosine, tryptophan and histidine for Pin1(glucose) and Pin1(FROMP). 

 

Figure 2.10. Biosynthesis of tryptophan from chorismate. Atoms derived from 

phosphoenolpyruvate, erythrose-4-phosphate, phosphoribosyl pyrophosphate, NADPH, serine 
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and solvent (D2O) are shown in pink, blue, purple, green, light blue, and red, respectively. The 

pathway enzyme 1 is anthranilate synthase.  

 

The Hβ positions of phenylalanine and tyrosine are derived from a molecule of 

phosphoenolpyruvate, which condenses with shikimate to eventually form chorismate (Figure 

2.11). It is unknown why the protonation levels at Hβ for Phe and Tyr are so low (30-40%, non-

stereospecific) compared with Ser and Trp, despite all being derived from phosphoenolpyruvate. 

It is possible that exchange with solvent occurs at the transamination step as it does with alanine, 

but this seems unlikely, given that the aromatic amino acid aminotransferase is similar to 

aspartate aminotransferase (which leaves Hβ protonation intact, as we have noted) in protein 

structure, substrate specificity, and spectroscopic properties49. There are a number of enzymes 

catalyzing  reactions between the condensation of phosphoenolpyruvate with phosphoshikimate 

and the final transamination reaction at which solvent exchange could occur: 3-

enoylpyruvateshikimate-5-phosphate synthase, chorismate synthase, and chorismate mutase 

(Figure 2.11). Of these, chorismate mutase catalyzes the formation of prephenate from 

chorismate via a Claisen rearrangement, establishing the Cβ-Cγ bond, so it is quite possible that 

the solvent exchange occurs at this step. 

 

Figure 2.11. Biosynthesis of phenylalanine and tyrosine. Atoms derived from 

phosphoenolpyruvate, erythrose-4-phosphate, NADPH and solvent (D2O) are shown in pink, 

blue, green and red, respectively. The pathway enzymes are: 1. 2-keto-3-deoxy-D-
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arabinoheptulosonate-7-phosphate synthase 2. dehydroquinate synthase 3. 3-dehydroquinate 

dehydratase 4. shikimate dehydrogenase 5. shikimate kinase 6. 3-enoylpyruvateshikimate-5-

phosphate synthase 7. chorismate synthase 8. prephenate dehydratase 9. aminotransferase 10. 

prephenate dehydrogenase 11. aminotransferase. 

 

Ribose phosphate family (histidine) 

Histidine is the only amino acid belonging to this family, and it is derived from three 

precursors. Phosphoribosyl pyrophosphate (PRPP) contributes five carbon atoms, the purine ring 

of ATP contributes a carbon and a nitrogen, and glutamine contributes the second nitrogen in the 

imidazole ring (Figure 2.12). The labeling pattern observed in histidine was consistent for both 

Pin1(glucose) and Pin1(FROMP), producing complete deuteration at Hβ and Hδ2. A small degree 

of protonation at Hε1 (~20%, Figure 2.9) derives from the six-membered ring of adenine, which 

is contributed by N10-formyl-tetrahydrofolate. 

 

Figure 2.12. Outline of the biosynthesis of histidine. Atoms derived from PRPP and ATP are 

shaded in pink and blue, respectively. Deuterium atoms derived from solvent are shown in red. 

The pathway enzymes are: 1. ATP phosphoribosyl transferase 2. pyrophosphohydrolase 3. 

phosphoribosyl-AMP cyclohydrolase 4. phosphoribosyl-formimino-5-aminoimidazole-4-

carboxamide ribonucleotide isomerase 5. glutamine amidotransferase 6. imidazole glycerol-3-

phosphate dehydratase 7. L-histidinol phosphate aminotransferase 8. histidinol phosphate 

phosphatase 9. histidinol dehydrogenase. 
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Application of FROMP labeling to χ1 dihedral angle determination 

The precision and accuracy of NMR-derived protein structures could be significantly 

improved with stereospecific assignments of β-methylene protons and χ1 dihedral angle 

restraints50. The utility of three-bond J coupling for determining backbone and side chain 

dihedral angles has long been established,51–53 and 3D experiments have been developed to 

measure these. One such experiment is the 3D HNHB, which correlates amide proton and 

nitrogen resonances with intra-residue Hβ resonances, providing semi-quantitative information 

on the size of 3J(NHβ) Figure 2.13b and 13c51. An analogous experiment is the HN(CO)HB, 

which transfers magnetization via the 3J-coupling between carbonyl carbon and Hβ protons54. 

3Jα/β can also be estimated using relative peak intensities in a 3D 1H-TOCSY-15N-HSQC50. 

Together, these three experiments provide redundant information about the χ1 dihedral angle, 

along with stereospecific assignment of the β-methylene protons (Figure 2.13a). 

Figures 2.13b and 2.13c show strip plots of the HNHB, HN(CO)HB, and 1H-TOCSY-

15N-HSQC spectra for human Pin1 Asn40 and Asn44, respectively. Asn40 is found in the 

structured region of the second β-strand of Pin1 (Figure 2.1), and the crystal structure (1ZCN) 

shows that it adopts a “trans” (180°) χ1 dihedral angle. All of the experiments in Figure 2.13b are 

consistent with the “trans” conformation, also allowing the stereospecific assignment of the 

upfield resonance to Hβ2. The application of FROMP labeling technique confirmed this 

assignment (Figure 2.4c).  

Asn44 is found in the loop region connecting the second and third β-strands of human 

Pin1 WW domain (Figure 2.1). The χ1 dihedral angle of this residue is gauche+ (-60°) from the 

crystal structure. However, the conformation predicted using 3J-coupling measurements was 

gauche-(+60°) (Figure 2.13c), with the upfield resonance assigned as Hβ3. However, 

stereospecific labeling with FROMP media unambiguously indicated the upfield resonance as 

Hβ2. These incongruous results are most readily explained by internal motions, more specifically, 

averaging between two χ1 dihedral angle conformers, trans and gauche+. This is more in keeping 

with the gauche+ conformation observed in the crystal structure. Consistent with motional 

averaging, the difference between strong and weak signals in the 3J-coupling experiments was 

less pronounced in Asn44 than in Asn40. Thus, the semi-quantitative assessment of 3J-couplings 

was unable to distinguish between a pure gauche- conformation and rotameric averaging between 
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gauche+ and trans conformations, requiring the correct stereospecific chemical shift assignments 

to make the distinction.  

 

Figure 2.13. Application of FROMP labeling technique for stereospecific assignment of β-

methylene protons. (A) Rotamers showing gauche- (+60°), trans (180°), and gauche+ (-60°) χ1 

dihedral angles. Strip plots from 3D HNHB, HN(CO)HB, and 1H-TOCSY-15N-HSQC spectra for 

(B) Asn 40 and (C) Asn 44 of the mutant Pin1 WW domain. 3D HNHB and 1H-TOCSY-15N-

HSQC strip plots are taken at the amide frequency of Asn 40 and Asn 44, while HN(CO)HB 

strip plots are taken at the amide frequency of His 41 and Ala 45. The intensity of each 

correlation is related to the size of each 3-bond J-coupling.  

 

Asp18 and Lys21 are found in the flexible N-terminal region of Pin1, and both residues 

are absent in the crystal structure. The Hβ signals from these residues were too overlapped in 3D-
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NMR experiments to determine a χ1 dihedral angle. However, using FROMP labeling, we could 

still obtain stereospecific assignments for these residues.  

The residue Asp33 was absent in the crystal structure because it was mutated in our Pin1 

construct21. We could not detect Asp33 Hβ signals in two of the three χ1 dihedral angle 

experiments due to the exchange broadening of Asp33 NH. However, our isotope labelling 

technique could still obtain stereospecific assignments for this residue. 

Lys28 and Met30 are found in the first β-strand of Pin1. Both residues adopt trans (180°) 

χ1 dihedral angles in the crystal structure. However, the conformation predicted through 3J-

coupling measurement was gauche-(+60°), with the assignment of the downfield Hβ signals to 

Hβ2 for both residues. However, stereo-selective labeling using FROMP media assigned the 

upfield signals to Hβ2, meaning that the χ1 dihedral angle assignment was incorrect, similar to 

Asn44. The χ1 dihedral angles of Lys28 and Met30 are better described as a rotameric average 

between gauche+ and trans conformations, which is again more consistent with the X-ray crystal 

structure. 

In high resolution X-ray crystal structures, a small percentage of residues can be seen to 

adopt multiple χ1 dihedral angles. In NMR studies of residual dipolar couplings in multiple 

alignment media, up to 50% of residues adopt multiple χ1 dihedral angles55,56. Our limited data 

on Asp/Asn/Lys/Met residues seem to support the notion that multiple side chain conformations 

are common in solution. Our analysis of Lys28, Met30, and Asn44 suggests that using 3J-

coupling measurement experiments alone to determine stereospecific chemical shift assignments 

and χ1 dihedral angles is unreliable when rotameric averaging is present. Therefore, it is 

anticipated that stereo-selective labeling will improve the accuracy of NMR-based χ1 dihedral 

angle determinations. 

Application of FROMP labeling technique for structure determination of large proteins 

Structure determination of larger proteins relies mainly on deuteration to circumvent the 

effects associated with transverse relaxation causing decreased sensitivity and resolution4,8. 

However, deuteration reduces the number of protons in protein eliminating long-range NOESY 

information from sidechains, except for selectively protonated side-chain moieties11. Almost all 
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previously developed methods have focused on the production of highly deuterated proteins with 

selective 1H-13C labeling at methyl groups of alanine, valine, leucine and isoleucine3,38 which are 

readily observable in large systems by solution NMR.  Structures of larger proteins are then 

solved entirely based on NH-NH, NH-methyl and methyl-methyl NOEs6,8. The difficulty in 

determining accurate protein structures due to limited side chain information halts the routine 

application of solution NMR to larger protein systems57.  

Our labeling strategy provides a complimentary approach that provides additional 

information about Asp, Asn, Lys, and Met (Hs) amino acid sidechains, which have been less 

studied in large systems because of their lack of methyl groups. Our approach provides highly 

specific (1H-12C) labeling in an otherwise highly deuterated background for 9 out of the 20 

amino acids. When combined with methyl-specific protonation of aliphatic amino acids, it will 

now be possible to obtain NOE-based distance restraints for most protein residues. We anticipate 

that our approach can eventually be extended to produce stereo-selective isotope labeling in all 

20 amino acids, facilitating NMR-based structure determinations of high molecular weight 

protein systems. 

Conclusions 

In this study, we present the WW domain of human Pin1 as a model system for assessing 

isotope labeling via the amino acid biosynthetic pathways of E. coli bacteria. Our proposed 

FROMP media (fumarate, rhamnose, oxalate, malonate, and pyruvate) for E. coli is optimal for 

the stereospecific deuteration of aspartate, asparagine, and lysine, but improvements are clearly 

needed for all other amino acids. The development of easy and cost-effective strategies for the 

homogeneous and stereospecific incorporation of deuterons into proteins will be important not 

only for structural studies of high molecular weight proteins systems, but also for the accurate 

determination of χ1 side chain dihedral angles in any protein system. 
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Chapter 3 

 

Cost-effective selective deuteration of aromatic amino acid residues produces 

long-lived solution 1H-NMR magnetization in proteins 

 

A version of this chapter has been submitted to Angew. Chem. Int. to be published as: 

Danmaliki, G.I., Yu, S., Braun, S., Zhao, Y.Y., Moore, J., Fahlman, R.P., West, F.G., Hwang, 

P.M. Cost-effective selective deuteration of aromatic amino acid residues produces long-lived 

solution 1H-NMR magnetization in proteins. PMH directed the research. SY synthesized the 

aromatic precursors under FGW supervision. GID expressed and purified the protein constructs, 

tested many metabolic precursors and inhibitors, acquired, and analyzed the NMR data under 

PMH supervision. SB and YYZ analyzed the protein samples by mass spectrometry under JM 

and RPF supervision. GID wrote the first draft of the manuscript under PMH supervision. 

 

Summary 

Solution NMR studies of large proteins are hampered by rapid signal decay due to short-range 

dipolar 1H-1H and 1H-13C interactions. These are attenuated by rapid rotation in methyl groups 

and by deuteration (2H), so selective 1H,13C-isotope labeling of methyl groups in otherwise 

perdeuterated proteins, combined with methyl transverse relaxation optimized spectroscopy 

(methyl-TROSY), is now standard for solution NMR of large protein systems >25 kDa. For non-

methyl positions, long-lived magnetization can be introduced as isolated 1H-12C groups. We have 

developed a cost-effective chemical synthesis for producing selectively deuterated 

phenylpyruvate and hydroxyphenylpyruvate. Feeding these amino acid precursors to E. coli in 

D2O, along with selectively deuterated anthranilate and unlabeled histidine, results in isolated 

and long-lived 1H magnetization in the aromatic rings of Phe (HD, HZ), Tyr (HD), Trp (HH2, 

HE3) and His (HD2 and HE1). In addition, we have refined our previously developed method for 

stereoselective deuteration of Asp, Asn, and Lys amino acid residues to utilize unlabeled glucose 

and fumarate as carbon sources. Using additional additives to limit isotope scrambling, we can 

produce isolated 1H-12C groups in Phe, Tyr, Trp, His, Asp, Asn, Lys, Arg, and Pro in a 

perdeuterated background, compatible with standard 1H-13C labeling of methyl groups in Ala, 

Ile, Leu, Val, Thr, Met. We are thus able to create long-lived 1H magnetization in most amino 

acid residues for NMR studies of larger protein systems.  
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Introduction 

The development of multinuclear multi-dimensional solution NMR methods for studying 

uniformly 15N, 13C-labeled proteins has enabled detailed structural and dynamic characterization 

of proteins up to 25 kDa in size.1,2 However, for protein systems >25 kDa, solution NMR studies 

are hampered by rapid signal decay caused by dipolar relaxation of spatially close 1H-1H and 1H-

13C spin pairs.3,4 One strategy used to minimize dipolar relaxation is deuteration, where 1H atoms 

in the protein are replaced with 2H, providing sensitivity and resolution gains in various NMR 

experiments.5 Complete deuteration can be accomplished by bacterially expressing the protein in 

D2O using deuterated glucose as a carbon source, but the problem with this approach is that it 

reduces the number of 1H positions available as probes of structure and dynamics. 

Several strategies have been developed to re-introduce protons at selected sites in 

proteins. Methyl groups are ideal molecular probes for solution NMR since they populate and 

define protein hydrophobic cores. Rapid spinning about the methyl symmetry axis attenuates 

intra-methyl dipolar relaxation mechanisms by about an order of magnitude, giving methyl 

groups the most intense and longest-lived NMR signals in a uniformly 13C-labeled protein.6–8 

The introduction of 1H-13C-methyl groups into perdeuterated proteins, combined with solvent 

exchange of backbone and side-chain amide protons, permits the observation of 1HN-1HN, 1HN-

13CH3 and 13CH3-
13CH3 nuclear Overhauser enhancements (NOEs) to facilitate chemical shift 

assignments and structure determination.9,10 Protocols for methyl-selective protonation of 

alanine, leucine, isoleucine, valine, threonine, and methionine in a perdeuterated background 

have already been developed, and in combination with the methyl-TROSY pulse sequence, these 

have significantly extended the range of proteins accessible to multi-dimensional NMR.11–14 

However, a relative inability to observe the 14 non-methyl-containing amino acid side chains is a 

significant limitation of solution NMR of high molecular weight protein systems.  

Aromatic amino acids are also highly represented in protein hydrophobic core and ligand 

binding interfaces, serving as valuable probes of protein dynamics and interactions.15–17 The 

unambiguous identification of NOEs involving aromatic rings is essential for accurate structure 

determination.18–20 The application of 1H, 13C site-selective labeling of aromatic rings using 

SAIL amino acids in cell-free protein synthesis and -ketoacid precursors in E. coli have been 

utilized in numerous structural and dynamic studies of proteins.15,17–19,21 These amino acids and 
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metabolic precursors, featuring alternating [1H,13C]-[2H,12C]-[1H,13C] ring patterns, embed 1H-

13C spin systems in a deuterated background, eliminating large 13C-13C and 1H-1H scalar 

couplings and greatly simplifying chemical shift assignment. However, a significant drawback of 

this labeling strategy is the cost associated with synthesizing 13C-labeled aromatic precursors and 

the rapid dipolar relaxation that still dominates any isolated 1H-13C spin system, preventing the 

routine application of this labeling strategy to large protein systems.  

Here, we develop a strategy for the cost-effective introduction of isolated 1H-12C groups 

into the aromatic Phe, Tyr, Trp, and His amino acid residues in a manner compatible with 

existing methyl-labeling techniques and with minimal isotope scrambling. We combine this with 

previously developed methods for stereospecific deuteration of Asp, Asn, and Lys amino acid 

residues.22 The isolated 1H-12C groups give rise to narrow 1H-NMR signals to supplement 1H-

13C-methyl and 1H-15N amide groups for NMR studies of large proteins.  

Experimental 

Synthesis of selectively deuterated phenylpyruvate, hydroxyphenylpyruvate and 

anthranilate precursor compounds for aromatic residue labeling 

Lichtenecker et al. have demonstrated acid-catalyzed microwave-assisted deuteration of 

anthranilic acid, followed by efficient incorporation into protein tryptophan residues in E. coli.23 

Unlabeled anthranilate is readily available and can be deuterated in this manner, providing a 

cost-effective and efficient way to incorporate isolated 1H-12C groups into tryptophan in a 

perdeuterated background. Here we present a cost-effective synthetic strategy for producing 

selectively deuterium-labeled phenylpyruvic acid and 4-hydroxyphenylpyruvic acid as 

precursors for Phe and Tyr, respectively.  
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Scheme 1. Preparation of deuterium labeled phenylpyruvic acid at the gram scale 

 

Phenylpyruvic acid is prepared from 4-hydroxybenzaldehyde. The first step introduces 

deuterium by Bronsted acid-catalyzed H/D exchange under microwave irradiation (Scheme 1). 

