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Abstract

Routes to carbon-13 enrichment of bacterially expressed proteins include achieving uniform or 

positionally selective (e.g. ILV-Me, or 13C′, etc.) enrichment. We consider the potential for 

biosynthetically directed fractional enrichment (e.g. carbon-13 incorporation in the protein less 

than 100%) for performing routine n-(D)dimensional NMR spectroscopy of proteins. First, we 

demonstrate an approach to fractional isotope addition where the initial growth media containing 

natural abundance glucose is replenished at induction with a small amount (e.g. 10%w/w u-13C-

glucose) of enriched nutrient. The approach considered here is to add 10% (e.g. 200 mg for a 2 g/L 

culture) u-13C-glucose at the induction time (OD600=0.8), resulting in a protein with enhanced 13C 

incorporation that gives almost the same NMR signal levels as an exact 20% 13C sample. Second, 

whereas fractional enrichment is used for obtaining stereospecific methyl assignments, we find 

that 13C incorporation levels no greater than 20%w/w yield 13C and 13C-13C spin pair 

incorporation sufficient to conduct typical 3D-bioNMR backbone experiments on moderate 

instrumentation (600 MHz, RT probe). Typical 3D-bioNMR experiments of a fractionally 

enriched protein yield expected backbone connectivities, and did not show amino acid biases in 

this work, with one exception. When adding 10% u-13C glucose to expression media at induction, 

there is poor preservation of 13Cα-13Cβ spin pairs in the amino acids ILV, leading to the absence 

of Cβ signals in HNCACB spectra for ILV, a potentially useful editing effect. Enhanced fractional 

carbon-13 enrichment provides lower-cost routes to high throughput protein NMR studies, and 

makes modern protein NMR more cost-accessible.

Introduction

An excess of signal still exists in routine 3D-NMR experiments of liquid phase protein 

samples, even when employing gradient coherence selection and non-traditional sampling 

(e.g. non-uniform sampling, NUS) to minimize experimental times.1 Bacterial host 

expression protocols continue to improve, aiding researchers in achieving soluble 0.5–1 mM 

protein samples, 2–6 while steady progress continues to be made in improving sensitivity 
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through new probe designs (e.g. 77 K and 20 K cryogenic probes, reduced coil diameters), 

improvements in console electronics, and increasing static field strengths. It would be 

desirable to identify means to realize value from situations of excess NMR signal in liquid 

phase protein NMR. Cost savings could also be paired with automation of data analysis to 

aid high throughput structural studies by NMR.7–16 In principle, 13C incorporation into 

proteins at percentages less than 100%, conserving adjacent spin labels without amino acid 

bias, would reduce dependence on stable isotopes in many 3D NMR experiments on 

proteins, such as those for performing backbone assignments that normally require 

expensive isotopic enrichment. The practice of 10%w/w carbon-13 biosynthetically directed 

fractional (herein denoted 10%w/w-BDF) enrichment has been well developed for obtaining 

stereospecific methyl side chain assignments.17–20 Further, there is strong fundamental 

support that carbon-13 spin pairs and triples will be highly conserved in amino acid 

synthesis and thus in proteins produced by 10%w/w-BDF.18, 21, 22 The 13C-BDF method 

should therefore have high utility for enabling broader 3D-NMR experiments on proteins, 

but does not appear to have been investigated for this use to date. This work investigates two 

questions relating to fractional 13C incorporation into biosynthetically expressed proteins.

First, we considered if it would be possible to enhance the incorporation of the 13C isotope 

into expressed proteins by adding the fractional amount of u-13C-glucose at the time of 

induction. We find that the addition of 10% u-13C-glucose by mass into cultures at the time 

of induction results in about 18% carbon-13 incorporation into the expressed protein, and 

have confirmed this effect under several conditions including different induction 

temperatures and durations, and also different glucose concentrations. We denote such an 

approach opt-10%w/w-BDF. Second, we investigated whether fractional enrichment of 

proteins on the scale of 10–20% is suitable for producing proteins that are amenable to 

typical 3D-NMR backbone assignment experiments. We find that no more than 20% 

carbon-13 incorporation is needed for acquiring even challenging 3D-bioNMR experiments 

(e.g. 3D-HN(CA)CO) on moderate instrumentation (600 MHz, RT probe), while less 

incorporation easily provides enough signal for others (e.g. 3D-HNCO).

Uniform, fractional and specific isotopic enrichment for protein NMR structural studies 

have been well developed. 2, 17, 19, 23–28 Protocols for specific amino acid enrichment 

include selective ILV methyl enrichment,29 selective alanine methyl enrichment,30, 31 

selective carbon enrichment of the protein backbone,32 and amino-acid selective enrichment 

at the carbonyl position.33 These and other targeted labeling approaches 25, 34–36 enable the 

study of very large proteins, but their efficacy is dependent on the complicated biosynthetic 

and catabolic pathways that they rely upon. Broadly, uniform enrichment approaches focus 

on the use of gram quantities of u-13C-glucose, or other 13C-enriched metabolites, in the 

growth media. Although costly, u-13C-glucose is still among the least expensive sources 

of 13C-enriched carbon suitable for E. coli metabolism. Due to the low cost of 15NH4Cl, 

protein samples are produced with 100% 15N, which will be assumed for the remainder of 

this report.

