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Abstract: We demonstrate for the first time in-cell dynamic nuclear polarization (DNP) in 

conjunction with flow cytometry sorting to address the cellular heterogeneity of in-cell samples. 

Utilizing a green fluorescent protein (GFP) reporter of HIV reactivation, we correlate increased 15N 

resonance intensity with cytokine-driven HIV reactivation in a human cell line model of HIV 

latency. As few as 10% GFP+ cells could be detected by DNP nuclear magnetic resonance (NMR). 

The inclusion of flow cytometric sorting of GFP+ cells prior to analysis by DNP-NMR further 

boosted signal detection through increased cellular homogeneity with respect to GFP expression. 

As few as 3.6 million 15N-labeled GFP+ cells could be readily detected with DNP-NMR. Importantly, 

cell sorting allowed for the comparison of cytokine-treated GFP+ and GFP− cells in a batch-

consistent way. This provides an avenue for normalizing NMR spectral contributions from 

background cellular processes following treatment with cellular modulators. We also demonstrate 

the remarkable stability of AMUPol (a nitroxide biradical) in Jurkat T cells and achieved in-cell 

enhancements of 46 with 10 mM AMUPol, providing an excellent model system for further in-cell 

DNP-NMR studies. This represents an important contribution to improving in-cell methods for the 

study of endogenously expressed proteins by DNP-NMR. 
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1. Introduction 

Nuclear magnetic resonance (NMR) is an exceptional method for studying molecular structure 

and dynamics within complex biological systems including lipid-bilayers and membrane proteins 
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[1], fibrils [2–4] and cell walls [5,6]. Viral systems [7–10] and intact cells [11–16] are particularly 

accessible to solid-state NMR due to its independence from molecular correlation times, and therefore 

particle size. However, the inherently low sensitivity of solid-state NMR due to the low Boltzmann 

polarization of nuclei poses a significant challenge. This is exacerbated by dipolar-mediated line 

broadening, even under magic angle spinning (MAS) conditions. Solid-state NMR typically requires 

high sample concentrations and homogeneity in order to achieve sufficient sensitivity. This is a 

particular challenge for heterogenous, amorphous samples in which individual spins of interest may 

be diluted. 

MAS dynamic nuclear polarization (DNP) solid-state NMR leverages the high gyromagnetic 

ratio of electron spins to transfer high spin polarization from a free unpaired electron (in the form of 

a stable radical) to the nuclei of interest using microwave irradiation. This greatly enhances nuclear 

spin sensitivity. The theoretical limit for 1H enhancements is 660-fold, with experimental 

enhancements of up to 515 demonstrated on model systems [17]. The increased signal intensity 

afforded by DNP has allowed the observation and characterization of previously unknown 

conformational states of α-synuclein [18], HIV protein assemblies [19] and G protein coupled 

receptors (GPCRs) [20]. DNP solid-state NMR has also proved invaluable for the study of membrane 

proteins in which protein spins are significantly diluted by the supporting lipid structures [21,22] and 

even allowed the characterization of membrane proteins in native cellular membranes [23]. 

The dilution of individual proteins within heterogenous cellular structures pushes the 

sensitivity limits of DNP. Heterogeneity between cells is an additional challenge for in-cell NMR 

studies, especially primary cells. Inducible protein expression systems also show variability in 

expression levels which may give rise to aggregate formation or artifactual protein–protein 

interactions depending on the in-cell concentration. Not only does this further complicate the NMR 

spectra acquired on such samples, reducing resolution and thus interpretability, but it further dilutes 

the spins of interest as the net signal intensity is divided between all the conformers, reducing 

sensitivity. 

Recently, DNP has been applied to these challenging cellular systems. We previously reported 

the application of MAS-DNP to cellular samples, obtaining 46-fold enhancements of 15N resonances 

in intact human embryonic kidney cell 293 (HEK293) cells using the conventional DNP radical 

AMUPol [24]. AMUPol is a highly water soluble, stable bi-nitroxide radical which has become the 

standard radical used to perform DNP [25]. We achieved even greater in-cell enhancements using a 

trimodal DNP reagent in which the radical TOTAPOL was tethered to a fluorochrome-conjugated 

cell-penetrating peptide. This unique reagent additionally provided control over the cellular 

localization of the DNP radical in addition to the direct assessment of radical localization by 

microscopy [24]. Other laboratories have also demonstrated the use of radical tagged biomolecules, 

including the antimicrobial peptides used to observe the membrane-associated resonances in intact 

bacteria [26]. Petzold and colleagues used DNP-NMR to observe antisense oligonucleotide drugs 

delivered to HEK 293T cells [27]. Isotopically labeled ubiquitin delivered into HeLa cells have also 

been observed by DNP using the radical PyPOL-TMR, a fluorescent variant of AMUPol [28]. 

Furthermore, selective 13C labeling has been combined with in-cell DNP to observe overexpressed, 

endogenous cytochrome b5 in intact E. coli cells [29]. 

There is little structural information that addresses latent HIV reactivation pathways in T-cells, 

despite the success of DNP-NMR in revealing important conformational changes in HIV capsid 

proteins critical for the maturation of viral particles [19]. Latent HIV infection remains a significant 

barrier to curing infected patients [30–33]. Current anti-retroviral therapy effectively reduces plasma 

viremia [34–36] but fails to eliminate latently infected cells, allowing the infection to persist for life. 

Many strategies aimed at targeting this latent reservoir of infected cells include small molecule 

latency-reversing agents (LRAs) [35] such as the PKC modulator bryostatin [36–38], and histone 

deacetylase (HDAC) inhibitors [39,40]. A better understanding of the structure and function of these 

small molecules and their targets within the cellular context would permit the design and synthesis 

of more potent and less toxic latency modulators [1,36,37,41]. 
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Here, we demonstrated an in-cell DNP-NMR model to observe TNFα-mediated endogenous 

HIV reactivation in Jurkat T cells. We correlated GFP expression with increased 15N-amide resonance 

intensities, demonstrating the feasibility of using DNP-NMR to monitor endogenous HIV 

reactivation. We further improved the sensitivity of detection by employing fluorescence-activated 

cell sorting (FACS) to greatly enhance the homogeneity of the cell population. Furthermore, we 

demonstrated the potential of Jurkat T cells as a model system for in-cell studies due to slow AMUPol 

reduction in this cell line. 