The presence of the hydroxyl and aldehyde groups ensures selective and complete deuterium 

incorporation at the positions ortho to the hydroxyl. This acid-catalyzed reaction involves the 

formation of an unstable intermediate, which can be readily converted to the aldehyde product 

after stirring in dichloromethane (DCM). We suspect the intermediate to be an acetal oligomer of 

4-hydroxybenzaldehyde. Acid-catalyzed deuterium labeling reactions are unprecedented in the 

literature for substrates with an aldehyde group. Our method's advantage is preserving the 

aldehyde group, allowing its further transformation. This method dramatically enhances the 

synthetic efficiency compared with previous methods that require additional steps to produce 

aldehyde after deuterium incorporation.19 To achieve reductive cleavage of the phenolic C-O 

bond, we first convert the hydroxyl group to a better leaving group, followed by C-O bond 

activation. Treating the deuterium-labeled compound 1 with triflic anhydride transforms the 

hydroxy into a triflate leaving group. Pd-catalyzed hydrogenolysis of the triflate 2 is realized 

using silane while the aldehyde remains intact. Knoevenagel condensation between aldehyde 3 

and N-acetylglycine yields the oxazolone product. For the preparation of phenylpyruvic acid, 

direct hydrolysis gives unsatisfactory yield and purity as both oxazolone and phenylpyruvic acid 

decompose on silica. The problem is solved by introducing an additional ethanolysis step which 

produces the more stable compound 4 that allows purification by chromatography. Final 

hydrolysis affords the desired product 5 with high purity of >95%. Following the same 

procedure, the gram-scale preparation affords a final yield of 34% over six steps. 



73 

 

 

 

Equation 1. Preparation of deuterium-labeled 4-hydroxyphenylpyruvic acid at gram scale 

 

With the presence of a hydroxyl group, deuterium labeling of 4-hydroxyphenylpyruvic 

acid can be accomplished in just one step by microwave-assisted acid-catalyzed H/D exchange 

(Equation 1). The yield is 41% on the gram scale with a purity of 95% or higher. An alternative 

multistep synthesis of 4-hydroxyphenylpyruvic acid was also developed. The synthetic route 

involves 1, deuterium labeling of 4-hydroxybenzaldehyde; 2, Knoevenagel condensation with N-

acetylglycine; 3, hydrolysis under acidic conditions (Scheme 2). 

 

 

Scheme 2. Preparation of deuterium-labeled 4-hydroxyphenylpyruvic acid  

 

Human Pin1 WW domain as an ideal system for monitoring precursor incorporation 

To monitor precursor incorporation into protein, we used a model system, an engineered 

human Pin1 WW domain, the smallest folded protein domain containing all 20 amino acids 

except for cysteine 22 (see Figure 3.S1). The small size of the protein and its high expression 

levels (100 mg/L M9 minimal media) facilitate the production of NMR samples and the 

collection of well-resolved 2D natural abundance (1%) 13C-HSQC spectra. For comparison, we 

prepared Pin1 uniformly labeled with 15N in H2O to serve as a reference for comparing samples 

expressed in D2O, facilitating the testing of various biosynthetic labeling methodologies. We also 

used mass spectrometry (MS) of acid-hydrolyzed protein to quantitate isotope incorporation and 

compared the results to our NMR data.  
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Protocol for expressing Pin1 with metabolic precursors in D2O 

Standard procedures were used to transform E. coli cells with a polyhistidine-tagged Pin1 

protein construct (52-amino acid residues). Cells were grown using unlabeled carbon and 

nitrogen sources (10 g glucose, 2-10 g fumarate, 1 g ribose, and 1 g NH4Cl). One hour prior to 

induction, 200 mg of selectively deuterated 4-hydroxyphenylpyruvate, 165 mg of deuterated 

phenylpyruvate, 30 mg deuterated anthranilate and 100 mg unlabeled histidine were added to 1 

kg deuterated M9 minimal media for labeling aromatic residues, along with other unlabeled 

amino acids or their precursors (70 mg ketobutyrate, 125 mg isoketovalerate, 250 mg 

methionine, 100 mg threonine, 750 mg alanine, and 150 mg cysteine) and metabolic inhibitors 

(150 mg glyphosate, 1 g oxalate, 1 g malonate, and 5 mg cycloserine) used to limit isotope 

scrambling (see Table S1 for the complete list of precursors and small molecule inhibitors used 

to express Pin1 in D2O).  

Results 

Incorporation of selectively deuterated phenylpyruvate, hydroxyphenylpyruvate, and 

anthranilate precursors into Phe, Tyr, and Trp. 

Phenylalanine and Tyrosine 

Phe and Tyr residues are produced from the chemically synthesized phenylpyruvate and 

hydroxyphenylpyruvate precursors specifically deuterated at the C positions (Figure 3.1). In 

vivo, an aromatic transaminase not only converts these precursors into phenylalanine and 

tyrosine, but also deuterates the C and C positions in D2O. Protein production using 

deuterated aromatic precursors simplifies the NMR spectrum (Figure 3.2). The H positions of 

Phe and Tyr are highly deuterated and could not be detected above the noise level, suggesting 

deuteration levels >95%. In contrast, the H and H positions of Phe and the H positions of 

tyrosine are highly protonated with peak intensities >130% compared to uniformly labeled Pin1 

due to the elimination of 1H-1H 3-bond J couplings and improved relaxation properties (Figure 

3.1). Given these changes in the NMR spectrum, it is difficult to obtain an exact value for the 

efficiency of incorporation, so we turned to data obtained from MS analysis of hydrolyzed Pin1, 

showing uniform deuteration at five positions (H, H2, H3, H1, and H2, as determined by 

NMR, Table S2), as expected based on the deuterated precursor, suggesting >99% 

phenylpyruvate precursor incorporation into Phe. Unfortunately, acid-catalyzed hydrolysis 
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destroyed Tyr, preventing mass spectrometry profile analysis, but a comparison of NMR to Phe 

suggests ~99% labeling for Tyr as well.  

Tryptophan 

Anthranilate, a precursor for tryptophan biosynthesis, was selectively deuterated through 

the microwave-assisted acid-catalyzed solvent exchange in D2O (Figure 3.1), as described 

previously23. The six-member ring of the tryptophan indole group is derived exclusively from 

anthranilate, so the H3 and H2 positions of the tryptophan aromatic rings are highly 

protonated, while the H2 and H3 positions are highly deuterated long-lived aromatic signals 

(Figures 3.1 and 3.2), with levels of incorporation comparable to Phe. The susceptibility of 

tryptophan to digestion upon acid hydrolysis prevents quantitation by mass spectrometry (Table 

S2).  

In the pathway leading to tryptophan synthesis, some carbons derived from ribose-5-

phosphate are incorporated into the five-member ring of the tryptophan indole (Figure 3.S2). 

Thus, supplementing ribose in our growth media improved the protonation at the Trp-H site 

from 40% to ~80% (Figure 3.1). 

Supplementation of the bacterial growth media with ribose also stimulates endogenous 

synthesis of Phe/Tyr/Trp, which competes with isotope labeling via our aromatic precursors, 

manifesting as residual protonation of ~10% observed at the Trp H2 and Tyr Hε. The 

biosynthesis of aromatic amino acids in plants and many microbes relies on the enzymatic 

activity of 5-enolpyruvylshikimate-3-phosphate synthase (EPSP), a key enzyme in the shikimate 

pathway commonly targeted for drug and herbicide development (Figure 3.S3).24 Previous 

studies have shown the successful inhibition of EPSP with glyphosate, the active ingredient in 

Roundup herbicide.25 The addition of glyphosate into the E. coli growth media inhibited the 

endogenous aromatic amino acid biosynthesis without affecting cell viability and restored the 

labeling pattern of the aromatic residues to that observed in the absence of ribose. Thus, 

glyphosate as a metabolic inhibitor is not necessary unless ribose is supplied in the bacterial 

growth media. 
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Figure 3.1. (a) -ketoacid precursors used for labeling Phe, Tyr, and Trp aromatic rings. (b) 

Relative NMR signal (compared to fully protonated sample) observed in Pin1 aromatic residues.  

 

Incorporation of isolated 1H-12C groups into the aromatic ring of histidine 

The unique acid/base properties of histidine make it a versatile catalytic residue in many 

enzymes. Selectively 13C-labeled imidazolepyruvate has been used previously as an effective 

precursor for labeling the histidine aromatic ring.26 The imidazole ring of histidine naturally 

contains isolated 1H-12C groups at the  and  positions, derived biosynthetically from 

phosphoribose and ATP precursors, respectively (Figure 3.S4). The N-H site in the imidazole 

ring exchanges with solvent when protein is dissolved in D2O, allowing the isolated protons 

within the ring to be free from scalar or dipolar 1H-1H interactions in D2O solvent. (From our 

observation, the imidazole C-H sites also exchange with solvent, but at a much slower rate over 

weeks.) We supplied E. coli cells with unlabeled histidine. Based on the HSQC data, both H 

and H positions of the histidine side chain had very high protonation (Table S2), suggesting 

near-100% incorporation with negligible endogenous biosynthesis. MS data also suggest a 

predominant undeuterated species (D0). Apparent protonation levels >100% in the imidazole 

ring may be due to the control sample sitting in D2O for a longer period, causing deuteration of 

the imidazole C-H sites. 
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Figure 3.2: 2D 1H,13C-HSQC spectra of Pin1 aromatic region. a) Natural abundance 1H-13C 2D 

spectrum of uniformly 15N-labeled Pin1. Cross peaks from this sample were set as the reference 

for quantitation of isotope incorporation in deuterated samples (without accounting for spectral 

changes caused by deuteration). b) Corresponding region of Pin1 labeled with selectively 

deuterated phenylpyruvate, hydroxyphenylpyruvate, anthranilate and unlabeled histidine in D2O. 

Spectra were taken with the same acquisition parameters, and the intensities were normalized to 

the Met H peak to correct differences in concentration between samples.  

 

Measurement of linewidth 

2D 1H-1H NOESY spectra were recorded to measure the linewidth of protein NMR 

signals introduced by our labeling scheme (Figure 3.3). The NMR signals of selectively 

deuterated aromatic signals are close to 10-fold more intense than an unlabeled Pin1 sample 
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(Figure 3.3c). These sensitivity gains were not appreciated in the natural abundance 1H-13C 2D 

spectra because of the dominance of the short range 1H-13C dipole-dipole in signal decay, but the 

10-fold improvement in both sensitivity and resolution is expected based on deuteration in the 

absence of 13C label. The narrowest linewidths in the entire protein belong to the H methyl 

group of methionine and the H of Phe and Tyr residues (Table S3). This is likely due to the high 

degree of mobility in these residues.27 Rapid rotation about the 2-dihedral angle in Phe and Tyr 

results in ring flips that can also reduce transverse relaxation rates.28 Thus, the selective 

deuteration pattern introduced by our labeling scheme gives rise to NMR signals comparable to 

the methyl groups of alanine, threonine, isoleucine, leucine, and valine, indicating that this 

labeling scheme will result in viable long-lived NMR signals in high molecular weight protein 

systems.  

 

Figure 3.3: 2D 1H-1H NOESY Spectra of Pin1 in D2O. a, Unlabeled Pin1. b, Selectively 

deuterated Pin1 with aromatic precursors. e, corresponding intensities of the residues highlighted 

in a and b.  

 

Cycloserine prevents alanine-pyruvate interconversion. 

Pyruvate and alanine interconvert through the enzymatic activity of alanine 

aminotransferase, which catalyzes the final step of alanine biosynthesis from pyruvate. This 

enzyme also exchanges the hydrogen atoms at the alanine -position with solvent deuterons, 
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significantly diluting the methyl signal intensity into multiple isotopomers. Studies have shown 

inhibition of alanine aminotransferase activity by incubating cells with L-cycloserine.29 

Consequently, we added L-cycloserine to our deuterated media to limit the scrambling of isotope 

labels at the Ala -methyl group, and this increased the intensities by about 50% (Figure 3.4). 

Importantly, cycloserine did not noticeably affect cell growth or protein yields by inhibiting the 

enzymatic activity of other aminotransferases.29 Our mass spectrometry analysis shows that 

~20% of Ala is fully deuterated, suggesting that even in the presence of cycloserine, there is 

considerable biosynthetic production of deuterated Ala from pyruvate.  

Combinatorial labeling of ILV methyl groups has been used to study many biological 

systems.10,30,31 Most of these studies have supplied E. coli 2-ketobutyrate and 2-ketoisovalerate 

precursors for labeling I- and the prochiral methyl groups of leucine and valine, respectively. 

Supplementing our media with these precursors labeled Ile-, Leu- and , and Val-and  with 

intensities of 75%, 95-113%, and 97-98%, respectively, relative to non-deuterated protein (Table 

S2). This corresponds to about 85% isotopic label incorporation for Val assessed by mass 

spectrometry. Ile and Leu could not be separated by liquid chromatography for mass 

spectrometric analysis, as they have identical molecular weights, but based on the NMR data, 

isotopic labeling for Leu is on par with that for Val, whereas Ile labeling is less effective, about 

65%. Another consequence of alanine aminotransferase activity is that protonated pyruvate from 

alanine becomes incorporated into the isoleucine-2 methyl group. The use of cycloserine 

mitigates this, but there is still incorporation of protons into the Ile-2 methyl group, probably 

due to enzymatic conversion of Ala to pyruvate, as well as endogenous pyruvate produced from 

unlabeled glucose (Table S2). The issue of residual protonation in the Ile-2 methyl group has 

been noted previously by Rosen6 and can be ameliorated using 2-hydroxy-2-ethyl-3-ketobutyrate 

precursor.32,33 
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Figure 3.4: Cycloserine prevents alanine-pyruvate isotope scrambling. a, Natural abundance 1H-
13C HSQC showing alanines of selectively-labelled Pin1 grown without cycloserine. b, the 

corresponding region of Pin1 grown with cycloserine. e, cross-sections of the peaks highlighted 

in a, and b. 

 

The addition of unlabeled cysteine and methionine to E. coli growth media decreases 

isotope scrambling at threonine-  

Threonine residues are localized predominantly to protein surfaces (unlike other methyl-

containing amino acids), especially at protein-nucleic acid interfaces.34 These residues participate 

in hydrogen bonding, non-polar interactions, and signalling via phosphorylation.14,34 Specific 

labeling of the threonine methyl group using metabolic precursors is challenging due to the 

biosynthetic diversion of Thr isotopic label to other amino acids through complex, 

interconnected biosynthetic pathways. Velyvis and coworkers devised a biosynthetic strategy for 

producing deuterated 1H,13C-methyl-labeled Thr, which was incorporated >90% into protein 

expressed by E. coli when supplied at 100 mg/L to the growth media.14 In this study, the 

supplemented threonine was metabolized to -ketobutyrate (isoleucine precursor), but its 

incorporation into Ile could be minimized by supplementing -ketobutyrate in the growth media 

as we have done.  
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In our growth media supplemented with threonine, we initially observed CH3, CH2D, 

CHD2 (and likely CD3) isotopomers (Figure 3.5a), consistent with competing endogenous 

biosynthesis of Thr via the Asp/Asn/Met/Lys/Thr biosynthetic pathway. (In contrast, endogenous 

Met biosynthesis seemed to be less of an issue in Met labeling.) Aspartate, derived from 

oxaloacetate in the TCA cycle, gives rise to threonine, methionine, and lysine, with metabolic 

branch points occurring at aspartate--semialdehyde (an intermediate in all three pathways) and 

homoserine (precursor for the formation of threonine and methionine) (Figure 3.S5). The 

biosynthesis of Thr, Lys and Met requires reduction of the C carboxyl group of Asp, consuming 

two hydride atoms from 2 NADPH molecules. Previous studies have shown inhibition of 

homoserine dehydrogenase (an essential enzyme in the biosynthetic pathway for threonine, 

methionine, and isoleucine) by Cys and Met.35 We reasoned that Cys could be added to limit 

endogenous Thr biosynthesis and isotope scrambling, along with the Thr and Met already 

supplied to the growth media, as natural inhibitors of homoserine dehydrogenase. Indeed, adding 

Cys and Met to E. coli helped suppress endogenous Thr biosynthesis, improving isotopic 

labeling of Thr (Figure 3.5). Deuteration analysis by MS confirmed minimal scrambling at the 

methyl group of threonine, with ~100% of the mass profiles divided into three species, 

depending on protonation/deuteration at H and H (Figure 3.S5). There may be an endogenous 

transaminase that is catalyzing the deuteration of Thr at these positions. 

 

Figure 3.5: Prevention of threonine-2 isotope scrambling by supplementing unlabeled 

methionine and cysteine in deuterated E. coli growth media. a, Natural abundance 1H-13C HSQC 

spectra of selectively-labeled Pin1 grown with methionine but lacking cysteine. b, the 
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corresponding region of Pin1 grown with cysteine but without methionine c, the corresponding 

part of Pin1 produced with methionine and cysteine. The CH3, CH2D and CHD2 isotopomers of 

T43(2) are shown in panel a. The spectra were taken under identical experimental conditions 

and scaled for equal noise levels. 

 

Methionine 

Unlabeled methionine supplied in our D2O medium was highly incorporated into protein, 

showing high levels of 1H-12C protonation (~100%) at the -methyl group and all other sites 

except the H position, which became highly deuterated (Table S2). 