As a result of these considerations, u-13C-glucose and 100% 15NH4Cl enriched amino acids 

and their precursors, have gained widespread adoption in bacterial host protein expression of 

samples for NMR study. Although there are more methods of bacterial protein production 
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than can be reviewed here, three general bacterial growth protocols for isotopic 

incorporation can be identified. The most common is to provide the specifically or 

uniformly enriched metabolites in the base media prior to growth. 6, 28, 37–39 A second 

strategy introduces the enriched metabolites into resuspended cell media during the 

expression phase once a certain optical density (OD600) has been achieved; specifically, the 

culture is grown with natural abundance nutrients, centrifugally pelleted, and then 

resuspended into media containing enriched metabolites.40 However, the weak 

centrifugation followed by resuspension has the potential to stress cellular membranes. 

Finally, pre-induction isotope addition, guided by monitoring dissolved oxygen as a function 

of glucose consumption, 32, 33 avoids the stresses of centrifugation and resuspension, but has 

been aimed at achieving ~100% incorporation instead of at identifying the minimum 

incorporation required for n-D NMR protein structural studies, and also relies on oxygen 

sensing.24 In principle, cell-free expression also offers routes to employing lower quantities 

of enriched metabolites in the production of uniformly enriched biomolecules; the 

application of cell-free protein expression for obtaining large-scale and enriched 

samples 41, 42 is promising but appears to still be in early phases of adoption and 

development.

A general feature of pre-induction isotope addition is the benefit of using somewhat reduced 

amounts of isotopically labeled metabolites, where the goal to date has been to achieve 

uniform carbon-13 incorporation (e.g. 100% 13C). Alternately, the question may be posed, 

what level of incorporation of isotopes into proteins can still facilitate the acquisition of 

typical 3D-NMR experiments that require 13C-13C spin pairs? Prior detailed work by 

Szyperski demonstrated that 10%w/w-BDF with u-13C-glucose in the initial growth media 

will result in produced proteins that retain 13C-13C spin pairs and triples,18, 43 which 

suggests that such samples could be suitable for broader NMR analysis. We show that the 

density of spin pairs in 10%w/w-BDF enriched protein samples facilitates all typical 3D-

NMR backbone assignment experiments on moderate instrumentation (600 MHz, RT 

probe), and introduce a simple method to enhance the carbon-13 BDF isotope incorporation 

into proteins. Specifically, introducing the 10%w/w u-13C-glucose into the base media at the 

time of induction (OD600 = 0.7–0.8 for 2 g/L glucose, OD600 = 1.0–1.1 for 4 g/L glucose) 

produces samples that give spectra consistent with ca. 20%w/w incorporation, and which also 

does not depend on the use of internal glucose monitoring. This work suggests that BDF and 

opt-BDF enrichment strategies will significantly lower the cost per sample of protein NMR 

studies and enable employing NMR more broadly in high throughput structural studies. This 

methodology targets routine NMR structural investigations of well-behaved proteins and has 

implications for high throughput work. For NMR structural studies at the leading edge that 

target intrinsically difficult systems (high MW, low solubility, complexes, dark states, 

disordered proteins, etc…), uniform enrichment at the highest possible sample 

concentrations are normally required.

In other words, isotope incorporation is recast as a minimization problem to identify the 

least amount of u-13C-glucose subject to the constraint of enabling all typical 13C-dependent 

3D-NMR backbone experiments of small to moderate size proteins.
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Experimental

Yeast ubiquitin (8.6 kDa) was chosen as a model protein. A plasmid containing the yeast 

ubiquitin sequence under control of the lac operon (Courtesy Prof. J. Morgan, University of 

California San Francisco) was transformed into E. coli BL21 competent cells. All samples of 

yeast ubiquitin were prepared from 1 L cultures and induced at OD600 = 0.8 unless 

otherwise indicated. Identical cell growth conditions were enforced, including 100–105 rpm 

shaking in Fernbach flasks at 37°C in M9 media (40 mM Na2HPO4, 20 mM KH2PO4, 8 mM 

NaCl, 2 mM MgSO4, 0.1 mM CaCl2, 5 μg/ml thiamine, 1.0 g/L NH4Cl) and containing 1.0 

g 15NH4Cl, followed by a 48–64 hr induction at 18 °C or 5.5 hr at 37 °C (see Table 1). The 

samples of yeast ubiquitin tested two possible parameters: fractional u-13C-glucose in the 

initial media at inoculation, or timing the addition of u-13C-glucose to the culture to occur at 

induction. All expression tests used 2.0 g/L or 4.0 g/L of glucose in M9 buffer (2.0 mM 

MgSO4, 0.1 mM CaCl2, 5 μg/mL thiamine, 100 μg/ml Kanamycin) supplemented with a 

commercial vitamin mix (BME, B6891 Sigma Aldrich) and a cocktail of supplemental 

metals (Fe, Ca, Mn, Co, Cu, Zn, Mo, Mg), whose primary component is iron. For cold 

induction, the incubation chamber was equilibrated to 18°C for 20 minutes before adding 

IPTG.