2. Results and Discussion 

2.1. AMUPol is Stable in JLat T Cells 

To develop a model system for studying endogenously produced HIV by NMR, we utilized JLat 

10.6 cells which are a variant of the Jurkat T cell line [42]. The HIV genome has been integrated into 

the host cell genome and provides a valuable model for studying the HIV reactivation from latency 

[42–44]. These cells produce near complete virions (but which lack the nef and env genes) in an NFκB-

dependent manner [42,45]. We prepared 15N-labeled JLat cells for DNP-NMR by resuspension in 10% 

DMSO/90% phosphate buffered saline (PBS) and AMUPol to a final concentration of 10 mM (Figure 

1). Rotor-packed cell samples were immediately frozen in liquid nitrogen to prevent radical 

reduction. We consistently achieved packing times of less than 2 min between the addition of the 

radical and the freezing in liquid nitrogen. 

 

Figure 1. Preparation of the Jurkat T cells for dynamic nuclear polarization (DNP)-NMR. (1) Jurkat T 

cells are cultured for 12–24 h in isotopically labeled by the complete Roswell Park Memorial Institute 

(cRPMI). (2) A small aliquot of cells is taken for flow cytometric analysis. (3) The rest are pelleted by 

centrifugation and washed with phosphate buffered saline. (4) AMUPol and cryoprotectant are added 

directly to the cell pellet. (5) The cells are centrifuged for 20 s into a 3.2 mm ZrO2 rotor or electron 

paramagnetic resonance (EPR) tube. (6) Packed rotors or EPR tubes are immediately frozen in liquid 

nitrogen. (7) DNP solid-state NMR and EPR analysis of Jurkat cells is then carried out. See Materials 

and Methods for additional details. 

To ensure the maximum consistency between the rotors in terms of cell mass per rotor, specially 

designed Teflon funnels were used in which the neck of the funnel occupied 26 μL of the rotor during 

the packing, leaving a filling volume of 36 μL for the cell samples (Supplementary Materials SI-1), 

while allowing sufficient space for the insertion of the rotor drive tip. 

The stability of AMUPol in the JLat cells was assessed by EPR spectroscopy at room temperature. 

After 30 min, we observed an 8% reduction in the integrated area of the AMUPol EPR spectrum, 

giving a decay rate of 0.20% min−1 ± 0.08, which is remarkably slow, indicating a relatively stable 

environment for DNP (Figure 2a,b). A DNP enhancement of 46 was measured at 300 MHz for the 15N 

amide resonances of JLat cells prepared in the same way (Figure 2c). We have previously reported a 

30% reduction in the integrated area of the AMUPol EPR spectrum after 30 min in HEK293 cells [24]. 

In addition, recently reported decay rates in bacteria are even greater with a 75% reduction of a 
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paramagnetic radical within 10 min [46]. Xenopus laevis oocytes, a common model system for in-cell 

structural studies, show a range of radical lifetimes from 3.8 min (TEMPOL radical) [47] to over 1 h 

(MTSSL radical) [48]. It is unclear why AMUPol is so stable in JLat T cells. The net redox potential of 

JLat cells might be different from other cell types previously studied with AMUPol as redox processes 

are the greatest source of DNP radical instability [46]. Regardless of the mechanism, the data suggest 

that JLat T cells are a good model cell type for DNP studies. 

 

Figure 2. EPR analysis of AMPUPol stability in non-stimulated JLat T cells. (a) EPR spectra of AMUPol 

in JLat T cells at 9.4 GHz. (b) Integrated area of EPR signal over time. JLat cells were prepared with 

10 mM AMUPol in 10% DMSO/90% phosphate buffered saline (PBS) and analyzed at room 

temperature. Data shown is one of two independent experiments. The average decay is 0.20% min−1 

± 0.08 s.d. (c) Comparison of microwave-on and -off spectra of selectively 15N- labeled JLat cells 

measured at 90 K. Spectra were acquired at 7.05 T with 197.674 GHz microwave irradiation, 4.5 kHz 

magic angle spinning (MAS) and 2048 transients. 

2.2. Detection of Endogenously Expressed HIV Proteins by DNP-MAS NMR 

We used two distinct JLat T cell lines in which the HIV genome was latently integrated and 

commercially available [42]. JLat 10.6 and JLat 9.2 cells differ only in the chromosomal region in 

which the HIV genome is integrated [43]. This results in varying HIV activation between the two cell 

lines upon stimulation, where the JLat 10.6 cell line is easier to activate. These cells are infected with 

a recombinant HIV in which the nef gene has been replaced with the reporter green fluorescent 

protein (GFP), in addition to a mutation in env that prevents the formation of infectious virions [42]. 

Therefore, JLat cell lines can safely be assayed and analyzed in a standard biosafety 2 laboratory. Both 

cell lines exhibit low basal HIV activation, as monitored by GFP fluorescence (Figure 3a), consistent 

with published results [43]. The expression of GFP and HIV genes are both driven by the same 

promoter and therefore results in the coexpression of GFP with Gag-pol/vpu/vif/vpr/rev and tat 

polypeptides. GFP fluorescence intensity has been shown to directly correlate with HIV expression 

levels in this cell line by Western blotting for the Gag protein [49,50]. The addition of T cell activators 

induces HIV and GFP production in JLat cells [38,51]. 