 

Stereoselective 1H-12C-labeling of beta methylene proton H in Asp, Asn, Lys, and other 

amino acid residues 

Our group previously introduced a method of stereoselective protonation at the beta 

methylene proton Hβ2 in aspartate, asparagine, and lysine amino acid residues.22 These amino 

acids are derived from oxaloacetate, a key intermediate in the TCA cycle. Stereoselective 

deuteration at the beta methylene proton Hβ3 is achieved by supplementing E. coli cells with 

unlabeled fumarate as a carbon source in D2O. The enzyme fumarase converts fumarate into 

malate, with one 2H stereospecifically incorporated from D2O. Malate dehydrogenase catalyzes 

the oxidation of malate to oxaloacetate within the TCA cycle, which is converted to aspartate by 

a transamination reaction, preserving the stereochemistry at the beta methylene proton (Figure 

3.S6). We add oxalate to the growth media to prevent isotope scrambling, inhibiting multiple 

enzymes involved in the interconversion between phosphoenolpyruvate, pyruvate, and 

oxaloacetate at the juncture of key metabolic pathways: glycolysis, TCA cycle and 

gluconeogenesis.36–38 Endogenous fumarate production by the TCA cycle is also inhibited by 

adding malonate to the growth media, a competitive succinate dehydrogenase inhibitor.39  

 In our original scheme for stereospecifically deuterating Asp/Asn/Lys, we used 

rhamnose, pyruvate, and fumarate as carbon sources for the major metabolic pathways. 

However, such a strategy is untenable for efficiently labelling all 20 amino acids. Isotope 

scrambling occurs rapidly in pyruvate through the action of multiple alanine aminotransferase 

enzymes, and pyruvate is readily incorporated into Ala, Ile, Leu, and Val. Another major issue 

with our previous strategy is that rhamnose is not readily imported and metabolized in E. coli 
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BL21 strain, severely reducing protein production, a major problem when using expensive 

isotope labeling reagents. We, therefore, replaced rhamnose and pyruvate with glucose, the 

preferred carbon source of E. coli. Using our updated bacterial growth media containing glucose 

and different amino acid precursors decreased the efficiency of stereospecific H labeling in 

Asp/Asn/Lys. We could offset this somewhat by increasing the sodium fumarate concentration in 

our media to 10 g/L. We obtained high degrees of stereospecific labeling for Asp and Asn, as 

measured by NMR, with signal intensities of 121% and 107%, respectively, compared to 

unlabeled Asp and Asn (Table S2). However, it is difficult to estimate the exact degree of 

labeling efficiency, because mass spectrometry of Asp is inaccurate due to re-protonation of the 

residue (exchange of proton for deuteron) that occurs during acid hydrolysis, as noted 

previously6. Lys sidechain labeling is a complex mixture with labeling at H2 about half of that 

observed for Asp/Asn H2, and Lys  H2  > H > H. 

 H of Lys and Arg and H of Pro are contributed by NADPH, so there are low levels of 

protonation at these sites, with the hydride from NADPH partially derived from unlabeled 

glucose via the pentose phosphate pathway. There is also a high degree of protonation at Ser H, 

derived from glucose, as previously observed,22 as well as Trp H (derived from Ser 

biosynthetically). 

 

Application of isolated 1H-12C groups for structure determination of protein system > 30 

kDa 

Our isotope labeling strategy specifically introduces targeted 1H-12C groups in Asp, Asn, 

Lys, Arg, Pro, Phe, Tyr, Trp, and His amino acid positions to complement 1H-13C methyl groups 

in Ala, Thr, Met, Ile, Val, and Leu. We show that these groups can be connected to 1H-15N amide 

positions using a multi-dimensional through-space NOESY experiment using the outer 

membrane protein PagP in DPC detergent micelles (~50 kDa) (Figure 3.6).  
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Figure 3.6. 3D NOESY spectra of PagP in DPC detergent micelles (50 kDa). a. 3D NOESY-

(1H-15N)-HSQC, b. 3D NOESY-(1H-13C)-HSQC, c. strip plots taken from 3D NOESY-(1H-15N)-

HSQC 

 

Conclusion 

We have developed an isotope labeling strategy in E. coli using inexpensive metabolic 

precursors in D2O, complementing the now-standard method of 1H,13C-methyl labeling for NMR 

studies of proteins >30 kDa. These precursors have shown a high degree of selectivity and 

incorporation levels, accompanied by a low cost of synthesis, adding additional 1H signals for 

Phe, Tyr, and Trp residues that can be transferred via through-space NOEs to nearby methyl or 

amide protons for chemical shift assignment or structure determination of larger proteins 

systems. In addition to these amino acids, it is also possible to obtain additional isolated 1H 

signals in His, Asp, Asn, Lys, Arg, and Pro. The isolated 1H-12C groups in a perdeuterated 

c 
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background give rise to narrow 1H-NMR signals with improved relaxation properties that rival 

methyl groups. 
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Supplementary Information 

Experimental Procedures 

Synthesis of selectively deuterated phenylpyruvate and 4-hydroxyphenylpyruvate  

Chemicals were purchased from Millipore Sigma and used upon receiving without further 

purification. Microwave reactions were conducted in the Biotage Initiator Microwave System. 

For each microwave reaction, new consumables were required, including vials, stir bars and caps 

with septum from the Biotage microwave reaction kit. Three vial sizes are available: 0.5-2 mL, 

2-5 mL, and 10-20 mL. Microwave reactions were performed at 0.5 mL scale first before 

gradually increasing to 2 mL and 10 mL. 

Organic reactions were performed in the fume hood under nitrogen atmosphere unless otherwise 

stated. The glassware and stir bar were dried in the oven at 120 °C overnight before cooling 

down to room temperature under nitrogen.  

4-hydroxybenzaldehyde (10 mmol, 1.22 g) were added into the vial equipped with a stir bar. 8 

mL D2O and 2 mL 35% DCl/ D2O solution were then added to the vial by syringes. The mixed 

solution is 7% w/w DCl/ D2O. The vial was placed in the rack of Biotage Microwave reactor. 

The reaction condition was set to heat at 150 °C for one hour. After the microwave reaction 

completed, 10 mL DCM was injected into the vial. The reaction was stirred at room temperature 

overnight. The product was extracted with DCM (20 mL x 3) and the organic layer was dried 

over sodium sulfate. The reaction afforded 1 with a 95% yield after solvent evaporation. The 

deuterium incorporation level at the ortho position was 95%. 
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3,5-dideuterium-4-hydroxybenzaldehyde 1 (95%); 1H NMR (CDCl3, 500 MHz)  9.87 (s, 1H), 

7.82 (s, 2H). 

 

Deuterium labelled 4-hydroxybenzaldehyde 1 (10 mmol, 1.25 g) was weighed into a round 

bottom flask equipped with a stir bar. The flask was sealed with a septum and placed under 

nitrogen atmosphere. 20 mL anhydrous DCM was added into the flask by syringe. NEt3 (30 

mmol, 4.2 mL) distilled from CaH2 was then added into the flask by syringe. The reaction flask 

was immersed into a dry ice/ acetone bath at -78 °C. Tf2O (10 mmol, 1.7 mL) was added 

dropwise into the reaction mixture. Upon addition, the reaction was maintained at -78 °C for one 

hour while monitored by TLC. Once completed, 20 mL water was added into the reaction 

mixture. The organic layer was first extracted with DCM (20 mL x 3), then dried over sodium 

sulfate. After solvent evaporation, the crude product 2 was purified by chromatography (5-10% 

ethyl acetate/ hexane).  

 

 

3,5-dideuterium-4-triflate-benzaldehyde 2: oily (93%); 1H NMR (CDCl3, 500 MHz)  10.05 (s, 

1H), 8.01 (s, 2H). 

 

Product 3 was obtained from Pd-catalyzed reduction according to a literature procedure.[1] 
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3,5-dideuterium-benzaldehyde 3: clear liquid (80%); 1H NMR (CDCl3, 500 MHz)  10.03 (s, 

1H), 7.89 (s, 2H), 7.64 (s, 1H). 

 

Oxazolone was prepared according to a literature procedure.[2] 

 

The reaction mixture from oxazolone preparation was concentrated by solvent evaporation. 10 

mL anhydrous ethanol and 1 mL NEt3 were added to the reaction flask. The reaction mixture was 

refluxed for three hours under nitrogen atmosphere. Upon completion, solvent was removed by 

evaporation. The crude product was purified by chromatography using 20-50% ethyl acetate/ 

hexane. 

 

Compound 4: (60% yield over two steps); 1H NMR (CDCl3, 500 MHz)  (ppm) 7.46 (s, 2H), 

7.38 (s, 1H), 7.33 (s, 1H), 6.99 (s, 1H), 4.31 (q, J = 7.0 Hz, 2H), 2.14 (s, 3H), 1.36 (t, J = 7.0 Hz, 

3H); 13C NMR (CDCl3, 125 MHz)  (ppm) 169.0, 165.3, 133.8, 132.0, 129.5, 129.1, 128.2, 

124.7, 61.8, 23.3, 14.2; HRMS (EI): Calcd. For C13H13D2NO3: 235.1177; Found: 235.1179; IR 

(film): 3246, 3050, 2983, 2936, 2908, 2266, 17200, 1667, 1643, 1514, 1443, 1415, 1373, 1287, 

1248, 1197, 1124, 1208, 920, 863, 812 cm-1. 

 

Compound 4 (5 mmol, 1.176 g) was added to a round bottom flask equipped with a stir bar. 10 

mL of aqueous HCl (3 M) was then added to the flask. The reaction was heated to reflux for 2 

days while monitored by TLC. The reaction mixture was cooled down and stored in fridge to 
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allow precipitation. After rinsed with cold water (3 mL x 3), the solid product 5 was obtained by 

filtration.  

 

 

3,5-dideuterium-phenylpyruvic acid 5 (81%); 1H NMR (CD3OD, 500 MHz)  7.76 (s, 2H), 7.21 

(s, 1H), 6.48 (s, 1H), 4.84 (s, 1H), 3.30 (s, 1H); 13C NMR (CD3OD, 125 MHz)  (ppm) 168.4, 

142.2, 136.4, 130.8, 129.3, 128.2, 111.6; HRMS (EI): Calcd. For C9H6D2O3: 166.0599; Found: 

166.0598; IR (film): 3476, 3456, 3095, 2619, 1704, 1689, 1663, 1624, 1456, 1419, 1376, 1292, 

1247, 1193, 1114, 917, 898, 884 cm-1. 

 

Add 4-hydroxyphenylpyruvic acid (10 mmol, 1.80 g) into a microwave vial (size 10-20 mL) 

equipped with a stir bar. 9 mL D2O and 1 mL 35% DCl/ D2O solution was then added into the 

reaction. The mixed solution is 3.5% w/w DCl/ D2O. The vial was placed on the rack in the 

Biotage Microwave reactor which was set to heat at 120 °C for one hour. Upon completion, the 

solid product was obtained by filtration and then rinsed with cold water (2 mL x 3). The reaction 

afforded compound 6 with a 41% yield. The deuterium incorporation level at the ortho positions 

was 95%. 

 

 

3,5-dideuterium-4-hydroxyphenylpyruvic acid 6 (41%); 1H NMR (CD3OD, 500 MHz)  7.62 (s, 

2H); 13C NMR (CD3OD, 125 MHz)  (ppm) 168.7, 158.1, 139.9, 132.4, 132.3, 127.9, 116.0; 

HRMS (EI): Calcd. For C9H5D3O4: 183.0611; Found: 183.0611; IR (film): 3450, 3400, 3093, 
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2657, 2555, 1683, 1639, 1598, 1479, 1462, 1416, 1370, 1325, 1303, 1241, 1161, 916, 894, 863 

cm-1. 

Protocol for bacterial expression of Pin1 protein in 1 L H2O-M9 minimal media 

Standard procedures were used to transform BL21(DE3) E. coli bacteria cells with an 

IPTG-inducible histidine-tagged Pin1 expression plasmid. Four to six transformed colonies were 

inoculated into 20 mL starter culture of LB rich medium containing 100 mg/L ampicillin. Cells 

were grown in a shaker at 37 °C to an optical density (OD) of about 0.7-0.9 at 600 nm. 10 mL 

from the starter culture was diluted into sterile filtered 1 L M9 minimal media, containing 9 g 

anhydrous Na2HPO4, 2.5 g K2HPO4, 10 g anhydrous D-glucose 12C/13C, 1 g NH4Cl/15NH4SO4, 

0.09 g ampicillin, 0.22 g MgSO4, 0.01g CaCl2, 0.10 g thiamine, and 0.01 g biotin and allowed to 

grow further until OD600nm ~0.8. Cells were induced with 200 mg IPTG and grown for 6 h post 

induction. The cells were centrifuged at 5000 rpm (4420 g) for 20 mins and harvested. The cells 

were lysed, purified by Ni-NTA affinity chromatography followed by dialysis and lyophilization 

as previously described.[3] The protein identity and purity were confirmed by gel electrophoresis.  

 

Protocol for bacterial expression of Pin1 protein with metabolic precursors and small 

molecule inhibitors in 1 L D2O-M9 minimal media  

The transformation and starter cultures were the same as described in the previous 

section. 10 mL from the starter culture of LB rich medium was diluted into 1 L sterile M9-H2O 

medium containing unlabeled glucose and nitrogen sources, selected precursor compounds for 

labeling desired amino acids and small molecule inhibitors to prevent scrambling of isotope 

labels as shown in Table 3.S1. Cells were grown to an OD600nm of about 0.3-0.4 (doubling time 

of H2O M9 about is 1 h). The cells were spun down at 5000 rpm for 20 min at room temperature 

and resuspended into 0.9 kg D2O-M9 minimal media containing the mixture shown in Table 

3.S1. The cells were grown for at least one doubling time (~3 h), aiming for to an OD600nm of 

about 0.6-0.9. One hour before induction with IPTG, 150 mg selectively deuterated 

phenylpyruvate, 200 mg deuterated hydroxyphenylpyruvate, 30 mg deuterated anthranilate were 

added to the media, along with other methyl-containing amino acids or their metabolic 

precursors (70 mg deuterated ketobutyrate, 125 mg isoketovalerate, 250 mg methionine, 100 mg 

threonine and 750 mg alanine) and glyphosate, oxalate, malonate, cysteine and cycloserine 
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metabolic inhibitors used to limit isotope scrambling as shown in Table 3.S1. Note that 

ketobutyric acid was added 20 minutes before induction to limit isotope scrambling in the methyl 

groups of isoleucine. Post-IPTG induction, the cells were grown for an additional 6 hours at 37 

°C and then harvested and lysed. The protein was purified using nickel affinity chromatography. 

 

Table 3.S1. M9 Minimal Media Composition for Stereoselective Labeling of Proteins 

1 L H2O-M9 Minimal Media     D2O-M9 (0.9 L = 1 kg) Minimal Media 

9 g anhydrous Na2HPO4 
  

8g Na2HPO4 

2.5 g K2HPO4        
  

2.2g K2HPO4  

10 g D-Glucose (anhydrous) 
  

10 g D-Glucose (1D, 98%) 

3 g Sodium Fumarate 
  

10 g Sodium Fumarate 

1 g Ribose 
  

1 g Ribose 

1 g NH4Cl 
  

1 g NH4Cl 

90 mg Ampicillin                
  

90 mg Ampicillin 

0.22 g MgSO4 (anhydrous) 
  

0.22 g MgSO4 (anhydrous) 

0.01 g CaCl2 (anhydrous) 
  

0.01 g CaCl2 (anhydrous) 

1 g Oxalic acid dehydrate 
  

1 g Oxalic acid dehydrate 

1 g Malonic acid 
  

1 g Malonic acid 

100 mg Adenine 
  

100 mg Adenine 

100 mg Thiamine (optional) 
  

100 mg Thiamine (optional) 

1 mg Biotin (optional) 
  

1 mg Biotin (optional) 

target pH is ~7.4 
  

target pH is ~7.4       

    

   
Precursor compounds added 1 h prior to induction 

   
50 mL, 22 mM deuterated isoketovalerate  

   
750 mg Alanine 

   
5 mg L-cycloserine 

   
250 mg Methionine 
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100 mg Threonine 

   
150 mg L-cysteine 

 

  
150 mg Phenylpyruvate 

  
200 mg Hydroxyphenylpyruvate 

   
30 mg Anthranilate 

   
150 mg Glyphosate 

   
100 mg Histidine 

   
 

   

Precursor compound added 20 min prior to 

induction 

   

50 mL, 14 mM deuterated ketobutyric acid  

 

Protocol for isoketovalerate and ketobutyrate deuteration 

125 mg isoketovalerate was dissolved in 50 mL D2O and incubated at 37 °C overnight at pH 

~12. 

70 mg of ketobutyrate was dissolved in 50 mL D2O and incubated at 37 °C overnight at a pH 

~10.  

NMR spectroscopy 

The NMR samples were prepared in 5 mm NMR tubes to a final volume of 500 μL. The 

protein samples were dissolved in 100 mM KCl, 10 mM imidazole, 0.01% NaN3 in 90% H2O, 

10% D2O, or 100% D2O using 0.5 mM 2,2-dimethyl-2-silapentane-5-sulfonate-d6 sodium salt 

(DSS-d6) as an NMR chemical shift internal reference. The 2 mM protein samples were 

maintained at pH ~6.8. All NMR experiments were carried out at 30 °C on a Varian Inova 500 

MHz spectrometer equipped with a triple-resonance pulsed field gradient probe head. 1D 

experiments were processed on VNMRJ (Varian Inc.); 2D experiments were processed using the 

NMRDraw/NMRPipe software and analyzed using NMRViewJ (One moon scientific).[4,5]  

Amino acid digestion and Mass Spectrometry Analysis 

Amino acid hydrolysis: 
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Samples were dried under vacuum in Kimax, 10 x 75mm, glass tubes. 100 uL 6M HCl 

was added and sealed under vacuum. Samples were hydrolyzed for 24 hours at 110 °C, and 

hydrolysates were dried under a vacuum.  

