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Protein�Protein Interfaces Probed by Methyl Labeling and
Proton-Detected Solid-State NMR Spectroscopy
Maximilian Zinke,[a] Pascal Fricke,[a] Sascha Lange,[a] Sophie Zinn-Justin,[c] and
Adam Lange*[a, b]

Proton detection and fast magic-angle spinning have advanced

biological solid-state NMR, allowing for the backbone assign-

ment of complex protein assemblies with high sensitivity and

resolution. However, so far no method has been proposed to

detect intermolecular interfaces in these assemblies by proton

detection. Herein, we introduce a concept based on methyl

labeling that allows for the assignment of these moieties and

for the study of protein�protein interfaces at atomic resolution.

Solid-state NMR (ssNMR) spectroscopy is a powerful technique

to study the structure and dynamics of macromolecular protein

assemblies, such as bacterial cytoskeletal filaments,[1] phage

capsids[2] and amyloid fibrils.[3–8] Although ssNMR linewidths, in

contrast to solution NMR, are not limited by the molecular

weight of the protein complex, many protein samples remain

beyond the scope of this method. This is due to heterogeneous

line-broadening, a sample-dependent property, and the spectral

crowding caused by a large number of residues. These effects

lead to peak overlap, rendering spectral data ambiguous, and

ssNMR as a tool ineffective for many biological systems.

Recently, protein deuteration and magic angle spinning (MAS)

at frequencies at or above 40 kHz have enabled proton-

detected experiments that offer a higher sensitivity and

dimensionality than their traditional carbon-detected counter-

parts.[9–12] While these methodologies allow for unambiguous

spectral assignments (via a “backbone walk”) of large pro-

teins,[13–15] structural data such as long-distance restraints, which

are required for 3D structure determination, are still collected in

a highly ambiguous and/or insensitive manner. To this date,

most restraints are extracted from carbon-detected experiments

(e. g. 2D carbon-carbon correlations with homonuclear mixing

through space)[16,17] or proton-detected 4D HNhhNH experi-

ments with radio frequency driven recoupling mixing (RFDR

mixing)[18] between protons (correlating amide groups through

space).[19,20] The latter experiment offers excellent resolution due

to its four-dimensionality but lacks sensitivity compared to 3D

proton-detected experiments (since increasing dimensionality

decreases signal-to-noise).[21] However, its 3D version, the 3D

HNhH, yields highly ambiguous data for uniformly labeled

proteins due to the ubiquity of protons in proteins. If

unambiguous data are to be obtained in 2D or 3D proton-

detected experiments, this methodology clearly needs to be

combined with sophisticated labeling strategies and exper-

imental designs.[22]

An exceptional advantage of ssNMR as a structural biology

method is that it allows for the study of protein-protein

interfaces by heterogeneous isotope labeling.[23,24] Traditionally,

these structural features have been analyzed by carbon-

detected experiments such as spin dilution experiments[4] and

mixed labeling schemes with 50 % 13C labeled protein species

and 50 % 15N labeled protein species (e. g. through NhhC

experiments[25]). Due to their carbon-detected nature, these

experiments suffer from low sensitivity and dimensionality,

requiring many weeks of data acquisition, and often resulting

in highly ambiguous data.

In this work, we use methyl labeling[26]—which has proven

itself as an indispensable tool in solution NMR of large

proteins[27,28]—to simplify spectral data and facilitate proton-

detection.[29,30] The methodology presented here allows for the

collection of long-distance restraints with 3D proton-detected

ssNMR experiments between the following: 1.) methyl and

amide groups globally; 2.) methyl and amide groups at protein-

protein interfaces.

Additionally, we present an assignment method for iso-

leucine Cd1 methyl groups by their correlation with backbone

resonances (which ought to be known from a preliminary

backbone walk) using a specific isoleucine precursor (“assign-

ment precursor”) and homonuclear transfer steps. In this

manner, time-consuming assignment by mutagenesis can be

avoided, opening the way to study assemblies with very large

subunits and a high number of isoleucine residues. The

presented strategy is used to assign the isoleucine Cd1 methyl

groups in gp17.1, the major tail tube protein of the

bacteriophage SPP1,[31] and to identify a protein�protein inter-

face within the gp17.1 polymer that is crucial for protein

oligomerization.

By supplementation of the precursor 2-Ketobutyric acid-

4-13C-3,3-d2 during protein expression in deuterated media,[32]
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isoleucine Cd1 methyl groups are 13C and 1H labeled, and thus

rendered “NMR-visible” (Figure 1A and Figure S3 in the Sup-

porting Information). Isoleucine residues are well distributed

over the primary structure of gp17.1 (Figure 1B) and are, due to

their limited number, fully resolved by their Hd1 chemical shift

as shown in the 2D hCH correlation spectrum in Figure 1C

(each isoleucine Cd1 methyl group in gp17.1 results in one

peak in the spectrum). If all subunits in the prepared gp17.1

protein assembly are 15N and isoleucine Cd1 methyl labeled,

proton�proton mixing from amide to methyl protons can occur

within and in between gp17.1 subunits (left panel of Figure 1D).

If half of the subunits are 15N labeled and the other half are

isoleucine Cd1 methyl labeled, this mixing can only occur

between two different subunits (right panel of Figure 1D).