This work reports results from over twenty independent preparations of yeast ubiquitin 

(Tables 1–2, Figures 1–5, Figure 9, Figure S.3). Trials 1–9 comprise 18 of these samples. 

Each trial consists of a control sample that yields a known isotope incorporation (e.g. 

10%w/w-BDF, 20%w/w-BDF) and an enhanced fractionally enriched sample (e.g. 

opt-10%w/w-BDF, opt-20%w/w-BDF) that were treated as a pair with respect to all 

experimental procedures (i.e. same incubator, same dialysis, sharing a centrifugal rotor, 

etc…). Each control sample was prepared with exactly 10%w/w or 20%w/w of u-13C-glucose 

in the initial M9 growth media (e.g. 200 mg u-13C glucose + 1.8 g na-glucose, or 400 mg 

u-13C glucose + 3.6 g na-glucose). Each enhanced fractionally enriched sample was 

prepared by growing cultures with na-glucose initially, and then adding the fractional 

amount of u-13C-glucose at induction. The induction period was followed by centrifugation 

(4 °C) of the media and freezing of the resulting cell pellet (−20 °C). The pellet was thawed 

and resuspended in a phosphate buffer (50 mM NaPO4, 0.5 M NaCl, 10 mM Imidazole, and 

2%[m/v] glycerol), and membranes were disrupted through sonication (5 x 30 s, 4 °C). The 

resulting cell debris was discarded after centrifugation. Affinity chromatography (His-bind 

resin, Novagen), followed by size exclusion chromatography (FPLC, GE Healthcare 

AKTApurifier and G-75 16/60 sepharose column) was performed. Each sample was then 

dialyzed into a de-gassed phosphate buffer (25 mM [Pi], 25 mM NaCl, pH=5.2) and was 

spin-concentrated (GE Healthcare Vivaspin 20, 3 kDa) to reduce the total volume. Final 

samples contained 10% D2O.

Final samples to be compared by NMR spectroscopy were carefully standardized using UV 

absorption (A280) to have identical or similar concentrations; furthermore, identical volumes 

were pipetted into 5 mm Shigemi NMR susceptibility matched tubes (Allison Park, PA) in 

which the locations of the glass plugs were set to identical positions. All spectra were 

recorded on a 4-channel, 600MHz spectrometer (Oxford AS 600/51, Varian Inc., 
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DirectDrive [tm] vnmrs) equipped with a triple resonance 5 mm 1H[13C,15N] PFG room-

temperature probe.

Incorporation of 13C into the C′ position of expressed ubiquitin was measured by taking 

integrals over the entire signal region of the first slice of 1D-HNCO experiments (Figures 1–

5, 9, Tables 1–2). In order to obtain accurate results, we utilized very large numbers of 

transients (e.g. 256-4k) that far exceed the number that would be necessary in 

experimentation. Spectra were baseline corrected and line broadening on the order of 2–4 

Hz was employed to further improve the accuracies of the integrals. We obtained both 

integrals and RMS noise levels of these spectra using the Rowland NMR Toolkit. The 

enhancement is then obtained by taking the ratio of the SNR values, where we note that 

RMS noise was essentially identical among spectra to be compared. When slight differences 

in protein concentration occurred, the integrals were standardized by the relative integral 

values.

Results and Discussion

The first question to be considered is if it is possible to enhance the fractional incorporation 

of carbon-13 into an expressed protein by adding the fractional u-13C-glucose at the time of 

induction. In other words, when using 10%w/w u-13C-glucose, is it possible to enrich the 

protein at a level greater than 10%? A standard suite of 3D-NMR experiments was 

conducted on a 600 MHz, 4-channel spectrometer using a room temperature probe and 

employing both uniform and non-uniform sampling44 on fractionally carbon-13 enriched 

yeast ubiquitin samples. To begin, the first slice of a 3D-HNCO spectrum (aka 1D-HNCO) 

is taken to be a measure of 13C incorporation on the protein backbone. Figure 1 illustrates 

real-world signal-to-noise comparisons corresponding to trials 1 and 2 in Table 1, when 

10%w/w mass equivalence of u-13C-glucose was added to the E. coli growth media either at 

inoculation (BDF) or at induction (opt-BDF). Specifically, when the 10%w/w or 20%w/w 

quantity of u-13C-glucose is added at the initiation of growth, then exact 10%w/w or 20%w/w 

carbon-13 incorporation into the protein occurs (left column of Figure 1). On the other hand, 

the spectra in the right column of Figure 1 clearly demonstrate signals greater than 10% 

carbon-13 incorporation in two independently produced samples, where the enriched 