 

HPLC/MS: 

Sample solutions were analyzed using an Aria MX HPLC system (Thermo Fisher 

Scientific) coupled with an Orbitrap Elite Mass spectrometer (Thermo Fisher Scientific).  An 

Agilent Poroshell 120 EC-C18 column 100 mm x 2.1 mm, 2.7 µm particle size (Agilent 

Technologies, Missisauga, ON) was employed for LC separations. The column temperature was 

controlled at 25 ˚C. The mobile phase A had acetonitrile with 0.1% formic acid. Phase B had 

95:5 water: acetonitrile (V/V) with 0.1% formic acid. The gradient was as follows: 0-2 min, 5% 

A; 2-20 min, linear gradient to 60% A; 20-25min, linear gradient to 90% A; 25-26 min, back to 

5% A and hold for 7 min. The flow rate of the mobile phase was 200 µl/min, and the cycle time 

was 33 min/injection. The orbitrap mass spectrometer was operated under electrospray positive 

ion mode. The ionization voltage was set at +3.5 kV. Nitrogen was used as sheath, aux, and 

sweep gas with arbitrary units of 25, 20, and 3, respectively. The ion source and capillary 

temperature were at 300 ˚C and 325 ˚C, respectively. Mass calibration and tuning were done by 

infusing LTQ Velos ESI Positive Ion Calibration Solution (Thermo Fisher Scientific) before 

performing HPLC/MS analysis.  

 

Mass spectrometry data analysis: 

The Xcalibur software v. 2.2 (Thermo Fisher Scientific) was used for data acquisition and 

analysis. The acquisition was carried out in full scan mode with a mass range from 50 to 800 

amu with resolving power set to a nominal value of 120,000 at full-width half-maximum at m/z 

400.   The acquisition method was set using a chromatogram from the unlabeled sample and 

applied to the labelled sample to scan specific masses, yielding expected retention times in both 

instances. Isotopic masses were calculated for each of the 19 unlabelled amino acids, and 

expected masses were computed for deuterium(s) labelled sample. The masses for each amino 

acid were calibrated against a corresponding expected retention time chosen as an internal 

standard.   Data were extracted to yield areas and retention times related to unlabelled and heavy 
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labels of each amino acid. The main method parameters were as follows: mass tolerance, 10.0 

ppm; mass precision, 4 decimals. 

 

Results  

 

Figure 3.S1. Two dimensional 1H-15N HSQC spectrum of Pin1, along with its amino acid 

sequence. SDS-Page gel stained with Coomassie brilliant blue, showing the production and 

purification of poly histidine-tagged Pin1.  

 

 

Figure 3.S2. Biosynthesis of tryptophan from chorismate. Atom derived from phosphoribose 

are highlighted in blue. 
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Figure 3.S3. Inhibition of aromatic amino acid biosynthesis. Glyphosate inhibits 5-

enolpyruvylshimate-3-phosphate synthase (EPSP) activity, preventing the endogenous 

production of phenylalanine, tyrosine, and tryptophan. 

 

 

 

Figure 3.S4. Biosynthesis of histidine starting from ATP and PRPP Precursors. 
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Figure 3.S5. Threonine, methionine, and lysine biosynthesis starting from asparate. Atoms 

derived from NADPH (blue), 2H atoms derived from solvent (red). (1) Aspartokinase (2) 

asparate--semialdehyde dehydrogenase (3) homoserine dehydrogenase (4) homoserine kinase 

(5) threonine synthase. 

 

 

Figure 3.S6. Stereoselective incorporation of 2H from D2O into the H3 position in 

aspartate. Fumarase converts unlabeled fumarate supplied in the growth media into malate, with 

one 2H stereospefically incorporated from D2O. Malate is then metabolized within the TCA cycle 

to oxaloacetate which is converted into aspartate by trasnmination. 
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Table 3.S2: Isotope incorporation into Pin1 Amino Acids Monitored by Solution NMR 
and Mass Spectrometry Deuteration Analysis of Pin1 Amino Acids by Mass 

Spectrometry 

Amino acid Atom 

 Average Peak Intensities 
(NMR) 

Intensity 
Ratio 

Normalized 
Intensities 

Uniformly 
labeled Pin1 

(ULP) 

Selectively 
deuterated 
Pin1 (SDP) 

(SDP/ULP) x 
100 

((SDP/ULP) x 
100)/Peak 

Intensity of 

Met H1 
Amino 

acid Specie Area  
Percent 

deuteration 

    
 

     

Gly (2)    
 

 Gly    

 H1 158669 deuterated  
  D0 18273 2 

 H2 167272 deuterated  
  D2 715359 98 

    
 

  Sum 733632  

          

Ala (3)      Ala    

 H 182081 157240 86 68  D0 518396 39 

 H 768639 1067240 139 110  D1 385933 29 

       D2 47908 4 

       D3 106442 8 

       D4 259795 20 

       Sum 1318474  
Val          

 H Overlap deuterated   Val D0 110072  

 H 161427 deuterated    D2 7953956 83 

 H 744840 905119 122 97  D5 527523 5 

 H 923552 1146920 124 98  D8 1138821 12 

       Sum 9620300  
Leu          

 H 48173 deuterated   Leu Identical retention times with isoleucine 

 H 56138 deuterated       

 H 78996 deuterated       

 H 94222 deuterated       

 H 637868 766575 120 95     
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 H 656397 936386 142 113     

          

Ile      Ile Identical retention times with leucine 

 H 135195 deuterated       

 H 106910 deuterated       

 H 122074 deuterated       

 H 91071 deuterated       

 H 817524 780146 95 75     

 H21 631031 

CH3, CH2D and 
CHD2 

Isotopomers 6, 17, and 35 5, 13, and 28     

          

          

          

          

          

          

          

Met (2)      Met    

 H 200586 deuterated    D0 577552 10 

 H 151618 156247 103 82  D1 4933257 90 

 H 149486 153324 103 82  Sum 5510809  

 H 181798 216626 119 94     

 H 205129 234515 114 90     

 H 1853910 2330125 126 100     

          

Thr      Thr     

 H 238676 159589 67 53  D0 679688 16 

 H 138831 80146 57 45  D1 2171521 53 

 H 776555 1006920 130 103  D2 1185435 29 

       D3 35671 1 

       D4 33965 1 



102 

 

 

       D5 15811 0 

       Sum 4122091  

          

Tyr (2)      Tyr Digested   

 H 138360 deuterated       

 H 64623 deuterated       

 H 65660 deuterated       

 H 298977 596315 199 158     

 H 359718 deuterated       

 H 359718 deuterated       

 H 298977 596315 199 158     

          

Phe      Phe    

 H 86661 deuterated    D0 52673 0 

 H 81314 deuterated    D1 2550 0 

 H 70013 deuterated    D3 190076 0 

 H 295987 551683 186 148  D5 45638572 99 

 H 247442 deuterated    Sum 45883871  

 H 136071 226668 167 132     

 H 247442 deuterated       

 H 295987 551683 186 148     

          

Trp (2)      Trp Digested   

 H 112715 deuterated       

 H 60616 65188 108 86     

 H 71482 61531 86 68     

 H 259967 273954 105 83     

 H 186879 deuterated       

 H 143305 233073 163 129     

 H 133287 deuterated       
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 H 159286 268975 169 134     

          

His      His    

 H 128853 164933 128 102  D0 5079008 4 

 H 73896 86041 116 92  D1 105305730 91 

 H 79283 90339 114 90  D2 5336855 5 

 H 193902 302775 156 124  D3  70922 0 

 H 170228 227295 134 106  D4 54441 0 

       D5 25696 0 

       Sum 115872652  

          

Asp (2)      Asp     

 H 219528 deuterated    D0 374397 13 

 H 153806 234947 153 121  D1 1862323 65 

 H 151777 deuterated    D2 576004 20 

       D3 61325 2 

       Sum 2874049  

          

Asn (2)      Asn Converted to aspartate by acid hydrolysis 

 H 116366 deuterated       

 H 115957 156167 135 107     

 H 99332 deuterated       

          

Lys      Lys    

 H 191603 deuterated    D0 148156 5 

 H 118767 90643 76 60  D5 106567 4 

 H 110930 deuterated    D6 487320 17 

 H 108689 36598 34 27  D7 894943 32 

 H 108689 36598 34 27  D8 885570 31 

 H 169321 98476 58 46  D9 292839 10 

 H 169321 deuterated    Sum 2815395  
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 H2 363189 deuterated       

 H3 363189 deuterated       

          

Ser (3)      Ser    

 H 227324 deuterated    D0 213697 4 

 H 168427 173038 103 82  D1 4077986 67 

 H 175438 180232 103 82  D3 1784774 29 

       Sum 6076457  

          

Arg (2)      Arg     

 H 120376 deuterated    D0 971323 10 

 H 66965 deuterated    D3 296016 3 

 H 71470 deuterated    D5 1622432 17 

 H 81870 deuterated    D6 3319014 36 

 H 81555 deuterated    D7 3094418 33 

 H 182906 115634 63 50  Sum 9303203  

 H 182906 115634 63 50     

          

Glu (3)      Glu Converted to aspartate by acid hydrolysis 

 H 224340 deuterated       

 H 186473 deuterated       

 H 238464 deuterated       

 H Overlap deuterated       

 H Overlap deuterated       

          

Pro (3)      Pro    

 H 119505 deuterated    D0 333395 1 

 H 141317 deuterated    D5 11426389 22 

 H 138939 deuterated    D6 27067733 53 

 H 75219 deuterated    D7 12634287 25 

 H 94014 deuterated    Sum 51461804  
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 H 83328 46257 56 44     

 H 97432 56289 58 46     

          

Gln      Gln  Converted to aspartate by acid hydrolysis 

 H overlap deuterated       

 H 80714 deuterated       

 H 80714 deuterated       

 H 97799 deuterated       

  H 86058 deuterated             
* Peak intensities taken from a different selectively labelled sample 

(2) Average of two residues 

(3) Average of three residues
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Table 3.S3: Linewidth measurement for the stereoselectively deuterated aromatic amino 

acids, methyl groups, and methylene proton of aspartate and asparagine. 

NMR standard and amino acid residue Linewidths (Hz) 

DSS-d6 1.8 

M H 2.0 

Y H 2.0 

F H 2.0 

F H 2.8 

W H 2.8 

W H 3.0 

W H 3.0 

N H 3.0 

D H 3.0 

V H1and2 3.0 

L H1and2 3.0 

T H 3.0 

A H 3.0 

I H 3.0 
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Chapter 4 

 

Proton TOCSY NMR relaxation rates quantitate protein side chain mobility 

in the Pin1 WW domain 

 

A version of this chapter has been published as Danmaliki, G.I., Hwang, P.M. Proton TOCSY 

NMR relaxation rates quantitate protein side chain mobility in the Pin1 WW domain. J Biomol 

NMR 76, 121–135 (2022). PMH directed the research, designed the NMR pulse sequence, and 

acquired the NMR data. GID purified the protein constructs, analyzed the NMR experiments, 

and wrote the first draft of the manuscript. 

Summary 

Protein side chain dynamics play a vital role in many biological processes but differentiating 

mobile from rigid side chains remains a technical challenge in structural biology. Solution NMR 

spectroscopy is ideally suited for this but suffers from limited signal-to-noise, signal overlap, and 

a need for fractional 13C or 2H labeling. Here we introduce a simple strategy in which 1H 

relaxation rates are measured during a 1H TOCSY sequence like DIPSI-2, which can be 

appended to the beginning of any multi-dimensional NMR sequence that begins on 1H. The 

TOCSY RF field compels all 1H atoms to behave similarly under the influence of strong 

coupling and rotating frame cross-relaxation, so that differences in relaxation rates are due 

primarily to side chain mobility. We apply the scheme to a thermostable mutant Pin1 WW 

domain and demonstrate that the observed 1H relaxation rates correlate well with two 

independent NMR measures of side-chain dynamics, cross-correlated 13C relaxation rates in 

13CH2 methylene groups and maximum observable 3J couplings sensitive to the 1 side chain 

dihedral angle (3JH,H ,  3JN,H, and 3JCO,H). The most restricted side chains belong to Trp26 and 

Asn40, which are closely packed to constitute the folding center of the WW domain. None of the 

other conserved aromatic residues is as immobile as the first tryptophan side chain of the WW 

domain. The proposed 1H relaxation methodology should make it relatively easy to measure side 

chain dynamics on uniformly 15N- or 13C-labeled proteins, so long as chemical shift assignments 

are obtainable. 
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Introduction 

The power of nuclear magnetic resonance (NMR) spectroscopy lies in its ability to 

describe protein structure and how it changes as a function of time in solution at physiologic 

temperatures. Proteins are most mobile in their side chains, with a relatively rigid backbone 

except in the case of long loops and tails. In contrast, there is a high degree of variability 

between individual amino acid residues with respect to rotation along the Cα-Cβ bond defined by 

the χ1-dihedral angle. Steric considerations heavily favor three major rotamers (gauche+, gauche-

, and trans), each pointing the side chain towards one of three corners of a tetrahedron (Figure 

4.1a). More than half of the side chains in a protein are mobile with respect to the χ1 dihedral 

angle1,2, but which ones are mobile or rigid may not be evident from a structural model derived 

from conventional X-ray crystallography, cryo-EM, or NMR data. A transition between χ1 

rotamers can dramatically remodel the surface of a protein, potentially uncovering or obliterating 

a binding site, so it is important to know which side chains are mobile versus rigid. 

Traditionally, NMR has seen widespread application of 15N relaxation, because of its 

uniformity throughout the protein backbone and ease of magnetically isolating the 15N nucleus. 

Discerning side-chain mobility by NMR is technically more challenging because of the diverse 

and interconnected 1H and 13C spin networks present in the 18 different amino acids with a 

structurally distinct χ1 dihedral angle (not glycine or alanine). Previous attempts to examine side-

chain relaxation have focused on 2H or 13C relaxation. 2H relaxation is appealing because the 

local quadrupolar relaxation mechanism dominates all others and can be used to map spectral 

densities that reflect the magnitude and timescale of dynamic fluctuations3,4. The main 

drawbacks are the need for fractional deuteration and multiple magnetization transfer steps from 

1H to 13C to 2H and back again. 13C relaxation studies typically use fractional 2H and 13C labeling 

to produce magnetically isolated 13C-1H or 13C-1H3 groups. Because of the development of 

labeling methods that produce near-100% 13C-1H3 labeled methyl groups in an otherwise 12C, 2H 

background, methyl group relaxation has become dominant in 13C relaxation studies5. Of course, 

the drawback of this strategy is the lack of information about non-methyl-containing amino 

acids. 

An alternative approach to studying side-chain dynamics is cross-correlated relaxation in 

13C1H2-methylene groups, related to the ratio of signal intensities within the 13C1H2 multiplet 
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(triplet)6,7. The beauty of this approach is that it can be applied to a uniformly 13C,15N-labeled 

sample without deuteration and easily incorporated into conventional 3-D pulse sequences that 

provide the needed spectral resolution to resolve most signals in the protein. Yang and Kay have 

demonstrated a reasonable correlation between relaxation parameters obtained using this method 

and the more rigorous 2H relaxation techniques6. The drawback of this approach is the prolonged 

spin evolution time needed to separate out 13C1H2 multiplet components, substantially decreasing 

signal-to-noise relative to the original pulse sequences. 

Herein we propose that the measurement of 1H relaxation rates, while complicated by 

remote 1H-1H interactions, provides the most facile and versatile means for probing side chain 

dynamics in uniformly 15N- and/or 13C-labeled protein. 1H relaxation is complex because of 

multiple 1H-1H interactions, mediated via through-bond J couplings and through-space dipolar 

interactions. Both mechanisms are dependent on the chemical shift frequency difference between 

interacting 1H spins. J coupling evolution can proceed via "weak" or "strong" coupling, 

depending on the magnitude of the J coupling relative to the chemical shift frequency difference. 

As well, dipolar cross-relaxation for transverse magnetization, rotating-frame Overhauser 

enhancement (ROE), increases in contribution as the chemical shift frequency difference 

between interacting sites decreases. Because of these effects, it is preferable to apply a 

radiofrequency (RF) field so that all 1H nuclei in the protein behave similarly with respect to 

these phenomena, thus evolving with strong coupling and maximum ROE contribution. 

Moreover, since the purpose of the RF field is to achieve uniformity throughout the protein, it is 

preferable to use a mixing scheme that compensates for off-resonance effects, like DIPSI-2, so 

that all 1H nuclei in the protein evolve similarly regardless of their position in the spectrum 

(Figure 4.1b).  
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Figure 4.1 (a) The three major rotamers favored by the χ1 dihedral angle. (b) Pulse scheme used 

to measure 1H relaxation rates, using any multi-dimensional sequence preceded by a 1H TOCSY 

sequence such as DIPSI-2 

 

In the DIPSI-2 mixing scheme, magnetization starts along the z-axis and is rotated 

repeatedly clockwise or counter-clockwise around the x-axis by applied RF fields. Then the z-

component of the magnetization relax according to   

𝑑𝛥𝐼𝑧,1(𝑡)

𝑑𝑡
= −𝜌𝑧,1𝛥𝐼𝑧,1(𝑡) −  𝜎1,2

𝑁𝑂𝐸𝛥𝐼𝑧,2(𝑡)   [1] 

Where 𝛥𝐼𝑧,1(𝑡) =  𝐼𝑧,1(𝑡) − 𝐼𝑧,1
0   , and 𝐼𝑧,1

0  is the equilibrium magnetization of spin-1 along the 

+z-axis. z,1 is the longitudinal auto-relaxation rate for spin-1 and 𝜎1,2
𝑁𝑂𝐸  is the longitudinal cross-

relaxation rate for spin-1 as it depends on spin-2. In the slow tumbling limit, where 𝜔0𝜏𝑐  ≫ 1, 

𝜎1,2
𝑁𝑂𝐸 = −𝜌𝑧,1 =

−ℏ2𝜇0
2𝛾𝐻

4 𝜏𝑐

160𝜋2𝑟𝐻1,𝐻2
6  [2] 

Thus, when spins 1 and 2 have the same direction and magnitude, the longitudinal auto-

relaxation term −𝜌1𝛥𝐼𝑧,1(𝑡) cancels out the cross-relaxation term, 𝜎1,2
𝑁𝑂𝐸𝛥𝐼𝑧,2(𝑡), which is to say 
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that longitudinal relaxation effects are very small when all the 1H nuclei (including H2O) start off 

along the +z-axis and evolve similarly under the influence of the DIPSI-2 mixing sequence.  