To detect endogenously expressed HIV proteins by NMR, JLat 10.6 cells were cultured for the 

exponential growth phase in unlabeled media. The cells were then transferred to selectively 15N-

enriched media and stimulated with the T cell activator, TNF-α for 12 h. HIV activation was assessed 

by flow cytometry. The stimulation with TNF-α resulted in 89% of JLat 10.6 cells upregulating GFP 

compared to 0.4% of the cells treated with 1% DMSO (vehicle control) (Figure 3a). The analysis of 

these same cells by DNP-NMR showed that the TNF-α treatment increased 15N amide resonance 

intensities by 51% and amine resonances by 57%, compared to the DMSO controls (Figure 3b). Thus, 

the increased signal intensity is likely attributed to endogenous HIV and GFP expression. The 

comparison of the amino acid sequences of all the HIV proteins produced with that of GFP indicates 

that under our labeling conditions, 89% of the 15N signal intensity can be attributed to HIV proteins 

and 11% to GFP, assuming all other things are equal (Supplementary Materials SI-2). Due to the well 

documented and published overexpression of HIV-related proteins in this cell line (in excess of 85,000 

pg/mL)[42] we expect a large proportion of the 15N signal to come from HIV proteins through 

overexpression, although all other proteins produced during the labeling period will also be labeled. 
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TNF-α is known to increase protein expression in stimulated T cells, predominantly in the form 

of cytokine production, and might partially account for the observed increase in 15N resonance 

intensity [51]. We addressed this possibility by comparing the TNF-α-stimulated JLat 10.6 cells with 

stimulated Jurkat T cells, which do not contain any HIV DNA but are equally responsive to TNFα 

stimulation. The comparison of 15N amide resonance intensities showed a 54% increase in signal 

intensity following the stimulation of JLat 10.6 cells compared to the stimulated Jurkat cells (Figure 

3c). Thus, the increase in 15N resonance intensity cannot be accounted for by cytokine production, 

which was expected as cytokines are secreted proteins and they are washed away in the sample 

preparation process. This is a clear demonstration of endogenous HIV and GFP detection by DNP 

solid-state NMR. Furthermore, the proportion of GFP+ cells also correlates reasonably well with 

increases in 15N signal intensity. 

 

Figure 3. Characterization of HIV production in JLat 10.6 cells by MAS-DNP and flow cytometry. (a) 

Flow cytometry of the GFP expression by JLat 10.6 cells. Percentages in the plots indicate the 

proportion of total live cells that are GFP+ (bottom right quadrant). (b) 15N cross-polarization magic 

angle spinning (CPMAS)-DNP spectra of 1% DMSO (black line)- or TNF-α (blue line)-treated 15N-

labeled JLat 10.6 cells. (c) 15N CPMAS-DNP spectra of Jurkat (orange line) and JLat 10.6 cells 

stimulated with TNFα (blue line) or the DMSO control (black line). Spectra were acquired at 7.05 T 

and 95 K with 197.674 GHz microwave irradiation, 4.5 kHz MAS and 2048 transients. (b,c) are 

independent experiments. 

Increases in the 15N resonance intensity due to the bulk activation of JLat 10.6 cells were readily 

detectable. However, the proportion of latently infected T cells in vivo is typically very low [52]. In 

order to assess the feasibility of using MAS-DNP with flow cytometry to study the clinically relevant 

HIV latency, we used the JLat 9.2 cell line. Latent HIV activation is much more difficult to achieve in 

JLat 9.2 cells compared to JLat 10.6. Therefore, the characterization of HIV activation in JLat 9.2 cells 

is important as it more closely mimics the behavior of HIV reservoirs in vivo, which are difficult to 

activate [32]. 

Due to the inherently low levels of HIV activation in JLat 9.2 cells, we determined the optimal 

stimulation period for GFP expression in JLat 9.2 cells over 24 h. We observed only 2% GFP+ JLat 9.2 

cells at 12 h post stimulation, which increased to 12% after 24 h (Supplementary Materials SI-3). In 

contrast, 46% of the stimulated JLat 10.6 cells were GFP+ at 12 h, increasing to 68% at 24 h 

(Supplementary Materials SI-3). Thus, not only does a lower proportion of the JLat 9.2 population 

become activated, but the time course of activation is also slower. As a result, we chose to stimulate 
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the JLat 9.2 cells for 24 h prior to the DNP-NMR analysis. We did not extend the activation period 

beyond 24 h in order to minimize the incorporation of the 15N-enriched amino acids into proteins 

other than GFP or HIV. We also note the variability in the percentage of the JLat 10.6 GFP+ cells 

between experiments. This highlights the importance of combining flow cytometry and other 

reporting techniques with in-cell NMR techniques for the accurate assessment of NMR spectra. 

We recorded the 15N cross polarization magic angle spinning (CPMAS)-DNP spectra of the JLat 

9.2 cells stimulated with TNF-α for 24 h and observed a 15% and 17% increase in the intensity of the 

amide and amine resonances, respectively (Figure 4b). This correlates reasonably well with the flow 

cytometry data, where 10% of the stimulated JLat 9.2 cells were GFP+ (Figure 4a). Furthermore, the 

observation of this increase demonstrates the excellent sensitivity of the DNP-NMR to detect small 

populations of latently activated JLat cells within a heterogenous sample. However, the correlation 

between the percent GFP+ cells and the 15N signal intensity is therefore not accurate enough to allow 

the use of 15N amide resonance intensity as a proxy for the GFP/HIV expression alone. Additional 

factors must therefore influence the 15N signal intensity in the activated JLat cells. 

 

Figure 4. Characterization of the HIV production in JLat 9.2 cells. (a) Flow cytometry of the JLat 9.2 

cells treated with 1% DMSO (vehicle control) or TNF-α. Plots are gated on live cells with the total 

percentage of GFP+ cells indicated in each plot (bottom right quadrant). (b) 15N CPMAS-DNP spectra 

of 1% DMSO (black line)- or TNF-α (blue line)-treated 15N-labeled JLat 9.2 cells. Spectra were acquired 

at 7.05 T and 95 K with 197.674 GHz microwave irradiation, 4.5 kHz MAS and 2048 transients. 

2.3. Flow Cytometric Sorting Improves Cell Homogeneity 

The contribution of background T cell activation to 15N resonance intensity is difficult to 

ascertain when comparing non-stimulated with stimulated JLat cells. To do this requires the 

separation of GFP+ TNF-α stimulated JLat cells from their GFP− counterparts. We achieved this by 

using flow cytometry to sort GFP+ cells and GFP− cells from a heterogenous population of TNF-α-

stimulated JLat 9.2 cells. Due to the limited sorting capacity of flow cytometers, only 3.6 × 106 GFP+ 

and GFP− cells could be collected. However, we could still resolve a 34% increase in 15N-amide 

resonance intensity in the GFP-enriched samples compared to GFP− samples (Figure 5). This is a 

further demonstration that the increased signal intensity is due to the expression of HIV and 

associated GFP as the incorporation of flow cytometric sorting normalizes for any additional protein 

production due to stimulation. Flow cytometric sorting, in general, yields good cellular homogeneity 

but at the expense of total cellular mass. Alternative methods for bulk cellular purification such as 

antibody-based sorting could be employed and will be an important step for the analysis of primary 

cells and clinical samples where the occurrence of virally infected cells is very low. 