10%w/w amounts of u-13C-glucose were added at induction (e.g. simultaneously with IPTG 

when OD600=0.8) and the initial growth media contained 90%w/w (1.8 g) of natural 

abundance glucose. In each row of Figure 1, care was taken to compare samples under 

identical conditions (see experimental details) including concentration and volume, for 

example. Further, we also tested dilute conditions in one case (Figure 1a) and concentrated 

conditions in the other (Figure 1b) in the unlikely event that instrument-based biases could 

occur as a function of signal intensity. Numerical results for trials 1 and 2 are summarized in 

Table 1, wherein we conclude that the signal to noise ratio (SNR) of the first slice of the 3D-

HNCO is increased by almost two-fold simply by withholding the u-13C-glucose until IPTG 

was added (opt-10%w/w-BDF). For example, in Figure 1a, the real-world SNR that is 

observed from an opt-10%w/w-BDF sample is seen to be comparable with an exact 20%w/w-

BDF sample. Further, in Figure 1b, an independently prepared opt-10%w/w-BDF sample is 

seen to have about twice the SNR of a 10%w/w-BDF sample.
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The initial trials given in Figure 1 demonstrate that enhanced fractional isotope 

incorporation can be achieved by adding the fractional amount of u-13C-glucose at the time 

of induction. In trials 1 and 2, the carbon-13 incorporation is measured to be 18%, based on 

measuring signal area relative to RMS noise in a signal-free region. The accuracy of these 

measurements can be appreciated also by contrasting the opt-BDF samples in the right 

column of Figure 1 to exact fractional samples in the left column.

A next step is to characterize variations in typical growth and induction parameters. Trials 1 

and 2 considered long induction periods at lower temperature (e.g. 64 hrs at 18 °C). Trial 3 

finds 17 % carbon-13 incorporation for opt-BDF using a somewhat shorter 48 hr induction, 

while trial 4 finds a 20% carbon-13 incorporation for opt-BDF using just 5.5 hr of induction 

at 37 °C. The 1D-HNCO slices for trials 3 and 4 are illustrated in Figure 2, which also 

shows the respective growth curves to see that induction does occur during exponential 

phase. In trial 3, the growth was monitored up to induction and can clearly be seen to be 

strongly exponential. In trial 4, OD600 data were recorded throughout induction and are 

illustrated in Figure 2b for about the first five hours of induction, where it is seen that the 

cells decrease their rates of proliferation shortly after induction. These data from Trials 1–4 

repeatedly obtain about 18% carbon-13 incorporation when 200 mg u-13C-glucose is added 

to a culture that has grown to OD600 ~ 0.8, and which was initially prepared with 1.8 g na-

glucose.

It is common when performing carbon-13 enrichment to use a total quantity of 2 g/L of 

glucose on the basis of cost, which has been the focus of this work. However, the potential 

to obtain opt-BDF fractional isotope enhancements in minimal media that use 4 g/L of 

glucose was tested in trials 5–6 (Table 1, Figure 3). Again, on the basis of integrated signal 

areas relative to noise, typical incorporations of 17–18% are found. In particular, it is 

important to recognize that the induction should occur at a higher cell density since the high 

4 g/L glucose levels permit greater proliferation prior to stationary phase. A careful study of 

the growth of cultures utilizing 4 g/L glucose relative to the time of induction was conducted 

to identify that OD600= 1.0–1.1 is optimal for adding the fractional u-13C-glucose (Figure S.

1, supporting information) to obtain the opt-BDF enhancement.

Many variables can be considered in pursuing the opt-BDF methodology, and some cases 

are presented in Table 2 (Figures 4–5) that resulted in less enhancement of isotope 

incorporation. Trials 7 and 8 (Figure 4) both considered how the opt-BDF strategy performs 

if cultures are induced at or shortly after the onset of stationary phase, and both find 

incorporation levels of just 12–13% based on 10%w/w u-13C-glucose. These findings agree 

with the general understanding that the onset of stationary phase is associated with 

starvation and decreased protein production and therefore decreased use of glucose.

Next, trial 9 tested the use of 20%w/w u-13C-glucose in the opt-BDF protocol (Figure 5). 

However, a culture initially containing 80%w/w (1.6 g na-glucose) of the glucose at 

inoculation cannot reach satisfactory cell densities before transitioning into stationary phase 

growth. Glucose starvation of E. coli when starting the culture with just 1.6 g glucose forces 

the culture into stationary phase at a low cell density, which is undesirable for protein 

production since non-essential biosynthetic pathways are down regulated and rates of cell 
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death increase. In stationary phase, gluconeogenic catabolic processes that can degrade 

expressed proteins are up regulated.22 Indeed the opt-20%w/w–BDF sample achieved poorer 

enhancement of isotope incorporation (Table 2, Figure 5) relative to opt-10%w/w–BDF 

samples. Furthermore, the opt-20%w/w–BDF trial also showed decreased net protein yield 

compared to typical trials using 2.0 g/L natural abundance glucose. In contrast, cultures that 

followed the opt-10%w/w–BDF protocol were unaffected by withholding 10% glucose in the 

base media (e.g. Figure 2–3, growth remained exponential until induction) and produced net 

amounts of ubiquitin effectively identical to samples prepared with media that contained 2.0 

g/L glucose at inoculation. In this work, slight variations in growth rates were more strongly 

dependent on factors such as the cell density of the overnight cultures, flask location in the 

shaking incubator, and the frequency of accessing the cultures.