For the transverse components of the magnetization, 

𝑑𝐼𝑦,1(𝑡)

𝑑𝑡
= −𝜌𝑦,1𝐼𝑦,1(𝑡) − 𝜎1,2

𝑅𝑂𝐸𝐼𝑦,2(𝑡)                   [3] 

In contrast to the situation for the longitudinal component magnetization, for the transverse 

magnetization component, the auto- and cross-relaxation terms have the same (rather than 

opposite) signs. 𝜎1,2
𝑅𝑂𝐸  has a sign opposite to 𝜎1,2

𝑁𝑂𝐸 and double the magnitude: 

𝜎1,2
𝑅𝑂𝐸 =

4𝜌𝑦,1

5
=

ℏ2𝜇0
2𝛾𝐻

4 𝜏𝑐

80𝜋2𝑟𝐻1,𝐻2
6  [4] (Bothner-By et al. 1984) 

Thus, the effect of cross-relaxation is to approximately double the observed transverse relaxation 

rate relative to auto-relaxation (rather than canceling out to zero as for longitudinal 

relaxation)(Bothner-By et al. 1984). During a DIPSI-2 mixing sequence, magnetization is rotated 

around the x-axis, wherein transverse auto- and cross-relaxation (ROE) dominate the relaxation 

of 1H spins. 

Within a methylene CH2 group, the geminal dipolar interaction is at least 8 times stronger 

than any other 1H-1H interactions due to the r-6 distance dependence (1.8 Å distance between 

geminal protons versus >2.55 Å for vicinal protons). Thus, due to cross-relaxation, geminal 

proton pairs within a single methylene group would be expected to have very similar relaxation 

rates. While "mixing" also occurs with respect to more remote proton pairs, the impact of more 

remote protons is minor compared to the local interactions within a single CH2 group. 

As the spins evolve under the influence of the applied RF field, strong J-coupling also 

causes magnetization transfer between interacting spins: 

𝐼𝑧,1(𝑡)  →  
1

2
(𝐼𝑧,1(1 + cos 2𝜋𝐽𝑡) + 𝐼𝑧,2 (1 − cos 2𝜋 𝐽𝑡)) +

1

2
(2𝐼𝑦,1𝐼𝑥,2 − 2𝐼𝑥,1𝐼𝑦,2) sin 2𝜋𝐽𝑡 [5] 9 

𝐼𝑧,2(𝑡)  →  
1

2
(𝐼𝑧,2(1 + cos 2𝜋𝐽𝑡) + 𝐼𝑧,1 (1 − cos 2𝜋 𝐽𝑡)) +

1

2
(2𝐼𝑦,2𝐼𝑥,1 − 2𝐼𝑥,2𝐼𝑦,1) sin 2𝜋𝐽𝑡 [6] 9 

Similar equations can be written for magnetization components along the x- and y-axes. It will 

be noted that if 𝐼𝑧,1 and 𝐼𝑧,2 are both present at their equilibrium populations at time zero and 

both spins have the same relaxation rates, then there is no net transfer of magnetization. 
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However, if the two spins have different relaxation rates, then net magnetization transfer will 

occur as the magnetization of the two spins begin to diverge in magnitude. As we have pointed 

out above, the geminal protons in a CH2 group will have nearly identical transverse relaxation 

rates due to cross-relaxation, so the majority of magnetization transfer due to strong coupling 

will be between vicinal protons. The maximum 1H-1H 3J coupling observed in proteins is about 

14 Hz, so in this case, according to Equations [5] and [6], magnetization would be fully 

interchanged between two strongly coupled spins by time 1 / (2J) = 36 ms. Thus, we recommend 

measuring relaxation rates much shorter than this, and ideally less than 18 ms, when the strong 

coupling-mediated transfer reaches its maximal rate (if relaxation effects are ignored). Moreover, 

we recommend only measuring initial relaxation rates (for instance, so that the most rapidly 

relaxing 1H signals do not decay to less than half of their starting signal) to further minimize 

magnetization transfer, so that shorter relaxation delays well below 18 ms should be employed as 

the size of the protein system examined increases. Thus, the confounding effect of strong 

coupling becomes less as larger systems are used, though we demonstrate that this methodology 

is effective in the smallest of protein domains. 

To demonstrate the validity of this approach, we measure 1H RDIPSI-2 relaxation rates in 

the human Pin1 WW domain. We also compare 1H relaxation rates of -CH2 methylene groups 

with their corresponding 3-bond J couplings that are sensitive to the 1-dihedral angle, 3JH,H ,  

3JN,H, and 3JCO,H. The 1H relaxation rates and J couplings attain maximum values when the 

protein side chain is rigid, whereas rapid rotation about the 1-dihedral angle markedly decreases 

both. Correlation between these two independent measures of side chain mobility indicates that 

1H relaxation rates, like J couplings, can be a reliable measure of side chain mobility. 

We thus propose to measure TDIPSI-2 relaxation rates throughout a protein by appending a 

short DIPSI-2 mixing sequence to the beginning of any pulse sequence in which magnetization 

starts off on the 1H nucleus of interest. The subsequent pulse sequence could be any 2D or 3D 

pulse sequence in which magnetization starts on 1H (Figure 4.1b). Relaxation rates can be 

measured by comparing signal intensities of the conventional pulse sequence compared with 

decreased signal intensities when a short DIPSI-2 element is applied at the beginning. 
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Materials and Methods 

A mutant form of human Pin1 WW domain with N-terminal His-tag was overexpressed 

in E. coli bacteria and purified as previously described, with uniform 15N or 15N,13C isotope 

enrichment10. For NMR samples, protein concentration was 1 mM, with 10 mM imidazole, pH 

6.7, 100 mM KCl. 

Standard Varian VnmrJ Biopack NMR experiments were run at 30C using a Varian 

Inova 500 MHz spectrometer equipped with z-axis gradients and room temperature triple 

resonance probe. 

For J coupling measurement experiments, the 3D out-and-back HNHB experiment was 

performed on an 15N-labeled sample11,12. The intensity of cross-peaks was proportional to 

𝑠𝑖𝑛2 (𝜋𝐽𝑡), where time t = 28 ms for evolution of the 3JN,H coupling, and this was used as a 

numerator in a ratio. A 2D HNHB control experiment in which 15N magnetization is not 

transferred to HB was used as the denominator. However, we decided not to use the data to 

calculate exact J couplings due to systematic error in comparing intensities in the 3D experiment 

with the 2D control. Instead, we elected to keep the ratio of the sine squared cross-peak to the 

diagonal peak control and present this normalized against the highest value found in the protein 

(which would correspond to the highest observed J coupling). Errors were estimated as the noise 

level divided by the cross-peak intensity. 

We employed an approach like the HNHB experiment for the HN(CO)HB experiment. 

Again, we maintained the ratio of the 𝑠𝑖𝑛2 (𝜋𝐽𝑡) cross-peak to the diagonal peak control. The 

time interval used for the evolution of the 3JCO,H coupling was 25 ms. 

For the 3JH,H coupling, we used a different approach. We used the standard 1H-TOCSY-

13C-HSQC 3D pulse sequence but modified the TOCSY mixing element from DIPSI-2 to DIPSI-

2rc, which is modified to contain delays in which the magnetization is aligned along the z-axis, 

to cancel out ROE and NOE effects. Unlike the HNHB and HN(CO)HB, which are out-and-back 

experiments, the 1H-TOCSY-13C-HSQC experiment transfers magnetization to vicinal protons 

via strong coupling so that cross-peak intensity is dependent on 𝑠𝑖𝑛 (2𝜋𝐽𝑡) rather than 

𝑠𝑖𝑛2 (𝜋𝐽𝑡). It is not possible to run an equivalent 2D diagonal control spectrum as for HNHB 

and HN(CO)HB, so the data from this experiment is presented as the maximum observed ratio of 

Hβ2/Hβ3 or Hβ3/Hβ2 peak intensities. 
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For TDIPSI-2 experiments, a 5 kHz 1H DIPSI-2 pulse element was appended to the 

beginning of the 3D 1H-TOCSY-15N-HSQC (22 ms mixing time, 15N-labeled sample), 3D 

CBCACONH (22 ms mixing time), 2D 13C-HSQC (11 ms mixing time, 15N,13C-labeled sample 

in D2O buffer), or 3D 1H-TOCSY-13C-HSQC (11 ms mixing time, 15N,13C-labeled sample in 

D2O buffer). We kept the 1H carrier frequency on water during the DIPSI-2 sequence, but upon 

further review, we think it would have been more appropriate to centre it at about 2.5 ppm to 

ensure better coverage of upfield 1H signals. A recycle delay of 2 s was used. Peak intensities 

were compared to the same experiment without the DIPSI-2 pulse element, and the ratio was 

used to calculate RDIPSI-2 rates. Like the J coupling data, these were also normalized to the fastest 

RDIPSI-2 rate found in the protein. Errors for the normalized values were estimated based on the 

express 

√(
𝛥1

𝐼1
)

2

+ (
𝛥2

𝐼2
)

2

 

Where I1 and I2 are the intensities of the peaks used and 𝛥1 and 𝛥2 are the noise estimates of the 

associated spectra. 

We recorded a 3D CBCA(CO)NH experiment to measure cross-correlation relaxation 

rates between 1H-13C dipoles of C methylene groups using the indirect detection of 13C triplet. 

The relaxation rates were calculated based on the deviation of the triplet intensities from 1:2:1 

using the equation below6,7,13,14.  

 =  −
1

4𝑇
 𝑙𝑛 

{4 ×𝐼out1×𝐼out2}

{𝐼c}2
    [7] 

where 𝐼out1, 𝐼out2, and 𝐼𝑐 are the intensities of the outer lines 1 and 2 and the central line, 

respectively, and T is the constant time evolution period for the 13C nucleus (22 ms), set to 

about 3/(4J) for the one-bond C-C J coupling.  

Results and Discussion 

Pin1 backbone dynamics 

The mutant Pin1 WW domain protein used in this study contains 53 amino acid residues. 

The first 15 residues comprise a His-tag with a flexible Gly- and Ser-rich linker, which is not 

readily observable in the 1H-15N HSQC spectrum due to solvent-amide exchange and signal 
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overlap. The native sequence begins at residue 16 in our construct. The structure comprises three 

antiparallel -strands, with residues 22-53 visible in the X-ray crystal structure (Figure 4.2)15. In 

agreement with the crystal structure, 15N T1 and T2 (from T1) times indicate that the backbone of 

these residues is rigid throughout the WW domain, with significant mobility seen only N- and C-

terminal to the structured core (residues 16-21 and 53) (Figure 4.S1). The similarity of backbone 

15N T1 and T2 values indicate that this small protein (30-residue structured core) tumbles in the 

extreme narrowing regime at 30 C, wherein the spectral densities J(0) and J(N) are of similar 

magnitude, as opposed to the slow tumbling regime in which J(0) dominates. 

 

 

Figure 4.2 (a) Crystal structure of the human Pin1 protein rotated along its long axis showing the 

antiparallel -strands in green (PDB id 2F21). (b) Sequence of the mutant Pin1 used in this study 

versus wild type. The antiparallel -strands residues are highlighted in green  
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Table 4.1. Chemical shifts and normalized values for maximum observed 3J-couplings and1H RDIPSI2 relaxation rates for the mutant 

human Pin1 WW domain. C cross-correlated relaxation rates have not been normalized. In the last column, the predominant rotamer 

is determined by comparing H2 with H3 intensities in the NMR experiments used to derive J couplings, but this is not always 

possible if the NMR signals are overlapped or degenerate. We label the residue “mobile” or “restricted” in such cases based on the 

available relaxation data. Generally speaking, “mobile” residues have normalized values <0.55, while “restricted” residues have 

normalized values >0.55. The value is left blank if the residues has no  CH2 group (A,G,I,V,T) or if there was insufficient data. 

Residue Atom 

Chemical 
shifts 
(ppm) 

3J 

HH 

3J 

HNH 

3J 

HN(CO)H 

1H RDIPSI2 
from 15N 
TOCSY 

1H RDIPSI2 
from 13C 
TOCSY 

1H RDIPSI2 
from 

CBCACONH 
CC(CO)NH (

s-1) Predominant Rotamer 

           

M16 H2/H3 2.05/2.05    0.39 0.31 0.28  Mobile 

           

A17 H 1.42 a   0.28 0.16 0.18   

           

D18 H2/H3 2.64/2.74 0.42 0.35 0.34 0.31 0.29 0.34 -1.46 Mobile 

           

E19 H2/H3 2.08/1.99  0.40  0.31 0.30 0.35 -2.17 Mobile 

           

E20 H2/H3 2.03/1.83    0.42 _ 0.31 -1.13 Mobile 

           

K21 H2/H3 1.87/1.79  0.33  0.31 0.13 0.42 -1.66 Mobile 

           

L22 H2/H3 1.45/1.85 a b  0.74 0.71   Restricted 

           

P23 H2/H3 2.63/2.02 0.45    0.79   Restricted 

           

P24 H2/H3 1.91/2.36 0.39    0.60 0.53 -4.42 Restricted 

           

G25 H2/H3 4.05/3.33    0.62 0.53 0.68 -7.20  
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W26 H2/H3 3.27/2.99 1.00 1.00  0.89 0.82 0.88 -10.64 Gauche+ 

           

E27 H2/H3 2.22/2.32  0.40 0.47 0.45 0.30 0.46 4.06 Mobile 

           

K28 H2/H3 1.78/1.66 0.50 0.54 0.57 0.26 0.54 0.58 -2.53 
Averaged between 
Trans and Gauche+ 

           

R29 H2/H3 0.09/1.32 0.70 0.79 0.27 0.69 0.70 0.78 -7.64 Gauche+ 

           

M30 H2/H3 1.98/1.89 0.38 0.41 0.50 0.16 0.28 0.37 0.30 Mobile 

           

S31 H2/H3 4.53/4.23     0.22   Mobile 

           

A32 H 1.53     0.33 0.31   

           

D33 H2/H3 2.98/2.67  0.43 0.87  0.54 0.53 -5.85 Gauche- 

           

G34 H2/H3 4.23/3.79    0.67 0.52 0.59 -5.34  

           

R35 H2/H3 1.96/2.05    0.32  0.63  Mobile 

           

V36 H 2.01  b  0.23 0.24 0.38   

 H11/H21 0.81/1.07     0.31/0.15    

           

Y37 H2/H3 2.46/2.79 0.39 0.89 0.95  1.00 1.00 -8.76 Gauche- 

           

Y38 H2/H3 2.69/2.94 0.88 0.90  0.75 0.73 0.93 -6.40 Gauche+ 
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F39 H2/H3 2.89/2.61 0.60 0.31 0.94 0.84 0.93 0.78 -7.98 Trans 

           

N40 H2 -0.06 1.00 0.31 1.00 1.00 0.65 0.84 -6.97 Trans 

 H3 2.00         

           

H41 H2/H3 3.30/3.08  0.81 c   0.62 -2.15 Gauche- 

           

I42 H 2.02 a b   0.46 0.42   

 H21/H11 0.79/0.76     0.30/0.12    

           

T43 H 4.25 a 0.84 b  0.40 0.28   

 H21 0.96     0.26    

           

N44 H2/H3 3.14/2.92 0.51 0.69 0.44 0.48 0.28 0.37 0.54 
Averaged between 
Trans and Gauche+ 

           

A45 H 1.26 a   0.22 0.26 0.26   

           

S46 H2/H3 3.84/3.79  0.46 0.40 0.43 0.67 0.47 0.54 Mobile 

           

Q47 H2/H3 2.24/2.56  0.62 0.79   0.68 -12.02 Gauche- 

           

W48 H2/H3 3.22/3.67 0.82 0.92 0.30 0.70 0.62 0.70 -9.03 Gauche+ 

           

E49 H2/H3 1.91/1.91  0.68  0.49 0.36   Mobile 

           

R50 H2/H3 1.45/1.45     0.60    
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P51 H2/H3 0.84/0.63 0.61    0.47 0.49 -2.87 Mobile 

           

S52 H2/H3 3.81/3.75 0.36 0.30 0.45 0.49 0.35 0.26 -1.70 Mobile 

           

G53 H2/H3 3.78/3.78    0.11 0.15      
a Single H peak, but no second H peak for quantitative 3J coupling estimation. 

b Peak present in HNHB spectrum, but the overlapped signal in 2D reference spectrum prevents quantitative 3J coupling measurement. 

c Peak present in HNCOHB spectrum but overlapped signal in 2D reference spectrum prevents quantitative 3J coupling measurement.     
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1H RDIPSI-2 relaxation rates 

We measured initial 1H relaxation rates during a DIPSI-2 time interval for the Pin1 WW 

domain, with normalized rates shown in Table 4.1.  