The difference in the signal intensity between GFP+ and GFP− was expected to be much larger 

than what was observed. Given the 15% increase in the 15N signal intensity of the stimulated JLat 9.2 

cells compared to the unstimulated cells, which represents nearly a 1% increase in the 15N signal 

intensity per 1% GFP expression, we expected close to a 100% increase in the 15N signal intensity of 

the sorted GFP+ JLat 9.2 cells compared to the sorted GFP− JLat 9.2 cells. This may be due to the 
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upregulated basal protein production by TNF-α stimulation which partly cancels out the 

enhancements we would expect to see if the increase in protein content could be solely attributed to 

HIV and GFP. Furthermore, it is not clear how much protein needs to be produced to result in a 1% 

increase in signal intensity in this endogenous system. 

The JLat MAS-DNP system is a promising new tool for the study of HIV virion production and 

latency reversal at the molecular level. The work presented here is the first demonstration of the 

DNP-enhanced solid-state NMR detection of endogenously produced HIV virions. The detection of 

increased amide resonance intensities by the MAS-DNP of HIV reactivated JLat cells provides an 

excellent model for future multi-dimensional studies of HIV virions within intact human cells. The 

benefits of multi-dimensional spectroscopy are the significant gains in data resolution through 

reduced spectral overlap with every additional dimension. This is a significant caveat for DNP-solid-

state NMR as at cryogenic temperatures, molecular motion that is present at ambient temperatures 

is frozen out and can manifest as line broadening in DNP spectra, greatly reducing sensitivity and 

resolution. In addition, in-cell experiments further challenge NMR sensitivity due to the low 

concentration of spins of interest. Further gains in DNP and NMR sensitivity through technological 

developments will significantly improve the implementation of multi-dimensional NMR analysis to 

proteins at physiological concentrations (nano and micromolar concentrations) and in the 

heterogeneous environment of intact cells. 

 

Figure 5. Increased cellular homogeneity using flow cytometric sorting. (a) Flow cytometry gating 

strategy for the GFP sorting of TNF-α-activated JLat 9.2 cells. Side scatter (SSC) and forward scatter 

(FSC) profiles were used to gate live cells. (b) 15N DNP-NMR spectra of 3 × 106 GFP+ and GFP− cells. 

The combination of cell sorting and purification strategies provides a means for addressing the 

challenge of cellular heterogeneity for in-cell NMR studies to improve sensitivity and sample 

normalization. We hope to foster the integration of new developments in NMR methods and 

instrumentation with rigorous and well established biological techniques. Further development of 

our integrated approach could open up more biologically relevant systems to the in situ study at the 

atomic level. 

3. Materials and Methods 

3.1. Cell Lines and Cell Culture 

JLat 10.6 and JLat 9.2 cells were obtained from the NIH AIDS Reagent Program, Division of 

AIDS, National Institute of Allergy and Infectious Diseases (catalog #1340), NIH.: J-Lat Full Length 
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Cells from Dr. Eric Verdin [43]. This cell line has been previously described [42,43]. Briefly, the Jurkat 

T cells were infected with HIV-R7/E-/GFP retroviral vector and displayed no virus production under 

basal growth conditions. These cells express the HIV proteins Gag-pol, vpu, vpr, vif, rev and tat but 

not nef or env (gp120/gp41). They produce viral particles that are shed from the cells but are non-

infectious due the absence of env. Standard Jurkat T cells were purchased from the ATCC. All three 

cell lines were continuously cultured in Roswell Park Memorial Institute (RPMI) 1640 medium 

(Gibco; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with; 10% heat-inactivated fetal 

bovine serum (Gibco; Thermo Fisher Scientific, Waltham, MA, USA); L-glutamine 4 mM (Gibco; 

Thermo Fisher Scientific, Waltham, MA, USA); 100 U/mL penicillin 100 U/mL streptomycin (Gibco, 

USA) and 0.5 mM sodium pyruvate (Gibco; Thermo Fisher Scientific, Waltham, MA, USA) to make 

complete RPMI (cRPMI) 1640 medium. Isotopic labeling was performed using in-house cRPMI ((15N-

G,L,K,Q,E,T,V,P)-RPMI) following the Thermo Fisher Scientific recipe [53] containing (15N-amide 

Glycine (10 mg/mL), Leucine (50 mg/mL), Lysine (40 mg/mL), Glutamine (300 mg/mL), Glutamate 

(20 mg/mL), Threonine (20 mg/mL), Valine (20 mg/mL), Proline (20 mg/mL)) and fetal bovine serum 

dialyzed against PBS to remove unlabeled amino acids. All amino acids were purchased from 

Cambridge Isotope Laboratories (Tewksbury, MA, USA). 

3.2. HIV Reactivation 

JLat cells in exponential growth were resuspended in 15N-(G,L,K,Q,E,T,V,P)-cRPMI at 3 × 106 

cells/mL and treated with 1% DMSO (v/v) or 10 ng/mL Tumor Necrosis Factor α (TNF-α) (Sigma-

Aldrich, Saint Louis, MO, USA) (with 1% DMSO). The cells were incubated at 37 °C for 12–24 h with 

5% CO2 in a humidified incubator. 

3.3. Sample Preparation 

After stimulation, the JLat cells were prepared for NMR by pelleting 36 × 106 cells at 170× g for 5 

min and then washing with 10 mL 1 × PBS to remove the cell culture media, unused isotopes and 

secreted proteins. The cell pellet (30 μL volume) was then resuspended in 30 μL of DNP solution 

containing 1 × PBS, 10% DMSO (v/v) and 20 mM AMUPol (Cgiving a final AMUPol concentration of 

10 mM. The cell suspension was funneled directly into a Y2O3-stabilized ZrO2 NMR rotor without 

further washing at 800× g for 20 s using custom-made Teflon funnels and frozen immediately in liquid 

nitrogen to halt the cellular reduction of AMUPol. The total packing time, defined as the time from 

the addition of AMUPol (to the cell pellet) to the freezing of the sample in liquid nitrogen, was less 

than 2 min. 