Ubiquitin prepared by opt-10%w/w–BDF reproducibly gave almost double the carbon-13 

incorporation in the produced protein (Table 1). We conclude that the strategy of 

withholding 20%w/w u-13C-glucose in the initial media prevents reaching cell densities of 

OD600=0.8, and produces too little relative enhancement of the carbon-13 incorporation 

(23% vs. 20%). At first, the relative enhancements obtained with the opt-20%w/w-BDF and 

opt-10%w/w–BDF samples seem counterintuitive as we might have expected the 20% opt-

BDF approach to experience less dilution of the u-13C-glucose when added at induction. 

However in hindsight the low enhancement (23%) could have been expected as a 

consequence of extreme nutrient starvation and the well-known stationary phase growth 

characteristic of E. coli cultures (e.g. trials 7 and 8).

The second question to be considered is if it is feasible to use samples prepared by 

biosynthetically directed fractional 13C-isotope incorporation for backbone assignments of 

soluble proteins? It appears this question has not been widely considered, particularly as a 

minimization problem. The utility of many 3D-NMR experiments depends on the presence 

of adjacent carbon-13 nuclei in the protein backbone and side chain. The natural question 

then is whether fractional enrichment places special restrictions on experiments that 

exploit 13C-13C connectivities? A 0.4 mM opt-10%w/w–BDF sample was employed in 3D-

HNCA and 3D-HN(CO)CA experiments using 2.4 hrs and 19 hrs respectively, and high 

SNR is obtained in both experiments (Figure S.2 Supporting Information). Achieving high 

SNR with 3D-HNCA on fractionally enriched samples is expected, as this is an efficient 

experiment, and furthermore relies only upon incorporating carbon-13 in one position on the 

backbone. However, the observation of high SNR in the less sensitive 3D-HN(CO)CA 

experiment with just a 0.4 mM opt-10%w/w–BDF sample strongly supports the finding of 

preservation of 13C-13C spin pairs in the protein backbone as predicted by analyses of 

digests of sparsely enriched protein samples.18 Next, a typical strip analysis of the 

HNCACB/HN(CO)CACB pair of experiments (10 hrs and 19.6 hrs respectively) is shown in 

Figure 6. The HNCACB was applied to a 0.8 mM opt-10%w/w-BDF sample, and the 

HN(CO)CACB to the 1.5 mM opt-20%w/w-BDF sample of yeast ubiquitin. Good 

incorporation of 13C within single amino acids is well demonstrated, particularly for the Cα 

backbone walk (again, see Figure S.2 for example strips from the HNCA/HN(CO)CA pair). 

It is seen in Figure 6 that the Cβ peaks are weak in some instances, and in a few cases some 

are missing, although many Cβ connectivities are observed.
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The phenomenon of missing CB peaks in CACB correlation spectra of opt-BDF samples 

requires a closer look, as it appears in Figure 6 that the missing peaks may be localized to 

isoleucine (I61) and leucine (L67). Indeed, in bacterial biosynthesis of ILV, the CACB pair 

is not preserved, suggesting that opt-BDF samples may systematically break CACB spin 

pairs. This hypothesis is confirmed by viewing selected ILV strips, Figure 7, from 10%-

BDF and opt-10%w/w-BDF samples, where priming the 13C source prior to induction with 

10%-BDF results in more CACB spin pairs than adding the 10% carbon-13 source at the 

time of induction. This selective ‘knockout’ of ILV signal in CACB spectra is potentially 

useful in facilitating assignments. Although the Cβ peak for E64 is missing, this appears to 

be pathological as Cβ peaks are observed for other glutamate residues in ubiquitin.

Although we observe good Cβ connectivities in spectra obtained by both 10%-BDF and 

opt-10%w/w-BDF, these spectra can be weak. Since these spectra were obtain on ~ 1mM 

sample and an RT probe at 600 MHz, we note that the use of higher fields and cryogenic 

probes will yield substantially higher sensitivity. Overall, these results resolve the question 

of whether the use of fractional u-13C-glucose incorporation yields a level of backbone 

incorporation of bonded 13C-13C spin pairs within given amino acids as well as at least the 

β-carbon position of side chains18, 43 that is sufficient for a broader suite of nD-NMR 

protein experiments.