The 3D 1H-TOCSY-15N-HSQC experiment yielded 1H RDIPSI2 relaxation rates for most 

 groups in the Pin1 WW domain. The experiment suffers from variable signal-to-noise 

depending on the size of the 3-bond 1H J couplings used to relay magnetization from Hβ to the 

backbone HN, smallest for the side chain χ1 gauche- rotamer and for helical backbone ϕ dihedral 

angles. Fortunately, in the small β sheet WW domain, signal-to-noise was sufficient for most 

residues. However, for larger helical proteins, pulse sequences that transfer magnetization via 

13C-13C couplings would be preferable. 1H RDIPSI2 relaxation rates vary substantially as one goes 

through the sequence of the Pin1 WW domain (Table 4.1, Figure 4.S2a). The most rapid 1H 

RDIPSI2 relaxation rate observed in the 3D 1H-TOCSY-15N-HSQC belongs to Asn40 , with 

a relaxation rate of 28.8 s-1, corresponding to a time constant of 34.7 ms. For comparison 

purposes, this rate was assigned a value of 1, and all other rates observed in the protein were 

normalized to this value. The  protons of Asn40 have unique and divergent chemical shifts, 

consistent with a rigid side chain. Additional residues with rapid 1H RDIPSI2 relaxation rates 

include the following: Leu22 (0.74), Trp26 (0.89), Arg29 (0.69), Tyr38 (0.75), Phe39 (0.84), and 

Trp48 (0.70). These residues possess a rigid backbone structure, as indicated by the backbone 

15N relaxation (Figure 4.S1). Consistent with expectations, hydrophobic aromatic residues 

(F,W,Y) possess some of the fastest relaxation rates. Aromatic rings frequently make important 

contacts with both hydrophobic and polar residues. Changes in the side chain 1 dihedral angle 

drastically re-position the bulky inflexible aromatic ring, making transitions less likely. 

Interestingly, all the rigid non-aromatic residues possess  chemical shifts that are highly 

divergent from  whereas mobile residues have more similar chemical shifts. It is likely that 

divergent methylene chemical shifts are a specific indicator for side chain rigidity, whereas 

similar methylene chemical shifts are not necessarily specific for mobility. 

Glycine residues are unique in that they have a methylene CH2 group at the  position. 

According to backbone 15N relaxation (Figure 4.S1), Gly25 and Gly34 residues tumble like the 

rest of the WW domain, whereas Gly53 at the C-terminus is flexible. Gly25 and Gly34 have 

normalized 1H RDIPSI2 relaxation rates slower than the most rigid CH2 groups, 0.62 and 0.67, 
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respectively. This is reflective of there being fewer vicinal 1H-1H dipolar interactions as well as 

some increased mobility at the Gly positions, as gauged by 15N relaxation. The 1H RDIPSI2 

relaxation rates at non-glycine H positions are generally slower than for H methylene groups 

due to the absence of short-range dipolar 1H-1H interactions found in methylene groups (Table 

4.S1). Relaxation rates at H depend on vicinal and more distant 1H-1H interactions that rely on 

backbone and side chain dihedral angles, making them a less reliable indicator of backbone 

dynamics than 15N relaxation.  

1H RDIPSI2 relaxation rates were also measured using the 3D 1H-TOCSY-13C-HSQC 

sequence, as shown in Table 4.1 and Figure 4.S2b. Tyr37 had the fastest relaxation rate of 32.6 s-

1, and we normalized other relaxation rates in the protein against this value. Consistent with the 

3D 1H-TOCSY-15N-HSQC experiment, the same residues display rapid relaxation rates at the  

position: Leu22 (0.71) Trp26 (0.82), Arg29 (0.70), Tyr38 (0.73), Phe39 (0.93), Asn40 (0.65), 

and Trp48 (0.62). Additional sites in the protein are also accessible to this NMR experiment, 

suggesting some rigidity in the following residues as well: Pro23 (0.79), Pro24 (0.60), Tyr37 

(1.00), and Arg50 (0.60). There are many more NMR signals obtainable via the 3D 1H-TOCSY-

13C-HSQC experiment. For instance, proline residues are only accessible via the 13C 

experiments, as are additional sites further down the larger side chains. For the most part, the 1H 

relaxation rates along long side chains line up well with expectations, with slower relaxation 

rates observed as one moves further away from the backbone (Table 4.S1). 

We initially hoped that the 3D 1H-TOCSY-13C-HSQC experiment would yield better data 

than the 3D 1H-TOCSY-15N-HSQC experiment because of superior signal-to-noise.  However, 

spectral distortions arising from the water peak and the 1H-1H diagonal make data obtained from 

the 1H-TOCSY-13C-HSQC experiment less reliable. It was possible to obtain 1H relaxation data 

for any 1H atom via a diagonal peak or cross-peaks wherein magnetization was transferred to 

geminal or vicinal protons. The strongest signal-to-noise, often by an order of magnitude, is seen 

in the diagonal peaks, but we have found that data from these diagonal peaks are unreliable 

compared with that from cross-peaks or other data presented in this manuscript. Thus, for 1H 

relaxation rates derived from the 3D 1H-TOCSY-13C-HSQC experiment, we used the cross-peak 

with the strongest intensity if there was one above a minimum threshold. We averaged the value 
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with other cross-peaks within 50% of that intensity, with the standard deviation of those values 

used for error bar estimation (see Figure 4.S2b). 

Figure 4.S2c compares the relaxation rates derived from 3D 15N-TOCSY-HSQC against 

the 13C TOCSY-HSQC experiment. It is important to note that there were some discrepancies 

between the 1H RDIPSI2 relaxation rates measured using the 3D 1H-TOCSY-13C-HSQC versus the 

1H-TOCSY-15N-HSQC experiment, most notably for Lys28 H (0.54 vs. 0.26), Asn40 H (0.65 

vs. 1.00), Asn44 (0.28 vs. 0.48), and Ser46 H (0.67 vs 0.43). We suggest that for these 

discrepancies, the values obtained from the 3D 1H-TOCSY-13C-HSQC experiment are less 

reliable due to spectral distortions, as discussed above. 

Table 4.1 also shows 13C RDIPSI2 relaxation rates measured from the CBCACONH 

experiment. The most rapid C to relax in Pin1 belongs to Tyr37 (32.6 s-1), and we normalized 

other values found in the protein against it (Figure 4.S2c). Consistent with both 1H relaxation 

experiments, same residues Trp26, Arg29, Tyr38, Phe39, Asn40, and Trp 48 display rapid 

RDIPSI2 relaxation rates of 0.88, 0.78, 0.93, 0.78, 0.84, and 0.70. Importantly, the CBCACONH 

experiment was unaffected by spectral distortions observed in the 13C TOCSY-HSQC 

experiment, making data obtained from this experiment reliable. We also measured C RDIPSI2 

relaxation rates (Table 4.S1). We compare spectra from the CBCACONH experiment in Figure 

4.3 to demonstrate the effect of the DIPSI2 mixing scheme on a rigid residue, Y37, and a flexible 

residue, N44. After 22 ms, the C and C intensities of Y37 decreased by ~33% and ~50%, 

whereas both in N44 reduced by ~22%. 
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Figure 4.3 Effect of the DIPSI2 mixing scheme on rigid Y37 and a rotamer-averaging N44. 

CBCACONH strip plots taken at 0 ms (a), (d), and the corresponding region at 22 ms (b), (e). 

Cross-sections of the peaks highlighted in the strip plots are shown in (c) and (f). 

 

Cross-correlated relaxation rates of Pin1 residues 

Table 4.1 also displays cross-correlated relaxation rates  derived from a CBCA(CO)NH 

experiment without 1H decoupling during 13C evolution in the indirect 13C dimension.  values 

range from +4.06 s-1 for flexible residues like Glu27 down to -12.02 s-1 for Gln47 (-7.20 for 

Gly25 H - note that only glycine residues have comparable cross-correlated relaxation at the  

position in the CBCACONH experiment). The methylene groups of the rigid residues: Trp26, 

Arg29, Tyr37, Tyr38, Phe39, Asn40, Trp48 show cross-correlated relaxation rates of -10.64, -

7.64, -8.76, -6.40, -7.98, -6.97, and -9.03, while the flexible Glu27, Met30, Asn44, and Ser46 

exhibit positive rates of +4.06, 0.30, 0.54, and 0.54. It is interesting to note that in the original 

CBCACONH cross-correlated relaxation experiment described by Kay and co-workers, 

performed on drk SH3 domain, there were no positive cross-correlated relaxation rates, 
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indicating that the outer components of the 13C triplet have slower relaxation rates than the 

central line. This would be expected for the case where there is no internal side chain mobility or 

limited side chain mobility. However, the presence of positive cross-correlated relaxation rates 

confirms the presence of very fast side chain rotamer transitions between the major rotamers, 

faster than the overall tumbling of the WW domain, so that the magnetic fields of anti-parallel 1H 

spins in the central methylene 13C transition destructively interfere, instead of the constructive 

interference one would expect based on the tetrahedral 109 angle between 13C-1H dipoles. One 

would expect that these rapid transitions occur in all proteins and not just in the WW domain as 

we have observed, except that in larger proteins (which includes all folded domains), the J(0) 

spectral density contributed by overall tumbling as described by the order parameter S2 becomes 

more dominant, so that only negative cross-correlated relaxation rates are observed, even for a 

domain as small as an SH3 domain (though it is about double the size of the WW domain). 

Interestingly, Zheng and Yang observe positive cross-correlated relaxation rates in the flexible 

lysine side chains of intestinal fatty acid binding protein (Zheng and Yang 2004). For 

comparison to 1H RDIPSI2 relaxation rates, we converted the values to a linear scale of 0 (for 

Glu27) to 1 (for Gln47) in Figure 4.S3. 

1 dihedral angle estimated using maximum observed 3J couplings 

Accurate measurements of 3-bond scalar coupling constants from 3JH-H, 3JN-H, and 3JCO-

H experiments are critical for stereospecific chemical shift assignment of -methylene protons 

and determination of the side chain 1 rotameric state. J couplings also provide an alternative 

independent method to assess the validity of using relaxation measurements to gauge 

conformational dynamics. 

For measuring J couplings, we used quantitative methods that transfer magnetization 

from 15N or 13CO to H2 and H3 and then back. For instance, the three-bond J coupling 3JN-H is 

measured in the HNHB experiment by comparing the intensity ratio of the cross-peaks of the N-

H correlations in the 3D spectrum to the diagonal N correlation in the 2D reference spectrum 

(similar amount of time spent on the 15N nucleus, but 1H-15N couplings refocused): 

𝐼𝑁−𝐻𝐵

𝐼𝑁
= 𝑠𝑖𝑛2(𝜋𝐽𝑡)  
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where t is the time spent evolving the 15N magnetization to H2/3, with a second identical 

interval, t, evolving the magnetization from H2/3 back to 
15N. Since the couplings reported in the 

literature for N-H or CO-H are < 11 Hz11,12,16, we simulated the intensity ratio for 0 < J < 11 

Hz. Figure 4.4a shows a parabolic correlation comparing the 𝑠𝑖𝑛2(𝜋𝐽𝑡) term to J. By applying a 

square root, √𝑠𝑖𝑛2(𝜋𝐽𝑡), an approximately linear correlation can be achieved for this range of Jt 

values, because sin πJt ~ πJt for small values of πJt. Thus, we use √𝑠𝑖𝑛2 (𝜋𝐽𝑡) as proportional to 

the J coupling value and normalize the result against the highest value found in the protein. We 

chose not to estimate absolute values for the J couplings because this would introduce systematic 

error in comparing the 3D HNHB experiment with its 2D reference spectrum, and we are mainly 

interested in the normalized values for this study. 

 According to the Karplus equation, 3-bond J couplings achieve their maximum value 

when the interacting nuclei are oriented trans to each other and take on smaller values when they 

are at 60 (corresponding to the other major rotameric states). Since the accuracy of our J 

couplings measurements depends on signal intensity, we chose to focus on the maximum 

observable J coupling. The maximum observable values in the protein correspond to rigid side 

chains in which interacting nuclei are fixed in a trans orientation. With increasing mobility, the 

nuclei “wiggle” away from the trans position or jump to other rotameric states, decreasing the 

maximum observed J coupling, down to 33% in theory, assuming a minimum J coupling of 

around 0 Hz and complete averaging about the 3 major rotameric states. 

For 3J couplings, we employed a 1H DIPSI-2rc TOCSY-13C-HSQC sequence to relay 

magnetization from Hβ to Hα and then to HN, in which delays are introduced into the DIPSI-2 

pulse train while the magnetization is oriented along the z-axis in such a way that NOE and ROE 

cancel out17. However, because this is not an out-and-back experiment, there is no 2D reference 

experiment. Thus, we used a different approach to estimating relative J-couplings by taking the 

larger of the cross-peak intensities (corresponding to H2 or H3) divided by the lesser intensity. 

The most rigid side chains give rise to the largest quotients, which tend towards 1 for rapid 

rotameric averaging. The 3J couplings previously reported in the literature range between < 4 

Hz for gauche substituents and > 10 Hz for trans substituents, with an intermediate 6-8 Hz for 

disordered side-chains in equilibrium between two or three of the major rotamer 

conformations18. Since the cross-peak intensity is dependent on 𝑠𝑖𝑛 (2𝜋𝐽𝑡), we simulated the 
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quotient sin (2𝜋𝐽𝑡) 𝑚𝑎𝑥/ sin  (2𝜋𝐽𝑡) 𝑚𝑖𝑛 versus J within the range 6 < J < 14 Hz, 

corresponding to rotameric averaging between 3 states, with the trans state having a theoretical J 

coupling of 14 Hz (max) and the gauche states, 2 Hz (min) (Figure 4.4b). Taking the square root 

of the quotient sin (2𝜋𝐽𝑡) 𝑚𝑎𝑥/ sin  (2𝜋𝐽𝑡) 𝑚𝑖𝑛 converts an exponential-like function into a 

roughly linear correlation, suggesting the such a term would be roughly proportional to 3J-

couplings.  

 

 

Figure 4.4 Correlation plot of simulated cross-peak intensity ratio against 3J couplings of 

HNHB/HN(CO)HB experiment (a) and HH experiment (b). In both plots, taking the square 

root of the simulation converts an exponential to a linear correlation, providing a reasonable 

estimate of J-couplings  
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The estimation of maximum measured 3J-coupling for Pin1 residues 

We thus obtained measures proportional to 3JN,H, 3JCO,H, and 3J couplings and normalized 

them against the maximum values observed in the protein (Table 4.1 and Figure 4.S4). Residues 

with a single dominant 1-rotamer are expected to display large couplings in two of the three J 

coupling measurement experiments, and the normalized couplings should be the same in theory 

(though for 3J compared to the others, this is only approximate). We excluded residues for 

which we could not obtain precise measurements due to signal overlap or poor signal-to-noise. 

Figure 4.S5 shows the normalized maximum 3J-coupling plotted against the human Pin1 

sequence for residues with a complete data set. Consistent with the 1H relaxation experiments, 

Trp26 and Asn40 residues possessed the maximum observed 3J values (normalized to 1.0), 

confirming that the side chains of these residues are the most immobile in the entire protein. 

Based on the J-couplings, we can differentiate residues into three groups: 1) rigid residues with a 

single dominant 1 dihedral angle conformation (Trp26, Arg29, Asp33, Tyr37, Tyr38, Phe39, 

Asn40, His41, Gln47, and Trp48) as highlighted in Figure 4.5; 2) residues averaging between 

two 1 dihedral angle rotamers (Lys28 and Asn44); and 3) flexible residues averaging equally 

between all three 1 dihedral angle rotamers (Met16, Asp18, Glu19, Glu20, Lys21, Glu27, 

Arg35, Ser46, Glu49, Ser52) (Table 4.1). Excluded from these groups are residues with no 1 

dihedral angle (Gly, Ala), residues without a -methylene group (Ala, Thr, Ile, and Val), and any 

residues lacking sufficient data (Pro and others).  

 

Figure 4.5 The crystal structure of the human Pin1 protein shows side chains for which NMR J-

coupling experiments have defined a dominant 1 dihedral angle. The side chains of Trp26, 

Tyr38, Asn40, and Gln47 are clustered on one side of the sheet as shown in (a), while side chains 
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of Arg29, Asp33, Tyr37, Phe39, His41 and Trp48 constitute a surface on the other side as shown 

in (b). Flexible side chains interacting with the rigid residues are highlighted in light teal  
 

Rigid Pin1 residues adopting a single dominant 1 dihedral angle rotamer 

According to 3J coupling experiments, the most restricted side chains in the Pin1 WW 

domain belong to Trp26 and Asn40. The side chain of Asn40 is packed against the plane of the 

Trp26 indole ring, giving Asn40 the most unique and upfield-shifted H chemical shifts in the 

entire protein (-0.60 and 2.00). The side chain amide HN of Asn40 hydrogen bonds with the -

cloud above the plane of the Trp26 indole ring nitrogen 19, as shown in Figure 4.6. The other HN 

forms a hydrogen bond with the backbone carbonyl of Pro24. The side chain amide oxygen of 

Asn40 additionally forms two strong hydrogen bonds with the backbone amide HN of Ile42 and 

Thr43. Thus, the side chain of Asn40 forms no fewer than four hydrogen bonds, 3 of which are 

with the backbone. The backbone of Asn40 hydrogen bonds with the backbone HN of Asn44 and 

Ala45, forming an unusual 5-residue short loop structure that connects the second and third -

strands. The Trp26-Asn40 dyad, sitting on the first two -strands, constitutes the central folding 

core of the WW domain (see Figure 4.6). The indole side chain of Trp26, which belongs to the 

first -strand, forms packing interactions with Gln47 of the third -strand, and Pro23 and Pro51 

from the N- and C-terminal tails of the WW domain. Thus, all three -strands and the N-terminal 

and C-terminal tails of the small WW domain appear to converge around the first tryptophan side 

chain for which the domain is named. Thus, the maximum 1-sensitive 3J couplings observed in 

the protein highlight the Trp26-Asn40 dyad that defines the folded core of the Pin1 WW domain 

(Figure 4.6) 
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Figure 4.6 The folding core of the human Pin1 WW domain shows the buried residues: Trp26 

(sphere) and Asn40 (salmon stick). Backbone atoms of Pro24, Ile42, Thr43, Asn44, and Ala45 

forming yellow hydrogen bonds with Asn40 are shown in cyan, as are the side chains of residues 

closely interacting with Trp26 (Pro23, Gln47, and Pro51) 

 

In contrast to Trp26, Trp48 is relatively solvent-exposed and displays more mobility than 

Trp26, as indicated by all relaxation and J coupling measurements (Table 4.1), though both have 

a dominant gauche+ rotamer. The side chains of the aromatic residues, Tyr37, Tyr38, and Phe39, 

appear to be rigid by both J couplings and relaxation, and their aromatic rings have significant 

packing interactions with polar side chains as well as remote regions of the backbone: the 

aromatic ring of Tyr37 contacts Arg29, Ser31, and Ser46; Tyr38 contacts Lys28 and Arg50; and 

Phe39 contacts Arg29, His41, Asn44, and Ser46 (Figure 4.5). The hydrophilic side chains are 

mobile, as assessed by 1H relaxation and/or J couplings, except for Arg29. Besides contacting 

two aromatic residues, Arg29 also forms a salt bridge with Glu27. Arg29 also has a unique H2 

chemical shift at 0.09 ppm due to its close approach to Tyr37. 