Samples for the flow cytometry were prepared by taking 100 μL aliquots of isotopically-labeled 

JLat cells (~100,000 cells) and then fixing in 2% formaldehyde overnight at 4 °C prior to flow 

cytometric analysis. 

3.4. NMR Data Collection 

All experiments were performed on a 7.05 T magnet at 95 K with Larmor frequencies of 1H = 

300.184 MHz and 15N = 30.179 MHz, using a custom-built, 4-channel, transmission line NMR probe 

housing a 3.2 mm outer diameter rotor and controlled via a Redstone spectrometer (Tecmag Inc., 

Houston, TX, USA). DNP was performed with a custom-built 198 GHz gyrotron outputting 40 W 

microwave irradiation at a frequency of 197.674 GHz. Incident power at the sample was 

approximately 7 W. A rotor-synchronized, echo-detected CPMAS sequence from 1H to 15N nuclei was 

used to record all the 15N spectra at 4.5 kHz MAS. A Hartmann–Hahn contact time of 1 ms was used 

with Rabi frequencies of 1H = 83 kHz and 15N = 77 kHz. Two Pulse Phase Modulation (TPPM) 1H 

decoupling was employed with 1H = 83 kHz. Magnetization was saturated using a pulse train on the 
1H and 15N channels before the DNP polarization period (duration of 3 s). A total of 2048 transients 

were acquired per sample. The data were processed in TNMR v3.2.8 (Tecmag Inc., Houston, TX, 

USA). Peaks were fit using DMFit#20200306 (CEMHTI CNRS, Orleans, France) [54] to determine 

intensities. 
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3.5. EPR Analysis 

JLat cells (12 × 106 cells) were prepared as described previously. Cell pellets (10 μL) were 

resuspended in 10 μL of 1 × PBS with 10% DMSO and 20 mM AMUPol and centrifuged into EPR 

tubes at 800× g for 20 s. Excess supernatant was removed and the sample was frozen immediately in 

liquid nitrogen with a total packing time less than 3 min, to halt any reduction of AMUPol prior to 

EPR analysis. For analysis, the capillary tube was thawed to room temperature then immediately 

inserted into a 5 mm NMR tube to fit the cavity of a 9.4 GHz EPR spectrometer (JEOL-JES-FA 100). 

Continuous wave EPR spectra was acquired at 9.4 GHz with 2 mW microwave power and a sweep 

time of 30 s (0.1 s time constant) using a modulation frequency of 100 kHz over 0.1 mT and an 

amplitude of 50. All spectra were acquired at room temperature for 30 min. 

3.6. Flow Cytometry Analysis 

GFP fluorescence of fixed, isotopically labeled JLat 10.6 and JLat 9.2 cells was analyzed using a 

FACScan flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Live cells were gated based on 

forward (FSC) and side scatter (SSC) profiles. The data were analyzed using Flowing Software v2.5.1 

(Perttu Terho). For the GFP time course analyses, 1 × 106 cells were plated at 3 × 106/mL and treated 

with 10 ng/mL TNF-α. The samples were collected at 0, 12, and 24 h and analyzed by flow cytometry. 

For the cell-sorting experiments, 100 × 106 JLat 9.2 cells were plated at 3 × 106/mL in 15N-

(G,L,K,Q,E,T,V,P)-cRPMI media and treated with 10 ng/mL TNF-α for 24 h. Cells were then sorted 

on a FACSAria flow cytometer (BD Biosciences). Live cells were gated based on forward and side 

scatter profiles as depicted in Figure 5. After sorting, the cells were counted, and 3.6 × 106 GFP+ and 

GFP− cells were packed into 3.2 mm Y2O3-stabilized ZrO2 rotors as described above. 

Supplementary Materials: Supplementary Materials can be found at www.mdpi.com/1422-0067/21/13/4649/s1. 
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HIV Human immunodeficiency virus 
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NMR Nuclear magnetic resonance 
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TNF-α Tumor necrosis factor alpha 

DMSO Dimethyl sulfoxide 

GFP Green fluorescent protein 

MAS Magic angle spinning 

HEK Human embryonic kidney cells 



Int. J. Mol. Sci. 2020, 21, 4649 10 of 13 

 

PBS Phosphate buffered saline 

CPMAS Cross polarization magic angle spinning 

References 

1. Yang, H.; Staveness, D.; Ryckbosch, S.M.; Axtman, A.D.; Loy, B.A.; Barnes, A.B.; Pande, V.S.; Schaefer, J.; 

Wender, P.A.; Cegelski, L. REDOR NMR Reveals Multiple Conformers for a Protein Kinase C Ligand in a 

Membrane Environment. ACS Central Sci. 2018, 4, 89–96, doi:10.1021/acscentsci.7b00475.  

2. Tuttle, M.D.; Comellas, G.; Nieuwkoop, A.J.; Covell, D.J.; Berthold, D.A.; Kloepper, K.D.; Courtney, J.M.; 

Kim, J.K.; Barclay, A.M.; Kendall, A.; et al. Solid-state NMR structure of a pathogenic fibril of full-length 

human α-synuclein. Nat. Struct. Mol. Boil. 2016, 23, 409–415, doi:10.1038/nsmb.3194.  

3. Petkova, A.T.; Ishii, Y.; Balbach, J.J.; Antzutkin, O.N.; Leapman, R.D.; Delaglio, F.; Tycko, R. A structural 

model for Alzheimer’s β-amyloid fibrils based on experimental constraints from solid state NMR. Proc. 

Natl. Acad. Sci. 2002, 99, 16742–16747, doi:10.1073/pnas.262663499.  

