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            Abstract
In-cell NMR is an isotope-aided multi-dimensional NMR technique that enables observations of conformations and functions of proteins in living cells at the atomic level1. This method has been successfully applied to proteins overexpressed in bacteria, providing information on proteinâ€“ligand interactions2 and conformations3,4. However, the application of in-cell NMR to eukaryotic cells has been limited to Xenopus laevis oocytes5,6,7. Wider application of the technique is hampered by inefficient delivery of isotope-labelled proteins into eukaryote somatic cells. Here we describe a method to obtain high-resolution two-dimensional (2D) heteronuclear NMR spectra of proteins inside living human cells. Proteins were delivered to the cytosol by the pyrenebutyrate-mediated action of cell-penetrating peptides8 linked covalently to the proteins. The proteins were subsequently released from cell-penetrating peptides by endogenous enzymatic activity or by autonomous reductive cleavage. The heteronuclear 2D spectra of three different proteins inside human cells demonstrate the broad application of this technique to studying interactions and protein processing. The in-cell NMR spectra of FKBP12 (also known as FKBP1A) show the formation of specific complexes between the protein and extracellularly administered immunosuppressants, demonstrating the utility of this technique in drug screening programs. Moreover, in-cell NMR spectroscopy demonstrates that ubiquitin has much higher hydrogen exchange rates in the intracellular environment, possibly due to multiple interactions with endogenous proteins.
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                    Figure 1: 
                        In-cell NMR spectra and cellular distribution of transduced ubiquitin derivative.
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Figure 2: In-cell spectra of proteins delivered by disulphide-linked CPPTat. [image: ]


Figure 3: 
                        In-cell NMR observation of specific complexes of FKBP12 with extracellularly administered immunosuppressants.
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Figure 4: 
                        Hydrogen exchange experiments.
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Until now, in-cell NMR spectroscopy of living cells has been limited to bacteria and Xenopus laevis oocytes. Wider application to living eukaryote cells has been limited by the relatively inefficient delivery of isotope-labelled proteins into these cells. Now Inomata et al. show that it is possible to deliver suitably labelled proteins into the cytosol of human cells via the pyrenebutyrate-mediated action of cell-penetrating peptides that have been linked covalently to the proteins of interest. When the proteins are released by endogenous enzymes or autonomous reductive cleavage, high-resolution two-dimensional heteronuclear NMR spectra of proteins inside living human cells can be obtained. This technique could be a powerful tool for the design and screening of drugs targeted to intracellular proteins.
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