It is noteworthy that the side chain of Asp33 is rigid, even though this residue is not part 

of the native Pin1 WW domain sequence. Asp33 is part of a deletion-substitution mutation found 
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to stabilize the WW domain15. The side chain of Asp33 is in the sterically disfavored gauche- 

conformation (Figure 4.S6), which allows its carboxyl group to hydrogen bond with the side 

chain of Ser31, with both side chains forming electrostatic interactions with the ring protons of 

Trp48. 

Figure 4.7a shows strip plots from 3D 1H-TOCSY-13C-HSQC, HNCOH, and HNH for 

Tyr37. The residue predominantly adopts the gauche- 1-rotamer with downfield resonance 

assigned to H3. For comparison, strip plots for a side chain with rotameric averaging, Lys28, 

are shown in Figure 4.7b.  

 

Figure 4.7 NMR strip plots from 3D 1H-TOCSY-13C-HSQC, HN(CO)H, and HNH for a rigid 

Pin1 residue, Tyr37, adopting the gauche- 1 rotamer (a), and averaging Lys28 sampling two 1 

rotamers (b). 1H-TOCSY-13C-HSQC and HNH strips are taken at the H and NH frequencies 

of residue-i, respectively, while HN(CO)H strips are taken at the NH frequency of residue i+1. 

The intensity of each correlation relates to the size of each 3J coupling.  

 

Pin1 residues averaging between two 1 dihedral angle rotamers. 

Based on J couplings, we could identify just two residues with rotameric mobility about 

two of the three major 1-dihedral angle positions: Lys28 and Asn44. Without stereospecific 

assignments for H2/3, both residues appear to have a slight preference for the sterically 

unfavorable gauche- rotamer (see Figure 4.7 for Lys28). However, with stereospecific 

assignments, it becomes clear that the residues are instead averaging between the trans and 

gauche+-rotamers (Figure 4.8). We assigned stereospecific H resonances using an isotope 
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labelling scheme we developed previously, which selectively protonates the H2 of Asp, Asn, 

Lys, and Met amino acid residues with deuteration at H3 using fumarate as a carbon source for 

E. coli in D2O
10. In the X-ray crystal structure, Lys28 is partially solvent-exposed on the first -

strand of Pin1 and interacts with Val36 and Tyr38 (Figure 4.8). All 3 rotameric positions are 

accessible to Lys28, but the trans conformation allows it to interact more closely with Val36, 

while the gauche+ conformation brings it into closer contact with Tyr38. The relaxation rates of 

Lys28 clearly indicate that its side chain is mobile, whereas the J couplings are intermediate 

between those of rigid residues and those that can freely access all three major rotamers.  

Asn44 is found in the loop connecting the second and the third -strands of Pin1 (Figure 

4.2). The 1 dihedral angle for Asn44 is gauche+ from the crystal structure. Like Lys28, all 3 1 

dihedral angle rotamers are accessible to Asn44, but the gauche+ and trans rotamers allow its 

sidechain to form close contacts with the aromatic ring of Phe39 (Figure 4.8). As with Lys28, 

relaxation data indicate that the side chain of Asn44 is mobile, but the maximum observed J 

couplings are intermediate between those of rigid and mobile residues. It is noteworthy that for 

both Lys28 and Asn44, the two preferred rotamers allow the hydrophilic side chains to make 

contacts with other side chains, whereas the disfavoured gauche- rotamer is more solvent-

exposed. 

The examples of Lys28 and Asn44 demonstrate that for mobile residues, one should not 

attempt to define the 1-dihedral angle without independently obtained stereospecific 

assignments for H residues. It is impossible to distinguish between there being one preferred 

rotamer with substantial access to the other two major rotamers, versus the other two rotamers 

being preferred with the stereospecific H assignments reversed. In such cases, it is possible to 

obtain the wrong stereospecific assignments with the wrong rotamer determination. 
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Figure 4.8 The alternative rotamers of Lys28 (a) and Asn44 (b). The trans/gauche+ rotamers are 

shown as sticks in cyan (crystal structure conformation) or light teal (sampled rotamer). The 

residues contacting Lys28 (Val36 and Tyr38) and Asn44 (Phe39) are shown as salmon spheres  

 

Methyl-containing residues 

The alanine -methyl group is rigidly attached to the backbone and should provide a 

gauge of backbone dynamics comparable to 15N. There are three alanine residues in our mutant 

Pin1 WW domain, Ala17, Ala32, and Ala45. Of these, Ala32 and Ala45 are part of the folded 

WW domain and have normalized relaxation rates of 0.33 and 0.26, respectively (Table 4.1). 

These values are perhaps higher than what might be expected for a rapidly spinning methyl 

group, given that other residues with larger side chains have comparable or even slower rates (for 

example, D18, K28, M30). This may be because the initial relaxation rate of an alanine methyl 

group is dominated by its faster-relaxing components due to constructive interference of the 1H 

magnetic fields, and this phenomenon is not present in the -methylene side chains. Similar 

relaxation rates are observed for the –methyl groups of Val36, Ile42, and Thr43, suggesting that 

the side chains of these residues may be immobile. In theory, it should have been possible to 

determine the dominant rotamer for these residues, but this was hampered by signal overlap. It is 

important to note that we are able obtain meaningful relaxation data for all 20 amino acid types 

via 1H relaxation: -methylene positions for most amino acid residues, -methylene positions for 

Gly, -methyl positions for Ala, and -methyl positions for Val, Ile, and Thr. 
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Correlations between maximum observed 3J couplings and protein side-chain relaxation 

rates  

We have compared the measured 1H relaxation rates at C derived from 3D 15N-TOCSY-

HSQC with the maximum measured 3J-couplings in Figure 4.9a. The figure shows a strong 

correlation, with a correlation coefficient of 0.86. Both independent mobility measures agree that 

the most rigid side chains in the entire Pin1 WW domain belong to the Trp26-Asn40 dyad at the 

folded center of the domain. The reason for the strong correlation is that rotation about the 1-

dihedral angle attenuates both maximum observed J couplings as well as the transverse 

magnetization 1H relaxation rates. In theory, J coupling measurements are sensitive to a much 

larger range of motion timescales, everything from sub-nanosecond timescale motions up to tens 

of milliseconds (exchange broadening would become a confounding factor towards the slower 

end of this range). Thus, the fact that we observe a strong correlation between J couplings and 1H 

relaxation indicates that almost all the side chain rotameric averaging in Pin1 WW domain is 

happening on a very fast time scale. Further studies in other systems would be needed to 

demonstrate if this is generally applicable to proteins or not. We note that Arseniev and 

coworkers 14 also observed this correlation for a small 61-residue water-soluble protein 

neurotoxin II. 

Figures 4.9b, 4.9c, and 4.9d show positive correlations between the other relaxation 

experiments and maximum observed 3J values. The correlations for relaxation data derived from 

the 1H-TOCSY-13C-HSQC (Figure 4.9b) and the CBCACONH-based cross-correlated relaxation 

(Figure 4.9d) experiments are not as strong as we observed for the 1H-TOCSY-15N-HSQC and 

CBCACONH (Figure 4.9c) 1H- DIPSI-2 relaxation experiments. As we noted earlier, we suspect 

that a major problem with the data obtained from the 1H-TOCSY-13C-HSQC was spectral 

distortion arising from the water signal. Another issue with the 13C-HSQC is that the water signal 

is not restored to +z-axis at the end of the pulse sequence (as for the 2D 15N-HSQC), being 

instead dephased for solvent suppression. Thus, 1H-1H NOE-aided T1 spin-lattice relaxation 

would not be able to uniformly return all the protein 1H spins close to their equilibrium positions 

prior to the pulse sequence, leading to inconsistent evolution and relaxation properties during the 

DIPSI-2 element. Whatever the reason, relaxation data from the 3D 1H-TOCSY-13C-HSQC 

(Figure 4.9b) and the 2D 13C-HSQC (not shown) was less reliable and yielded poorer 

correlations than data obtained from spectra utilizing the 2D 15N-HSQC (Figures 4.9a and 4.9c). 
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This was very disappointing to us, as the 13C-HSQC-based spectra possessed far superior signal-

to-noise. It may be worthwhile to re-write the pulse sequences for experiments build on the 13C-

HSQC to utilize a water-selective flipback pulse for solvent suppression, even though this would 

mean loss of signal from H protons. Finally, for the cross-correlated relaxation experiment, 

another issue could be that constructive and destructive interference of the magnetic fields from 

the two 13C-1H dipoles results in a net magnetic field that is less sensitive to rotations about the 

1-dihedral angle and more sensitive to backbone dynamics. 
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Figure 4.9 Correlation plot of the normalized maximum observed 3J coupling and normalized 

RDIPSI2 derived from 1H-TOCSY-15N-HSQC (a), 1H-TOCSY-13C-HSQC (b), CBCACONH (c), 

and cross-correlated relaxation rates (d). Errors bars are indicated on the vertical and horizontal 

axis 
 

Analyzing 3J-coupling measurements to determine 1 dihedral angle conformation has a 

rich history in NMR11,12,16,18. However, most analyses have relied on the simplifying assumption 

of a dominant trans, gauche-, or gauche+ conformation, even though most protein side chains are 

mobile, averaging between two or three 1 dihedral angle rotamers20,21. Few studies have used J 
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couplings to measure side chain dynamics, and even fewer have compared them to relaxation-

based estimates of side chain dynamics22–24. J coupling experiments suffer from reduced 

sensitivity due to their reliance on small 3J couplings, as well as an inability to obtain 

information on protein residues in which methylene protons have identical or very similar 

chemical shifts. 1H relaxation measurements thus provide high quality data on protein residues 

that would otherwise be inaccessible to J coupling-based analysis. 

Precise characterization of side-chain dynamics has proven to be a challenging process. 

We show that protein side-chain motions can be characterized using a simple method of 

measuring 1H relaxation during a 1H TOCSY element, complementing the dynamic information 

derived independently from 3J-coupling measurements. Historically, neither 1H relaxation nor 3J 

couplings have been extensively used to probe side chain dynamics. We hope that with the 

implementation of 1H relaxation, studies of side chain dynamics can become routine by solution 

NMR.  
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Figure 4.S1 Backbone dynamics of Pin1 measured by 15N T1 (a) and 15N T2 (b) relaxation. 

Errors are indicated as vertical bars. T2 relaxation is calculated from T1  
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Table 4.S1. Chemical shifts and normalized values for maximum observed 3J-couplings and 1H RDIPSI2 relaxation rates for the mutant 

human Pin1 WW domain. C cross-correlated relaxation rates have not been normalized. In the last column, the predominant rotamer 

is determined by comparing H2 with H3 intensities in the NMR experiments used to derive J couplings, but this is not always 

possible if the NMR signals are overlapped or degenerate. In such cases, we label the residue “mobile” or “restricted” based on the 

available relaxation data. Generally speaking, “mobile” residues have normalized values <0.55, while “restricted” residues have 

normalized values >0.55. The value is left blank if the residues has no  CH2 group (A,G,I,V,T) or if there was insufficient data. 

Residue Atom 

Chemical 
shifts 
(ppm) 

3J 

HH 

3J 

HNH 

3J 

HN(CO)H 

1H RDIPSI2 
from 15N 
TOCSY 

1H RDIPSI2 
from 13C 
TOCSY 

1H RDIPSI2 from 
CBCACONH 

CC(CO)NH 

(s-1) Predominant Rotamer 

           

M16 H 4.51    0.11 0.21* 0.27   

 H2 2.05    0.39 0.30 0.28  Mobile 

 H3 2.05     0.30    

 H2 2.48     0.13*    

 H3 2.58         

 H1 2.10     -0.05*    

           

A17 H 4.35    0.02 0.08 0.22   

 H 1.42 a   0.28 0.16 0.18   

           

D18 H 4.6    0.10 0.16 0.29   

 H2 2.64 0.42 0.35 0.34 0.31 0.29 0.34 -1.46 Mobile 

 H3 2.74         

           

E19 H 4.28    0.02 0.11 0.34   

 H2 2.10  0.4  0.31 0.30 0.35 -2.17 Mobile 

 H3 1.99         

 H2 2.49     0.15    

 H3 2.49     0.15    
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E20 H 4.29    0.13 0.15*    

 H2 2.03    0.42  0.31 -1.13 Mobile 

 H3 1.83         

 H2 2.31     0.23*    

 H3 2.31         

           

K21 H 4.33    0.15 0.19    

 H2 1.87  0.33  0.31 0.13 0.42 -1.66 Mobile 

 H3 1.79         

 H2 1.48     0.29    

 H3 1.48         

 H2 1.73     0.15    

 H3 1.73         

 H2 3.04     -0.01    

 H3 3.00         

           

L22 H 4.33    0.23 0.32    

 H2 1.45 a b  0.74 0.71   Restricted 

 H3 1.85         

 H 1.87     0.42    

 H11 1.11     0.35    

 H21 0.83     0.37    

           

           

           

P23 H 4.87     0.47    
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 H2 2.63 0.45    0.79   Restricted 

 H3 2.02         

 H2 1.81     0.51    

 H3 1.64         

 H2 3.01     0.69    

 H3 3.71         

           

P24 H 4.40     0.12 0.38   

 H2 1.91 0.39    0.60 0.53 -4.42  

 H3 2.36         

 H2 2.18     0.43    

 H3 2.07         

 H2 3.94     0.64    

 H3 3.67         

           

G25 H2 4.05    0.62 0.53 0.68 -7.20  

 H3 3.33         

           

W26 H 5.29    0.46 0.30 0.58   

 H2 3.27 1.00 1.00  0.89 0.82 0.88 -10.64 Gauche+ 

 H3 2.99         

           

E27 H 4.88    0.46 0.36* 0.48   

 H2 2.22  0.40 0.47 0.45 0.30 0.46 4.06 Mobile 

 H3 2.32         

 H2 2.57     0.26*    

 H3 2.24         
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K28 H 4.48    0.22 0.30 0.50   

 H2 1.78 0.50 0.54 0.57 0.26 0.54 0.58 -2.53 
Averaged between 
Trans and Gauche+ 

 H3 1.66         

 H2 1.13     0.49    

 H3 1.13         

 H2 1.73     0.25    

 H3 1.73         

 H2 2.97     0.17    

 H3 2.97         

           

R29 H 4.45    0.53 0.31* 0.48   

 H2 0.09 0.70 0.79 0.27 0.69 0.70 0.78 -7.64 Gauche+ 

 H3 1.32         

 H2 1.25         

 H3 1.41     0.60    

 H2 2.89     0.33    

 H3 2.61         

           

M30 H 5.31    0.39 0.28* 0.41   

 H2 1.98 0.38 0.41 0.50 0.16 0.28 0.37 0.30 Mobile 

 H3 1.89         

 H2 2.61     0.16    

 H3 2.59         

 H1 2.02     -0.02*    

           

S31 H 4.75     0.21*    

 H2 4.53     0.22   Mobile 
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 H3 4.23         

           

A32 H 4.22     0.26 0.26   

 H1 1.53     0.27 0.31   

           

D33 H 4.69    0.14 0.34* 0.46   

 H2 2.98  0.43 0.87  0.54 0.53 -5.85 Gauche- 

 H3 2.67         

           

G34 H2 4.23    0.67 0.52 0.59 -5.34  

 H3 3.79         

           

R35 H 4.34         

 H2 1.96    0.32  0.63  Mobile 

 H3 2.05         

           

V36 H 4.71     0.31 0.47   

 H 2.01  b  0.23 0.24 0.38   

 H11 0.81     0.22    

 H21 1.07     0.23    

           

Y37 H 4.84    0.52  0.52   

 H2 2.46 0.39 0.89 0.95  1.00 1.00 -8.76 Gauche- 

 H3 2.79         

           

Y38 H 5.27    0.37 0.53 0.54   

 H2 2.69 0.88 0.90  0.75 0.73 0.93 -6.40 Gauche+ 

 H3 2.94         
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F39 H 5.62    0.53 0.52 0.57   

 H2 2.89 0.60 0.31 0.94 0.84 0.93 0.78 -7.98 Trans 

 H3 2.61         

           

N40 H 4.44    0.44 0.43 0.59   

 H2 -0.60 1 0.31 1 1.00 0.65 0.84 -6.97 Trans 

 H3 2.00         

           

H41 H 4.11    
     

 H2 3.30  0.81 c   0.62 -2.15 Gauche- 

 H3 3.08         

           

I42 H 3.87    
 0.32 0.39   

 H 2.02 a b   0.46 0.42   

 Hg12 1.32         

 Hg13 1.02     0.51    

 H21 0.79     0.30    

 H11 0.76     0.15    

           

T43 H 4.12    0.23 0.30* 0.35   

 H 4.25 a 0.84 b  0.40 0.28   

 H21 0.96     0.26    

           

N44 H 4.12    0.15 0.22 0.35   

 H2 3.14 0.51 0.69 0.44 0.48 0.28 0.37 0.54 
Average between Trans 

and Gauche+ 

 H3 2.92         

           

A45 H 4.48    0.10 0.17 0.35   
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 H 1.26 a   0.22 0.26 0.26   

           

S46 H 6.01    0.40 0.43 0.50   

 H2 3.84  0.46 0.40 0.43 0.67 0.47 0.54 Mobile 

 H3 3.79         

           

Q47 H 4.60    0.19 0.48 0.44   

 H2 2.24  0.62 0.79   0.68 -12.02 Gauche- 

 H3 2.56         

 H2 2.05     0.59    

 H3 2.00         

           

W48 H 4.96    0.14 0.44 0.47   

 H2 3.22 0.82 0.92 0.30 0.70 0.62 0.70 -9.03 Gauche+ 

 H3 3.67         

           

E49 H 4.48    0.27 0.33    

 H2 1.91  0.68  0.49 0.36   Mobile 

 H3 1.91         

 H2 2.34     0.13    

 H3 2.27         

           

R50 H 4.69    0.21     

 H2 1.45     0.60    

 H3 1.45         

 H2 1.03     0.55    

 H3 1.24         

 H2 3.04     0.37    
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 H3 3.04         

           

P51 H 3.93     -0.02* 0.38   

 H2 0.84 0.61    0.47 0.49 -2.87 Mobile 

 H3 0.63         

 H2 -0.04     0.50    

 H3 0.59         

 H2 2.44     0.80    

 H3 2.31         

           

           

S52 H 4.33    0.25 0.19 0.29   

 H2 3.81 0.36 0.30 0.45 0.49 0.35 0.26 -1.70 Mobile 

 H3 3.75         

           

G53 H2 3.78    0.11 0.15  
  

  H3 3.78                 
a Single H peak, but no second H peak for quantitative 3J coupling estimation. 

b Peak present in HNHB spectrum, but overlapped signal in 2D reference spectrum prevents quantitative 3J coupling measurement. 

c Peak present in HNCOHB spectrum, but overlapped signal in 2D reference spectrum prevents quantitative 3J coupling measurement.     