4. Hoop, C.L.; Lin, H.-K.; Kar, K.; Magyarfalvi, G.; Lamley, J.M.; Boatz, J.C.; Mandal, A.; Lewandowski, J.R.; 

Wetzel, R.; Van Der Wel, P.C. Huntingtin exon 1 fibrils feature an interdigitated β-hairpin–based 

polyglutamine core. Proc. Natl. Acad. Sci. 2016, 113, 1546–1551, doi:10.1073/pnas.1521933113.  

5. Kang, X.; Kirui, A.; Muszyński, A.; Widanage, M.C.D.; Chen, A.; Azadi, P.; Wang, P.; Mentink-Vigier, F.; 

Wang, T. Molecular architecture of fungal cell walls revealed by solid-state NMR. Nat. Commun. 2018, 9, 

2747, doi:10.1038/s41467-018-05199-0.  

6. Wang, T.; Phyo, P.; Hong, M. Multidimensional solid-state NMR spectroscopy of plant cell walls. Solid State 

Nucl. Magn. Reson. 2016, 78, 56–63, doi:10.1016/j.ssnmr.2016.08.001. 

7. Han, Y.; Ahn, J.; Concel, J.; Byeon, I.-J.L.; Gronenborn, A.M.; Yang, J.; Polenova, T. Solid-State NMR Studies 

of HIV-1 Capsid Protein Assemblies. J. Am. Chem. Soc. 2010, 132, 1976–1987, doi:10.1021/ja908687k. 

8. Barbet-Massin, E.; Felletti, M.; Schneider, R.; Jehle, S.; Communie, G.; Martinez, N.; Jensen, M.R.; Ruigrok, 

R.W.; Emsley, L.; Lesage, A.; et al. Insights into the Structure and Dynamics of Measles Virus Nucleocapsids 

by 1H-detected Solid-state NMR. Biophys. J. 2014, 107, 941–946, doi:10.1016/j.bpj.2014.05.048. 

9. Sackett, K.; Nethercott, M.J.; Zheng, Z.; Weliky, D.P. Solid-state NMR spectroscopy of the HIV gp41 

membrane fusion protein supports intermolecular antiparallel β sheet fusion peptide structure in the final 

six-helix bundle state. J. Mol. Boil. 2013, 426, 1077–94, doi:10.1016/j.jmb.2013.11.010.  

10. Yao, H.; Lee, M.W.; Waring, A.J.; Wong, G.C.L.; Hong, M. Viral fusion protein transmembrane domain 

adopts β-strand structure to facilitate membrane topological changes for virus–cell fusion. Proc. Natl. Acad. 

Sci. 2015, 112, 10926–10931, doi:10.1073/pnas.1501430112.  

11. Werby, S.H.; Cegelski, L. Spectral comparisons of mammalian cells and intact organelles by solid-state 

NMR. J. Struct. Boil. 2018, 206, 49–54, doi:10.1016/j.jsb.2018.05.007.  

12. Inomata, K.; Ohno, A.; Tochio, H.; Isogai, S.; Tenno, T.; Nakase, I.; Takeuchi, T.; Futaki, S.; Ito, Y.; Hiroaki, 

H.; et al. High-resolution multi-dimensional NMR spectroscopy of proteins in human cells. Nat. 2009, 458, 

106–109, doi:10.1038/nature07839.  

13. Sakakibara, D.; Sasaki, A.; Ikeya, T.; Hamatsu, J.; Hanashima, T.; Mishima, M.; Yoshimasu, M.; Hayashi, N.; 

Mikawa, T.; Wälchli, M.; et al. Protein structure determination in living cells by in-cell NMR spectroscopy. 

Nat. 2009, 458, 102–105, doi:10.1038/nature07814.  

14. Selenko, P.; Serber, Z.; Gadea, B.; Ruderman, J.; Wagner, G. Quantitative NMR analysis of the protein G B1 

domain in Xenopus laevis egg extracts and intact oocytes. Proc. Natl. Acad. Sci. 2006, 103, 11904–11909, 

doi:10.1073/pnas.0604667103.  

15. Theillet, F.-X.; Binolfi, A.; Bekei, B.; Martorana, A.; Rose, H.M.; Stuiver, M.; Verzini, S.; Lorenz, R.; Van 

Rossum, M.; Goldfarb, D.; et al. Structural disorder of monomeric α-synuclein persists in mammalian cells. 

Nat. 2016, 530, 45–50, doi:10.1038/nature16531.  

16. Poulhazan, A.; Arnold, A.A.; Warschawski, D.; Marcotte, I. Unambiguous Ex Situ and in Cell 2D 13C Solid-

State NMR Characterization of Starch and Its Constituents. Int. J. Mol. Sci. 2018, 19, 3817, 

doi:10.3390/ijms19123817.  

17. Kubicki, D.J.; Rossini, A.J.; Purea, A.; Zagdoun, A.; Ouari, O.; Tordo, P.; Engelke, F.; Lesage, A.; Emsley, L. 

Amplifying Dynamic Nuclear Polarization of Frozen Solutions by Incorporating Dielectric Particles. J. Am. 

Chem. Soc. 2014, 136, 15711–15718, doi:10.1021/ja5088453.  



Int. J. Mol. Sci. 2020, 21, 4649 11 of 13 

 

18. König, A.; Schölzel, D.; Uluca, B.; Viennet, T.; Akbey, Ümit; Heise, H. Hyperpolarized MAS NMR of 

unfolded and misfolded proteins. Solid State Nucl. Magn. Reson. 2019, 98, 1–11, 

doi:10.1016/j.ssnmr.2018.12.003.  

19. Gupta, R.; Lu, M.; Hou, G.; Caporini, M.A.; Rosay, M.; Maas, W.; Struppe, J.; Suiter, C.; Ahn, J.; Byeon, I.-

J.L.; et al. Dynamic Nuclear Polarization Enhanced MAS NMR Spectroscopy for Structural Analysis of HIV-

1 Protein Assemblies. J. Phys. Chem. B 2016, 120, 329–339, doi:10.1021/acs.jpcb.5b12134. 

20. Joedicke, L.; Mao, J.; Kuenze, G.; Reinhart, C.; Kalavacherla, T.; A Jonker, H.R.; Richter, C.; Schwalbe, H.; 

Meiler, J.; Preu, J.; et al. The molecular basis of subtype selectivity of human kinin G-protein-coupled 

receptors. Nat. Methods 2018, 14, 284–290, doi:10.1038/nchembio.2551. 