Figure 1E shows 2D planes of two 3D HNhH experiments with

RFDR mixing superimposed with the 2D hNH fingerprint

spectrum of gp17.1 (grey spectrum in the background, Fig-

ure S1). The 2D plane corresponding to the Hd1 methyl

frequency of Ile18 (as represented by the dashed blue line)

shows magnetization transfer from nearby amide protons to

the Hd1 protons of Ile18. In the left spectrum (homogeneous

labeling) all nearby amide groups are visible. However, in the

right spectrum (mixed labeling) only intermolecular contacts

are visible, limiting the number of peaks, and revealing a

protein-protein interface between Ile18 and the C-terminus of

gp17.1.

For the isoleucine Cd1 methyl assignment, the precursor 2-

Ketobutyric acid-13C4-3,3-d2 (“assignment precursor”, Figure S3)

is supplemented during protein expression, which in addition

to the NMR-visible isoleucine Cd1 methyl group leads to the

incorporation of further 13C species at the Cg1, Ca and CO sites

of all isoleucine residues, without concomitant introduction of

additional protons. Using a long cross polarization (CP) step of

6 ms, magnetization can be transferred from Hd1 to the labeled

carbons in the isoleucine side chain and back to the methyl

protons resulting in a 2D hCH correlation spectrum as shown in

Figure 2A. This procedure enables the correlation of all labeled

carbon atoms within the isoleucine side chain and Ca as part of

the backbone. Additionally, in a second experiment, magnet-

ization is transferred from Hd1 to Cg1, and subsequently to Ca

by homonuclear dipolar recoupling enhanced by amplitude

modulation (DREAM) transfer[33] traversing the unlabeled Cb

through space - a transfer which would be impossible in

solution NMR by through-bond mixing. By caN and nH CP

steps, magnetization is finally transferred to the backbone

amide protons for detection, resulting in a 2D HccanH

correlation spectrum (Figures 2B and S2). These two experi-

ments allow for a straightforward assignment of the isoleucine

Cd1 methyl groups by their correlation with backbone

resonances. If these spectra are not sufficient for assignment,

the 2D HccanH spectrum can be expanded by further indirect

dimensions on either Ca or amide N.

The described methodology allowed us to assign all visible

isoleucine Cd1 methyl groups, including multiple conforma-

tions, of gp17.1 (cf. the Supporting Information Table S4) and,

on that basis, to identify 105 unambiguous long-range

Figure 1. Isoleucine-methyl labeling as a tool to map protein interfaces. A) 2-Ketobutyric acid-4-13C-3,3-d2 as a precursor leads to labeling of isoleucines in the
protein as indicated. Only the Cd1 methyl group carries a 13C isotope as well as protons and is thus, by the choice of suitable experiments, “NMR visible”. B)
Isoleucine residues are well distributed over the primary structure of gp17.1 C) 2D hCH correlation spectrum of isoleucine-Cd1 labeled gp17.1 at 40 kHz MAS
and 900 MHz external magnetic field. The limited number of isoleucines in gp17.1 results in fully resolved unique resonances in the proton dimension. D)
Schematic representation of the labeling strategy to identify intermolecular contacts. In the first sample (left), all subunits are 15N and Ile-Cd1 labeled.
Magnetization transfer through space occurs between and within subunits. In the second sample (right), half of the subunits are 15N and the other half Ile-Cd1
labeled. Magnetization transfer through space can only occur between different subunits. E) 2D planes of 3D HNhH spectra with RFDR mixing superimposed
with a 2D hNH correlation spectrum. The 2D planes correspond to the 1H methyl frequency of Ile18 (as represented by the blue dashed line) showing
magnetization transfer from amide protons to the protons attached to Ile18 Cd1. In the left case, all NH groups close to the methyl group of Ile18 are
revealed. However, in the right case, only intermolecular contacts can be detected limiting the amount of peaks. This approach reveals a protein-protein
interface between Ile18 of one subunit and the C-terminus (E169, A170 and G172) of another subunit.
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restraints between amides and isoleucine Cd1 methyl groups, 7

of which are unambiguously intermolecular (Figure S4, includ-

ing chemical shift-ambiguous restraints: 179/12). The deter-

mined intermolecular contacts between Ile18 and Glu169,

Ala170 and Gly172 (and Gly168 which is below the contour

levels in Figure 1E) are intriguing since the C-terminus is

predicted to be disordered and lacks homology to any other

structurally-described bacteriophage tail protein. Also, Ile18 is

not located in the outer b-strands of the homology model of

polymerized gp17.1, which would resemble a “classic” protein

interface in such an assembly, but in the middle of the subunit

(Figure 2C). To check the significance of this newly discovered

interface, we removed the last 7 and 14 C-terminal residues of

gp17.1 (1–170 and 1–163) and observed that both mutants are

incapable of polymerization, but remain monomeric (see size-

exclusion chromatography data in Figure S5 and solution NMR

data in Figure S6 in the Supporting Information).[34] This

emphasizes the proposition that the C-terminus forms a

molecular bridge that embraces the next monomer within the

tube,[35] similar to what was described for the N-terminus of the

T4 phage tail tube protein gp19.[36]

We expect that the methodology introduced here will turn

out useful in a variety of solid-state NMR investigations of

supramolecular assemblies or membrane-integrated proteins or

protein complexes. We note that our straightforward approach

to assign isoleucines can be modified to assign the methyl

groups of leucine and valine (LV), threonine, alanine or

methionine. This makes tedious mutation studies for methyl

group assignment redundant, provided that the backbone

assignment is available. Furthermore, we think that methyl

groups as tools for long-distance restraints will become

indispensable for the analysis of similar or even larger protein

systems. The mixed-labeling strategy for the identification of

protein�protein interfaces may also be extended to include

differently methyl-labeled subunits, e.g 50 % isoleucine Cd1

methyl labeled; 50 % LV methyl labeled.
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