*  Diagonal peak used to calculate relaxation rate
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Figure 4.S2 Normalized -methylene 1H RDIPSI2 relaxation rates derived from 3D 1H-TOCSY-
15N-HSQC (a) 3D 1H-TOCSY-13C-HSQC (b) CBCACONH (c) plotted against Pin1 sequence. In 

both figures, a value of one corresponds to a rigid side chain excluding methyl-containing 

residues. Error bars are displayed in the vertical axis. The plot of 1H relaxation rates derived 

from 3D 1H-TOCSY-15N-HSQC versus 1H-TOCSY-13C-HSQC (d). Error bars are indicated in 

the vertical and horizontal axis  

 

 

Figure 4.S3 Normalized cross-correlated relaxation rates plotted as a function of Pin1 residues. 

A value of zero indicates a less restricted motion of a flexible methylene group  
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Figure 4.S4 Normalized 3J-coupling experiments: 3J HH (a), 3J HNCOH (b), and 3J HNH 
(c) plotted against the Pin1 sequence. Errors are indicated as vertical bars. These experiments 

provide a specific stereospecific assignment for the C protons and define 1 dihedral angle for a 

given residue if the side chain is restricted 
 

 

Figure 4.S5 The normalized maximum measured 3J-couplings (average of the two highest 

normalized values, which should in theory be the same) plotted against human Pin1 sequence. 

Errors are indicated with vertical bars—only data from amino acid residues with non-degenerate 

methylene H chemical shifts were compared in this plot. A value of 1 corresponds to the most 

rigid residue in the protein  
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Figure 4.S6 NMR strip plots from 3D 1H-TOCSY-13C-HSQC, HNCOHB, and HNHB 

experiments for Asp 33 (a) and His41 (b). Both residues adopt the gauche- 1 rotamer with the 

upfield resonances assigned to the H3. The strips of 1H-TOCSY-13C-HSQC and HNHB are 

taken at the Ha and NH frequency of residue-i, while HNCOHB strips are taken at the NH 

frequency of residue i+1 
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Chapter 5 

 

Conclusion and future directions 

Rapid signal decay in large proteins and inadequate side-chain information are the two 

significant limitations of solution NMR. We have developed biosynthetic methods to deuterate 

the side chains of amino acids in proteins stereospecifically. This approach facilitates the 

determination of structural restraints for all amino acids in high molecular weight systems. 

In chapter two, we demonstrate a convenient and inexpensive technique for obtaining 

stereospecific -methylene deuteration in Asp, Asn, Lys, and Met amino acid residues. We used 

rhamnose, pyruvate, and fumarate as carbon sources for E.coli in D2O and added small molecule 

inhibitors: oxalate and malonate, to inhibit the scrambling of isotopes and the endogenous 

production of fumarate in the TCA cycle. This approach achieved stereoselective deuteration at 

the beta methylene proton (Hβ3) in the oxaloacetate family of amino acids. We also showed that 

the stereoselective 1H-12C labelling was helpful in NMR studies of large proteins and for 

determining side chain rotamers and dynamics of Asp, Asn, Lys, and Met amino acid residues in 

smaller proteins (developed in more detail in chapter 4).  

Chapter three assessed Pin1 WW domain deuteration patterns in numerous growths using 

different carbon sources and metabolic inhibitors. We developed an isotopically enriched 

bacterial growth media for labelling proteins with isolated 1H-12C groups at non-methyl-

containing amino acid residues (Asp, Asn, Met, Lys, Phe, Tyr, Trp, and His) in D2O. We also 

introduced an efficient synthesis protocol for introducing isolated protons into the rings of 

aromatic amino acids using phenylpyruvate, hydroxyphenylpyruvate and anthranilate precursors. 

We showed that the labelling strategy is compatible with selective methyl group protonation. The 

isolated protons give rise to a long-lived 1H NMR signal, which is advantageous for obtaining 

solution NMR data on high molecular weight proteins.   

We demonstrate the utility of our approach by labelling the outer membrane protein PagP 

in DPC detergent micelle (>50 kDa), specifically introducing targeted 1H-12C groups to 

compliment 1H-13C methyl and 1H-15N amide positions for chemical shift assignments and 

structure determination. We show that these groups can be connected via a multidimensional 
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NOESY experiment, yielding rich new structural restraints for solving a high-resolution 

membrane protein structure, which can be applicable to any protein of interest. We anticipate this 

will be the highest resolution structure of membrane protein obtained by solution NMR. The 

determination of the catalytic mechanism of this protein will allow it to be targeted by drugs in 

the future. Since PagP is a protein specifically used by disease-causing strains of Gram-negative 

bacteria, such therapies would target harmful bacteria while leaving the rest of the essential 

microbiome undisturbed. 

While developing isotope labelling strategies to overcome the size limitation of solution 

NMR, we discovered a new NMR methodology for monitoring protein side-chain motion using 

1H relaxation rates, filling a significant gap in structural biology (chapter four). Solution NMR 

has been the most versatile technique used for monitoring protein dynamics. However, previous 

methods relied mainly on the measurement of backbone 1H-15N amide groups because of their 

uniformity throughout the protein and the relative ease of magnetically isolating the spin pairs. 

Protein side chains are pretty flexible and involved in many interesting biological processes. 

However, the measurement of side-chain dynamics is complicated by 13C-13C, 1H-1H J couplings 

and relaxation of multiple 13C-1H dipoles. Earlier attempts to overcome these limitations used  

12C/13C and 1H/2H fractional labelling for protein systems <15 kDa or deuterium relaxation on 

methyl groups to probe side-chain motion.  

Chapter four shows that protein side-chain dynamics can be measured using 1H relaxation 

rates. We developed a new pulse sequence that uses a radiofrequency field as a TOCSY mixing 

element at the beginning of any multidimensional NMR experiment, compelling all proton atoms 

in a protein to behave similarly under the influence of strong coupling and maximum ROE 

contribution. So, differences in relaxation rates are due primarily to side-chain mobility. Our 

approach works well with uniformly labelled proteins, extending solution NMR studies of side-

chain mobility to any protein system of interest, delineating how dynamics is critical to function 

and regulation.  

The current artificial intelligence techniques, Rosetta and AlphaFold2, have limited 

accuracy in predicting side chain dynamics. While they can predict the overall protein structure 

based on high-resolution crystal structure templates, the flexibility and motions of individual side 

chains are more difficult to predict due to the complex interactions and movements involved. 
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Accurately predicting side chain dynamics typically requires additional experimental or 

computational methods.1–6 Our approach for probing side-chain motion will permit the detailed 

characterization of structure and mobility. If our methods could be applied to many proteins in a 

database, this could greatly improve chemical shift-based protein structure and prediction 

methods. The problem with many studies correlating NMR chemical shifts with structure is that 

they do not adequately account for side chain motions.7,8 In the future, it will become possible 

for these methods to predict structure and dynamics solely based on NMR chemical shifts, 

incorporating this into a complete understanding of how protein dynamics is essential to 

function.  

Limitations 

A major limitation of our labelling technique is the replacement of the 13C atom with 12C. 

Most 3D NMR experiments are based on conventional uniform labelling patterns (1H, 15N, 13C). 

Since 12C has no magnetic moment, most multidimensional NMR will no longer be applicable, 

limiting the information that can be acquired. This limitation means that our experiments rely 

entirely on through-space NOEs to nearby 1H-15N and 1H-13C methyl groups for structure 

determination.  

Our labelling protocol incorporates 1H-12C groups into amino acid side chains in a largely 

deuterated background. Even though the sensitivity of 1H-12C groups in a largely deuterated 

chemical environment is reasonably high, there is a potential problem of long T1 relaxation time 

for that group. However, incorporating the methyl labelling protocol improves this limitation, 

serving as an efficient heat sink. The methyl groups relax efficiently and help nearby groups 

return quickly to equilibrium magnetization, thus minimizing the relaxation problems. Long T1 

relaxation times necessitate long recycle delay times, extending the time required for any 

experiment. Further experiments are needed to characterize 1H T1 relaxation times in proteins 

and how these change in pulse sequences that preserve the 1H2O magnetization along the +z-axis 

as a heat sink9–11 to drive longitudinal relaxation versus pulses sequences in which 1H2O 

magnetization is dephased or that utilize samples dissolved in D2O. The use of paramagnetic 

agents to enhance T1 relaxation must also be further explored.12,13 
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Future directions 

1. We are developing biosynthetic methods for introducing stereoselective 1H into the remaining 

amino acids: Glu, Gln, Pro, and Arg. We have tried several approaches to incorporate isolated 

1H-12C groups at the beta position of the -ketoglutarate family of amino acids using various 

carbon sources and metabolic inhibitors. We tried growing E. coli cells on glutamate or -

ketoglutarate as carbon sources. However, the enzymatic activity of glutamate dehydrogenase 

exchanges glutamate  and  positions with solvent deuterons, leaving only the  position with 

residual protonation from the pyruvate methyl group. The  positions of arginine and proline and 

the  of Lys are derived NADPH. This cofactor is required in the biosynthesis of several amino 

acids, impacting isotopic labelling at many different sites when protein expression is carried out 

in deuterated E. coli media, resulting in isotopic mixtures. Engineering a biosynthetic labelling 

scheme in E. coli for improving the labelling homogeneity at protein sites derived from NADPH 

would be an exciting future research direction.  

 

There are five E. coli enzymes involved in the reduction of NADP+ to NADPH: glucose-6-

phosphate dehydrogenase and 6-phosphogluconate dehydrogenase of the oxidative pentose 

phosphate pathway, a malic enzyme, isocitrate dehydrogenase of the TCA cycle, and a 

membrane-bound proton-translocating transhydrogenase.14,15 The efficient synthesis of many 

amino acids and other commercial biotech products is limited by the rate of endogenous NADPH 

regeneration.16,17 One of the strategies for replenishing NADPH involves increasing metabolic 

flux through the pentose phosphate pathway and the TCA cycle and deleting competing 

pathways.14,15,18,19 Alternatively, genes encoding NADP-dependent enzymes can be 

overexpressed to channel significant flux toward cofactor regeneration.20,21 The addition of 

reduced compounds that can donate electrons to NADP+ has also been shown to replenish 

NADPH in vitro.22 Finally, NADH-regenerating enzymes such as formate dehydrogenase and 

phosphite dehydrogenase have also been used to replenish NADPH.23,24 We could exploit these 

strategies to monitor improvements in isotope labeling at amino acid sites derived from NADPH.  

 

2. Protein expression decreases in E. coli when TCA cycle intermediates are used as the sole 

energy source, severely affecting protein yield. This is a significant problem when expensive 

isotope labelling reagents are used. The bacteria lack the appropriate transporters to shuttle these 
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intermediates into the cell to be metabolized for energy. Developing an efficient E. coli strain 

that can utilize TCA cycle intermediates as an energy source will improve isotope labelling 

efficiency in the oxaloacetate and the -ketoglutarate family of amino acids.  

 

A recent study examined the growth kinetics of 3796 E. coli single-gene deletion mutants in 30 

different carbon sources and found that deleting phosphoenol pyruvate (PEP) carboxylase (Δppc) 

hinders growth in most carbon sources except the TCA cycle intermediates: succinate, fumarate, 

malate, acetate, and -ketoglutarate.25 PEP carboxylase catalyzes an anaplerotic reaction which 

generates oxaloacetate from PEP, replenishing the substrates needed to drive the TCA cycle. 

This reaction is no longer needed when TCA cycle intermediates are used as carbon sources. In 

the future, this mutant can be examined for its isotope labelling efficiency on these carbon 

sources.  

 

A different study identified conditions for making E. coli grow faster on secondary carbon 

sources using arginine or glutamate as a nitrogen source and small amounts of glucose. The 

bacteria utilize glucose first but grow faster after exhausting it, generating a reversed diauxic 

shift.26 Glucose prevents E. coli from using other carbon sources, a phenomenon known as 

carbon catabolic repression.27 Using glucose under nitrogen-limiting conditions leads to the 

build-up of TCA cycle intermediates, inhibiting cAMP synthesis by adenylate cyclase.26,28,29 

This secondary messenger activates the transcription factor, Crp, which regulates over 200 

operons with numerous functions, including alternative sugar utilization.30,31 In the future, we 

could grow E. coli on TCA cycle intermediates, add cAMP and monitor growth rate, protein 

yield, and labelling efficiency.  

 

3. The issue of residual protonation at the Ile-2 methyl group is known in the literature and 

supplementing chemically synthesized 2-hydroxy-2-ethyl-3-ketobutyrate precursor in E. coli 

growth media overcomes this problem. We have not solved the Ile- methyl scrambling issue 

yet. Developing biosynthetic means of addressing this problem would be an exciting labelling 

scheme. 
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4. Obtaining sequence-specific resonance assignments of methyl groups remains a significant 

challenge in large protein structural and dynamic studies by solution NMR. The current 

methodologies rely on extensive mutagenesis or the divide-and-conquer approach for the 

assignment process. Introducing 1H-12C groups strategically into proteins offers a more efficient 

and user-friendly approach to the assignment process, linking methyl groups to the amide 

resonances while extending the range of molecules amenable to study by NMR.  

 

5. In our labelling scheme, 1H-12C groups possess the longest-lived 1H magnetization, followed 

by 1H-13C methyl groups and then backbone 1H-15N groups. We have already shown that these 

groups can be connected via NOE-based experiments, and NOE-based magnetization transfer 

improves efficiency with increasing molecular weight. The superiority of our labelling scheme 

will thus be substantially displayed when applied to tackle large protein systems (0.5-1.0 MDa). 

The obvious next step is to use the labelling scheme on the 20S or 11S proteasome and to 

develop improved methods for resonance assignment of our newly introduced 1H 

magnetizations.  

 

6. To fully exploit the benefits afforded by our labelling scheme, the sensitivity and resolution of 

our 3D NMR experiments can be significantly improved by designing pulse sequences that start 

on 1H-15N amide groups or 1H-13C methyl groups and end on the longest-lived 1H magnetizations 

introduced by our isolated 1H-12C groups. These developments in isotope labelling and improved 

assignment strategies will undoubtedly push solution NMR's size limitation to previously 

unachievable levels. Structural biologists can now use high-quality NMR data to complement X-

ray crystallography and cryo-EM for studying high molecular weight proteins and their 

assemblies.  

 

7. The discovery of novel metabolic precursors for protein labelling represents a promising 

opportunity for commercial development. One option could be to produce and sell the precursors 

for academic and industrial NMR spectroscopists. Another possibility could be to incorporate the 

precursors into existing NMR kits, making them more accessible and user-friendly for 

researchers. Another avenue for commercialization could be to partner with pharmaceutical 

companies to use the precursors in drug discovery efforts, as the improved NMR data provided 
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by the labelling could lead to the identification of new drug targets and the development of more 

effective treatments. Overall, the potential applications of the novel metabolic precursors are 

vast, and their commercial development will likely contribute to the advancement of NMR-based 

structural biology and drug discovery. 

 

8. In conclusion, developing a method for labelling proteins with isolated 1H-12C groups at non-

methyl-containing amino acid sites using simple, efficient, and cheap metabolic precursors 

represent a significant advancement in NMR-based structural biology and drug discovery. This 

approach can enhance the accuracy and resolution of NMR spectroscopy, allowing for a more 

comprehensive understanding of protein structure and function. Furthermore, the simplicity and 

affordability of this labelling method make it accessible to a broader range of researchers, 

allowing for wider dissemination of NMR-based findings and more collaborative efforts in the 

field. The impact of this work is likely to be far-reaching, potentially leading to the discovery of 

new drug targets and the development of more effective treatments for a range of diseases. 
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