Complete backbone assignments have been verified solely with these data (not shown), 

indicating that all amino acids are detected without major biases, although an interesting 

question for future study is to characterize the possibility of amino acid dependent variations 

in carbon-13 incorporation in fractionally versus uniformly enriched samples. Thus these 

results support prior work demonstrating that positional isotopic incorporation through 

fractional backbone enrichment (1,3-13C-pyruvate) through the TCA cycle is conserved 

from the primary carbon source to the resulting protein.32 In other words, since glycolysis is 

simply the conversion of glucose (6-C molecule) to pyruvate (3-C molecule), it is reasonable 

to predict that u-13C-glucose incorporation into each amino acid will also be conserved. As 

further validation, the projection of all planes of the challenging 3D-HN(CA)CO experiment 

is illustrated in Figure 8, acquired in 38 hrs with just a 0.4 mM opt-10%w/w-BDF sample. 

This 3D-HNCACO spectrum was obtained with the assistance of non-uniform sampling, 

which has been shown to result in equal or higher intrinsic sensitivity to uniform 

sampling.45 However, the sensitivity gains by NUS for protein bioNMR are modest since no 

enhancement is possible in constant-time dimensions (e.g. 15N), while the rather short 

evolution times in decaying dimensions are evolved to short timescales that limit the NUS 

enhancement.46, 47 The major role of NUS in Figure 8 is to enable sufficient resolution in 

the indirect dimensions in a reasonable total experimental time without sacrificing 

sensitivity. Again, it is clear that significant incorporation of 13C-13C′ pairs is obtained 

(Figure 8), and that sensitivity is high given the concentration. Overall, empirical evidence 

indicates that a 20%w/w level of fractional incorporation (or its equivalent by opt-10%w/w-

BDF) enables the acquisition of even the most challenging 3D-NMR experiments on 

moderate instrumentation (600 MHz, RT probe) and is seen to be a conservatively high 

limit.

Wenrich et al. Page 8

Protein Expr Purif. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A number of variations on the opt-BDF protocol for 13C enrichment developed here can be 

envisioned. We briefly report on two variant opt-BDF protocols that were also attempted in 

this work. First, we considered the question of when the fractional amount of u-13C-glucose 

most profitably can be added to optimize the incorporation of carbon-13 into the produced 

protein. For example, Neri and coworkers added the fractional amount of u-13C-glucose 

approximately one hour before the cell cultures reached OD600=0.8,17, partially charging 

biosynthetic pathways with 13C just prior to induction. We therefore performed a trial to 

compare the carbon-13 incorporation when the fractional amount of enriched glucose is 

added at different times: one culture received 0.2 g of u-13C-glucose at OD600=0.6, and the 

other at OD600=0.8, where both were induced at OD600=0.8. There is little difference in the 

signal intensities of the one-dimensional HNCO slices recorded for these two samples 

(Figure 9). On closer inspection, it can be seen that the sample following the opt-10%w/w-

BDF protocol does have a slight SNR advantage. Adding the enriched nutrient about one 

hour prior to induction can provide a head start for isotopic incorporation in to amino acid 

synthesis prior to the addition of IPTG, but it also entails adding the fractional amount of 

u-13C-glucose at a time when there is a larger background of na-glucose. We interpret the 

findings of Figure 9 to imply that it is more favorable to minimize the na-glucose 

background at the time of induction rather than to isotopically charge the biosynthetic 

pathways ahead of induction. Second, we considered a variant in which thiamine is 

supplemented at the time of induction to promote glucose metabolism at the same time that 

the 10%-13C-glucose addition takes place. These data can be found in the Supplemental 

Information (Figure S.3), where the opt-BDF sample with supplemental thiamine (1mL/L of 

0.1% thiamine added at induction) still demonstrated 17% 13C incorporation, consistent with 

incorporation levels of previous opt-BDF samples (Table 1). Thiamine is an essential 

vitamin for glycolysis and, while this test did not show an effect, it is possible that variations 

in added thiamine could alter the isotope incorporation.

One of the trials (trial 4, Table 1, Figure 2b) considered here resulted in 20% carbon-13 

incorporation with just 10%w/w u-13C-glucose, the highest enhancement that has been 

obtained in this work to date. It is encouraging to see that this level of enhancement is 

possible, and it suggests in particular that shorter induction periods could be favorable in 

preventing scrambling of isotopes through catabolic degradation processes.

The need to add the fractional u-13C-glucose during log phase growth is clearly established 

by contrasting the enhancements reported in Figures 2–4 as a function of the time at which 

the cultures were induced. It may be noted that while the 12–13% carbon-13 incorporation 

for cultures that are induced in stationary phase is viewed as disappointing, this modest 

enhancement still has utility since even a 13% 13C enriched sample can be used to acquire 

spectra in almost half the time that would be needed for equivalent spectra with a 10% 13C 

sample.

The straightforward protocol described here for enhanced fractional enrichment of 

bacterially synthesized proteins appears to provide a few advantages over related methods. It 

is well known that traditional monitoring of OD600 reports on glucose-dependent 

progression through cell cycle phases, as long as glucose is the growth-limiting factor (and 

not pH, nitrogen source, etc.). This work finds that OD600 values can be used as the sole 
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criterion for adding a fractional quantity of u-13C-glucose at induction just prior to 

stationary phase in a simple shaking, incubation chamber. The enhanced BDF procedure of 

adding sub-gram level amounts of enriched metabolites at induction should be transferable 

to the growing suite of protocols that use high levels of glucose in M9 media to reach very 

high cell densities,2, 27, 40 as evidenced by the results found here also for cultures employing 

4 g/L glucose (Figure 3).