21. Smith, A.N.; Caporini, M.A.; Fanucci, G.E.; Long, J.R. A Method for Dynamic Nuclear Polarization 

Enhancement of Membrane Proteins. Angew. Chem. Int. Ed. 2014, 54, 1542–1546, doi:10.1002/anie.201410249. 

22. Wylie, B.J.; Dzikovski, B.G.; Pawsey, S.; Caporini, M.; Rosay, M.; Freed, J.H.; McDermott, A.E. Dynamic 

nuclear polarization of membrane proteins: covalently bound spin-labels at protein-protein interfaces. J. 

Biomol. NMR 2015, 61, 361–7, doi:10.1007/s10858-015-9919-6.  

23. Linser, R.; Dasari, M.; Hiller, M.; Higman, V.A.; Fink, U.; Del Amo, J.M.L.; Markovic, S.; Handel, L.; Kessler, 

B.; Schmieder, P.; et al. Proton-Detected Solid-State NMR Spectroscopy of Fibrillar and Membrane Proteins. 

Angew. Chem. Int. Ed. 2011, 50, 4508–4512, doi:10.1002/anie.201008244. 

24. Albert, B.J.; Gao C.; Sesti, E.L.; Saliba, E.P.; Alaniva, N.; Scott, F.J.; Sigurdsson, S.Th.; Barnes, A.B. Dynamic 

Nuclear Polarization NMR in Human Cells Using Fluorescent Polarizing Agents. Biochemistry 2019, 57, 

4741–4746. 

25. Sauvee, C.; Rosay, M.; Casano, G.; Aussenac, F.; Weber, R.T.; Ouari, O.; Tordo, P. Highly Efficient, Water-

Soluble Polarizing Agents for Dynamic Nuclear Polarization at High Frequency. Angew. Chemie Int. Ed. 

2013, 52, 10858. 

26. Sani, M.-A.; Zhu, S.; Hofferek, V.; Separovic, F. Nitroxide spin–labeled peptides for DNP-NMR in-cell 

studies. FASEB J. 2019, 33, 11021–11027, doi:10.1096/fj.201900931r. 

27. Schlagnitweit, J.; Sandoz, S.F.; Jaworski, A.; Guzzetti, I.; Aussenac, F.; Carbajo, R.J.; Chiarparin, E.; Pell, A.J.; 

Petzold, K. Observing an Antisense Drug Complex in Intact Human Cells by in-Cell NMR Spectroscopy. 

ChemBioChem 2019, 20, 2474–2478, doi:10.1002/cbic.201900297.  

28. Narasimhan, S.; Scherpe, S.; Paioni, A.L.; Van Der Zwan, J.; Folkers, G.E.; Ovaa, H.; Baldus, M. DNP-

Supported Solid-State NMR Spectroscopy of Proteins Inside Mammalian Cells. Angew. Chem. Int. Ed. 2019, 

58, 12969–12973, doi:10.1002/anie.201903246.  

29. Yamamoto, K.; Caporini, M.A.; Im, S.-C.; Waskell, L.; Ramamoorthy, A. Cellular solid-state NMR 

investigation of a membrane protein using dynamic nuclear polarization. Biochim. et Biophys. Acta (BBA) - 

Bioenerg. 2014, 1848, 342–9, doi:10.1016/j.bbamem.2014.07.008.  

30. Finzi, D.; Hermankova, M.; Pierson, T.; Carruth, L.M.; Buck, C.B.; Chaisson, R.E.; Quinn, T.C.; Chadwick, 

K.; Margolick, J.; Brookmeyer, R.; et al. Identification of a Reservoir for HIV-1 in Patients on Highly Active 

Antiretroviral Therapy. Sci. 1997, 278, 1295–1300, doi:10.1126/science.278.5341.1295 

31. Wong, J.K.; Hezareh, M.; Günthard, H.F.; Havlir, D.V.; Ignacio, C.C.; Spina, C.A.; Richman, D.D. Recovery 

of Replication-Competent HIV Despite Prolonged Suppression of Plasma Viremia. Sci. 1997, 278, 1291–1295, 

doi:10.1126/science.278.5341.1291 

32. Chun, T.-W.; Carruth, L.; Finzi, D.; Shen, X.; DiGiuseppe, J.A.; Taylor, H.; Hermankova, M.; Chadwick, K.; 

Margolick, J.; Quinn, T.C.; et al. Quantification of latent tissue reservoirs and total body viral load in HIV-

1 infection. Nat. 1997, 387, 183–188, doi:10.1038/387183a0 

33. Gulick, R.; Mellors, J.W.; Havlir, D.; Eron, J.J.; Gonzalez, C.; McMahon, D.; Richman, D.D.; Valentine, F.; 

Jonas, L.; Meibohm, A.; et al. Treatment with Indinavir, Zidovudine, and Lamivudine in Adults with 

Human Immunodeficiency Virus Infection and Prior Antiretroviral Therapy. New Engl. J. Med. 1997, 337, 

734–739, doi:10.1056/nejm199709113371102.  

34. Hammer, S.M.; Squires, K.; Hughes, M.D.; Grimes, J.M.; Demeter, L.M.; Currier, J.; Eron, J.J.; Feinberg, J.E.; 

Balfour, H.H.; Deyton, L.R.; et al. A Controlled Trial of Two Nucleoside Analogues plus Indinavir in 

Persons with Human Immunodeficiency Virus Infection and CD4 Cell Counts of 200 per Cubic Millimeter 

or Less. New Engl. J. Med. 1997, 337, 725–733, doi:10.1056/nejm199709113371101.  

35. Xing, S.; Siliciano, R.F. Targeting HIV latency: pharmacologic strategies toward eradication. Drug Discov. 

Today 2012, 18, 541–51, doi:10.1016/j.drudis.2012.12.008. 