In principle, preparing a uniformly 13C enriched sample at much lower concentration could 

be an alternative to the methodology proposed here. However the present opt-BDF scheme 

represents a transparent modification to existing liter-scale bacterial host expression 

protocols and does not require efforts to change the scale of the expression that might 

involve, for example, specialized fermentation equipment. Regardless, variations on opt-

BDF at different expression scales, or even in cell-free expression systems may be 

compelling alternatives to explore.

Conclusion

We demonstrate the ability to enhance the biosynthetically directed fractional incorporation 

of carbon-13 into expressed proteins if the fractional quantity of enriched glucose is added at 

induction. Specifically, this work arrives at a recommendation of a tenfold reduction in 

u-13C-glucose utilization (opt-10%w/w–BDF), which consistently yields samples whose 

spectra are nearly identical to those prepared with exact 20% carbon-13 incorporation. To 

obtain carbon-13 incorporation into the final expressed protein of about 18%, we have 

identified that 10%w/w fractional quantities of u-13C-glucose should be added at OD600 = 

0.7–0.8 for cultures using 2 g/L glucose, or at OD600 = 1.0–1.1 for cultures using 4 g/L 

glucose, with either cold (18 °C) or native (37 °C) induction temperatures (Table 1). These 

conditions are widely employed in liter-scale bacterial host over-expression of proteins.

Further, this work finds that even on moderate instrumentation (600MHz, RT-probe), and 

adhering to the experiment acquisition times afforded by practices such as non-uniform 

sampling, fractional carbon-13 enrichment at exact 10% and 20% levels lead to sensitive 

3D-bioNMR spectra for backbone assignments of proteins. To obtain the more difficult 3D-

NMR spectra (e.g. HN(CO)CACB and HN(CA)CO) we have shown that about 20% 

carbon-13 incorporation is required for the moderate concentrations (0.5–1.5 mM) and 

instruments (600 MHz, RT-probe) used herein that were intended to mimic real-world 

conditions. This work also revealed an editing effect in which ILV residues did not give 

detectable Cβ peaks in HNCACB spectra.

Since it is possible to use a 10%w/w quantity of u-13C-glucose to produce samples that 

behave spectroscopically as if they were nearly 20%w/w carbon-13 enriched, doubling the 

value of the u-13C-glucose used, this work suggests that further efforts should be devoted to 

optimizing isotope incorporation. It can also be recognized that when higher fields and 

cryogenic probes are used, even lower levels of fractional enrichment than reported here can 

be employed since the key principle is that biosynthetic pathways preserve 13C-13C spin 

pairs and triples in the backbones of expressed products.

Wenrich et al. Page 10

Protein Expr Purif. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Biosynthetic fractional enrichment of proteins at 10–20% levels of carbon-13 

incorporation into the protein facilitate all typical 3D-bioNMR experiments for 

performing backbone assignments, confirming that 13C-13C spin pairs are 

conserved in the protein backbone during fractional enrichment.

• The incorporation of carbon-13 into the expressed protein can be enhanced by 

adding the fractional quantity of u-13C-glucose at the time of induction.

• An ‘editing’ effect in which ILV residues are knocked out of HNCACB 

experiments performed on enhanced fractionally enriched samples may be 

useful in performing assignments.

• The enhancement of fractional carbon-13 incorporation is sensitive to cell life 

cycle changes and is highest (e.g. 18% 13C incorporation for 10%w/w u-13C-

glucose) when the fractional quantity of glucose is added during log phase just 

prior to the onset of stationary phase.

• The enhancement of fractional carbon-13 incorporation using the simple 

protocols described here is obtained under a variety of popular expression 

conditions including cold (18 °C) and native (37 °C) induction temperatures, 

different induction durations, and both 2 g/L and 4 g/L net total glucose 

concentrations.
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Figure 1. 
Comparison of 1D-HNCO slices which illustrate differences in carbon-13 isotope 

incorporation (100% 15N in all samples) as a result of implementing (left column) exact 

10%w/w or 20%w/w fractional carbon-13 enrichment versus (right column) enhanced 

fractional enrichment, both using 200 mg u-13C-glucose (10%w/w). These data are also 

summarized in Table 1. (a) The 1D-HNCO slices (256 transients each) indicate that 

opt-10%w/w-BDF samples produce SNR similar to the exact 20%w/w sample. An 

independent trial (b) (128 transients each) contrasts an opt-10%w/w-BDF sample with an 

exact 10%w/w sample, where the almost two fold improvement is observed.
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Figure 2. 
Comparison of signal intensities relative to noise in 1D-HNCO (512 transients each) slices. 