Int. J. Mol. Sci. 2020, 21, 4649 12 of 13 

 

36. Marsden, M.D.; Wu, X.; Navab, S.M.; Loy, B.A.; Schrier, A.J.; DeChristopher, B.A.; Shimizu, A.J.; Hardman, 

C.T.; Ho, S.; Ramirez, C.M.; et al. Characterization of designed, synthetically accessible bryostatin analog 

HIV latency reversing agents. Virol. 2018, 520, 83–93, doi:10.1016/j.virol.2018.05.006.  

37. DeChristopher, B.A.; Loy, B.A.; Marsden, M.D.; Schrier, A.J.; Zack, J.A.; Wender, P.A. Designed, 

synthetically accessible bryostatin analogues potently induce activation of latent HIV reservoirs in vitro. 

Nat. Chem. 2012, 4, 705–10, doi:10.1038/nchem.1395.  

38. Albert, B.J.; Niu, A.; Ramani, R.; Marshall, G.R.; Wender, P.A.; Williams, R.M.; Ratner, L.; Barnes, A.B.; Kyei, 

G.B. Combinations of isoform-targeted histone deacetylase inhibitors and bryostatin analogues display 

remarkable potency to activate latent HIV without global T-cell activation. Sci. Rep. 2017, 7, 7456, 

doi:10.1038/s41598-017-07814-4.  

39. Matalon, S.; Rasmussen, T.A.; A Dinarello, C. Histone Deacetylase Inhibitors for Purging HIV-1 from the 

Latent Reservoir. Mol. Med. 2011, 17, 466–472, doi:10.2119/molmed.2011.00076. 

40. Archin, N.M.; Liberty, A.L.; Kashuba, A.D.; Choudhary, S.K.; Kuruc, J.D.; Crooks, A.M.; Parker, D.C.; 

Anderson, E.M.; Kearney, M.F.; Strain, M.C.; et al. Administration of vorinostat disrupts HIV-1 latency in 

patients on antiretroviral therapy. Nature 2012, 487, 482. 

41. Loy, B.A.; Lesser, A.B.; Staveness, D.; Billingsley, K.L.; Cegelski, L.; Wender, P.A. Toward a Biorelevant 

Structure of Protein Kinase C Bound Modulators: Design, Synthesis, and Evaluation of Labeled Bryostatin 

Analogues for Analysis with Rotational Echo Double Resonance NMR Spectroscopy. J. Am. Chem. Soc. 2015, 

137, 3678–3685, doi:10.1021/jacs.5b00886. 

42. Jordan, A.; Bisgrove, D.; Verdin, E. HIV reproducibly establishes a latent infection after acute infection of 

T cells in vitro. EMBO J. 2003, 22, 1868–1877. 

43. Jordan, A.; Defechereux, P.; Verdin, E. The site of HIV-1 integration in the human genome determines basal 

transcriptional activity and response to Tat transactivation. EMBO J. 2001, 20, 1726–1738. 

44. William, S.A.; Chen, L.; Kwon, H.; Fenard, D.; Bisgrove, D.; Verdin, E.; Greene, W.C. Prostratin antagonizes 

HIV latency by activating NF-kB. J. Biol. Chem. 2014, 279, 42008–42017. 

45. Duh, E.J.; Maury, W.J.; Folks, T.M.; Fauci, A.S.; Rabson, A.B. Tumor necrosis factor alpha activates human 

immunodeficiency virus type 1 through induction of nuclear factor binding to the NF-kB sites in the long 

terminal repeat. Proc. Natl. Acad. Sci. USA 1989, 86, 5974–5978. 

46. McCoy, K.; Rogawski, R.; Stovicek, O.; McDermott, A.E. Stability of nitroxide biradical TOTAPOL in 

biological samples. J. Magn. Reson. 2019, 303, 115–120, doi:10.1016/j.jmr.2019.04.013 

47. Krstić, I.; Hänsel, R.; Romainczyk, O.; Engels, J.W.; Dötsch, V.; Prisner, T.F.F. Long-Range Distance 

Measurements on Nucleic Acids in Cells by Pulsed EPR Spectroscopy. Angew. Chem. Int. Ed. 2011, 50, 5070–

5074, doi:10.1002/anie.201100886.  

48. Igarashi, R.; Sakai, T.; Hara, H.; Tenno, T.; Tanaka, T.; Tochio, H.; Shirakawa, M. Distance Determination 

in Proteins inside Xenopus laevis Oocytes by Double Electron−Electron Resonance Experiments. J. Am. 

Chem. Soc. 2010, 132, 8228–8229, doi:10.1021/ja906104e 

49. Kathleen, A.; Liegler, T.; Al, P.E.T. Use of a Green Fluorescent Protein as a Marker for Human 

Immunodeficiency Virus Type 1 Infection. AIDS Res. Hum. Retrovir. 1997, 13, 1077–1081. 

50. Terahara, K.; Yamamoto, T.; Mitsuki, Y.-Y.; Shibusawa, K.; Ishige, M.; Mizukoshi, F.; Kobayashi, K.; 

Tsunetsugu-Yokota, Y. Fluorescent Reporter Signals, EGFP, and DsRed, Encoded in HIV-1 Facilitate the 

Detection of Productively Infected Cells and Cell-Associated Viral Replication Levels. Front. Microbiol. 2012, 

2, 280, doi:10.3389/fmicb.2011.00280. 

51. Hernandez-Pando, R.; Rook, G.A. The role of TNF-alpha in T-cell-mediated inflammation depends on the 

Th1/Th2 cytokine balance. Immunology 1994, 82, 591–595. 

52. Bruner, K.M.; Hosmane, N.N.; Siliciano, R.F. Towards an HIV-1 cure: Measuring the latent reservoir. Trends 

Microbiol. 2015, 23, 192–203. 

  



Int. J. Mol. Sci. 2020, 21, 4649 13 of 13 

 

53. RPMI 1640. Available online: https://www.thermofisher.com/ch/en/home/technical-resources/media-

formulation.114.html (accessed on). 

54. Massiot, D.; Fayon, F.; Capron, M.; King, I.; Le Calvé, S.; Alonso, B.; Durand, J.-O.; Bujoli, B.; Gan, Z.; 

Hoatson, G. Modelling one- and two-dimensional solid-state NMR spectra. Magn. Reson. Chem. 2001, 40, 

70–76, doi:10.1002/mrc.984. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