Enhanced fractional carbon-13 enrichment can be reproduced under several conditions, 

including (a) a different induction time (48 hr at 18 °C) in trial 3 and (b) short induction at 

37 °C in trial 4, resulting in 17% and 20% carbon-13 incorporation respectively. (Table 1) 

Open symbols on the cell density data indicate the time of induction.

Wenrich et al. Page 16

Protein Expr Purif. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Comparison of signal intensities relative to noise in 1D-HNCO slices. Enhanced fractional 

carbon-13 isotope incorporation is demonstrated in two independent trials that employed 

glucose at a higher concentration of 4 g/L (3.6 g na-glucose + 0.4 g u-13C-glucose added at 

induction). Panels (a) and (b) are trials 5 (512 transients per HNCO 1D slice) and 6 (4096 

transients per HNCO 1D slice), respectively (Table 1). A comment should be added on the 

enhancement in panel (b): line widths in the opt-BDF spectrum of (b) were broader due to 

less efficient decoupling, but integrated signal areas confirm the 18% enhancement in (b). 

Open symbols indicate the time of induction.
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Figure 4. 
Comparison of signal intensities relative to noise in 1D-HNCO slices. The importance of 

adding the fractional quantity of u-13C-glucose during log phase growth is supported by two 

independent trials in which the cultures were each induced at a stage that exhibited the onset 

of rollover (trials 7 (512 transients) and 8 (384 transients), Table 1). These trials yielded just 

12–13% incorporation using 10%w/w enriched glucose. Open symbols indicate the time of 

induction.
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Figure 5. 
Comparison of the 1D-HNCO (64 transients each) slices of exact 20% and opt-20%w/w-

BDF samples shows modest SNR improvement which is attributed to a poor growth rate at 

the time of induction due to limited nutrient availability in the initial media (which 

contained just 1.6 g na-glucose). (see also Table 2)
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Figure 6. 
(a) The use of opt-BDF samples for HNCACB/HN(CO)CACB experiments tests the 

presence of 13C-13C spin labels. The HN(CO)CACB (light blue contour lines) is 

superimposed with the HNCACB (black/red contour lines) experiment in order to verify a 

typical backbone walk pattern. The HNCACB data were acquired on a 0.8 mM sample 

produced with the opt-10%-BDF method, while the HN(CO)CACB employed a 1.5 mM 

sample produced following opt-20%w/w-BDF. The 3D-HNCACB (4 scans per increment 

nonuniformly spanning a 48[13C] x 24[15N] matrix, sw13C=80 ppm, sw15N=35 ppm, 2.0 

second recycle time, 150 ms acquisition) was acquired in just 10 hrs, while the 

HN(CO)CACB was acquired in 19.6 hrs (4 scans per increment for a 64[13C] x 32[15N] 

matrix, sw13C=80 ppm, sw15N=35ppm, 2.0 second recycle time, 150 ms acquisition), both 

processed via FFT, including linear prediction in the 15N dimension. (b) The inclusion 

of 13C throughout the expressed protein is illustrated by a representative 13C-HSQC (512 

increment, 8 scans per increment, 1.5 s recycle time) of the same sample used for the 

HNCACB in panel (a).
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Figure 7. 
Representative strips comparing the same opt-10%w/w-BDF HNCACB experiment in Figure 

6 to an exact 10%w/w-BDF sample demonstrate that the opt-BDF protocol disrupts the 

CACB connectivity in ILV residues of ubiquitin, but 10% enrichment at the beginning of 

growth does not. The 10%-BDF sample was prepared to about 1 mM and the HNCACB 

acquired for it consumed 22 hrs (8 scans per increment for a 64[13C] x 32[15N] matrix, 

sw13C=80 ppm, sw15N=35 ppm, 1.2 second recycle time, 150 ms acquisition).
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Figure 8. 
Adjacent 13C-13C spin labels in the backbone of proteins prepared by opt-10%w/w-BDF 

methods are demonstrated by the projection of all planes of a 3D-HN(CA)CO acquired on a 

0.40 mM opt-10%w/w-BDF sample non-uniformly acquired (32 scans per increment 

nonuniformly spanning a 64[13C] x 40[15N] matrix with 500 samples, sw13C=20 ppm, 

sw15N=35 ppm, 2.0 second recycle time, 150 ms acquisition) in 38 hrs. This and all other 

experiments were performed on a 600 MHz spectrometer using a room-temperature probe.
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Figure 9. 
Complex factors control the level of enhanced isotope incorporation as a function of timing 

the addition of the fractional amount of u-13C-glucose, as shown by comparing 1D-HNCO 

(1024 transients each) slices which received the 0.2 g u-13 C-glucose (a) one hour prior to 

induction (OD600=0.6) and (b) at induction (OD600=0.8). The samples were prepared to 

identical concentrations (0.57 mM) in equal volumes as described in the Experimental 

section of the text. The degree of isotope incorporation is seen to be nearly identical in both 

trials, although a slight advantage can be ascribed to (b) which followed the opt-10%w/w-

BDF protocol.
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