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Abstract The deuteration of proteins and selective label-
ing of side chain methyl groups has greatly enhanced the
molecular weight range of proteins and protein complexes
which can be studied using solution NMR spectroscopy.
Protocols for the selective labeling of all six methyl group
containing amino acids individually are available, however
to date, only a maximum of five amino acids have been
labeled simultaneously. Here, we describe a new method-
ology for the simultaneous, selective labeling of all six
methyl containing amino acids using the 115 kDa homo-
hexameric enzyme CoaD from E. coli as a model system.
The utility of the labeling protocol is demonstrated by
efficiently and unambiguously assigning all methyl groups
in the enzymatic active site using a single 4D *C-resolved
HMQC-NOESY-HMQC experiment, in conjunction with
a crystal structure. Furthermore, the six fold labeled protein
was employed to characterize the interaction between the
substrate analogue (R)-pantetheine and CoaD by chemical
shift perturbations, demonstrating the benefit of the
increased probe density.

Keywords Selective labeling - 4D NOESY - CoaD -
Methyl groups - Assignments - NMR

Electronic supplementary material The online version of this
article (doi:10.1007/s10858-016-0032-2) contains supplementary
material, which is available to authorized users.

< Andreas Lingel
andreas.lingel @novartis.com

Novartis Institutes for BioMedical Research, 5300 Chiron
Way, Emeryville, CA 94608, USA

Introduction

Since the mid-1990s, NMR methodologies have been
developed to enable the study of larger proteins and com-
plexes up to 1 MDa in size (Gardner and Kay 1997;
Sprangers and Kay 2007). Improvements in technology and
methodology have come in the forms of improved hard-
ware (i.e. higher field NMR spectrometers along with
cryogenic probes), optimized NMR experiments (i.e.
TROSY) (Yamazaki et al. 1994; Pervushin et al. 1997;
Tugarinov et al. 2003) as well as the development of
labeling strategies to perdeuterate proteins and to re-in-
troduce NMR-active nuclei in methyl groups at specific
locations on the amino acid side chain (Goto and Kay
2000; Tugarinov et al. 2004; Religa and Kay 2010; Kerfah
et al. 2015c). Gardner, Goto and Kay pioneered the
selective labeling of amino acids in the 1990’s when they
published work detailing how to selectively label the &;-
methyl position of isoleucine and the 6-methyl positions of
leucine as well as the y-methyl positions of valine by
supplementing the growth medium with [3,3-’H,] "°C
2-ketobutyrate and [3->H] a-ketoisovalerate, respectively
(Gardner and Kay 1997; Goto et al. 1999). Since then,
labeling schemes have been expanded to the extent that all
six methyl containing amino acids can be individually
labeled in separate samples either through the use of
labeled amino acid precursors (I, L, V) (Gardner and Kay
1997; Goto et al. 1999; Hajduk et al. 2000; Gross et al.
2003), or by supplementing the growth medium directly
with selectively labeled amino acids (M, A, T) (Isaacson
et al. 2007; Fischer et al. 2007; Gelis et al. 2007; Ayala
et al. 2009; Stoffregen et al. 2012; Velyvis et al. 2012). In
addition to being able to selectively label individual resi-
dues, protocols have been developed for the simultaneous
labeling of multiple amino acids including ILV, MILV,
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ILVA or MILVT (Gross et al. 2003; Tugarinov and Kay
2003b; Lichtenecker et al. 2004; Gelis et al. 2007; Velyvis
et al. 2009; Godoy-Ruiz et al. 2010; Saio et al. 2014).
However, to the authors’ knowledge, to date no protocol
has been published where all six methyl containing amino
acids have been labeled simultaneously.

In order to ensure that detailed structural and functional
information can be obtained from NMR experiments,
resonance assignment is required. The use of point muta-
tions to assign methyl groups in selectively labeled proteins
has been well described and has become common practice
(Sprangers and Kay 2007; Velyvis et al. 2009; Religa et al.
2010). However, this process can be fairly labor and
resource intensive and mutations frequently result in sig-
nificantly reduced or limited protein expression. In cases
where high protein expression is obtained, replacement of a
methyl group bearing amino acid with a similar residue
(Crublet et al. 2014) can lead to dramatic changes in the
chemical shifts of amino acids in spatial proximity to the
mutation site, making unambiguous identification of the
missing methyl peak challenging (Xu and Matthews
2013a). Due to these difficulties, a number of additional
methods have been developed for the assignment of methyl
groups, including the implementation of new pulse pro-
grams which correlate the methyl group of certain amino
acids to the backbone via the aliphatic side chain (Tu-
garinov and Kay 2003a, b; Kerfah et al. 2015a), or alter-
natively the use of high dimensional methyl-methyl
NOESY spectra to utilize methyl-methyl networks (Tu-
garinov et al. 2005; Sounier et al. 2007). Automated pro-
grams such as MAP-XS or FLAMEnGO utilize a pre-
existing crystal structure of the protein to facilitate peak
assignment based on predicted chemical shifts or an
expected methyl-methyl NOESY cross peak network (Xu
et al. 2009; Xu and Matthews 2013b; Chao et al. 2014).
Although these programs are able to produce accurate
assignments, the ambiguity present in the multidimensional
NOESY datasets acquired with either ILV or ILVA labeled
protein requires the programs to be supplemented with
additional experimental information, including PRE data,
data from through bond experiments or assignments
derived from point mutations, in order to provide a more
complete resonance assignment or to assign resonances
with a higher degree of confidence. To address these
limitations, the work described in this manuscript demon-
strates the simultaneous, selective incorporation of isotope
labels at all methyl positions (except the Ile Cy position) of
the six methyl containing amino acids (MILVAT). By
extending the labeling strategy to include all six amino
acids, we were able to use a single 4D 3C_resolved
HMQC-NOESY-HMQC experiment recorded on a single
NMR sample to unambiguously assign all methyl groups in
and around the enzymatic pocket of CoaD.
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Materials and methods
Growth and expression of CoaD

Escherichia coli BL21(DE3) chemically competent cells
(NEB product # C2530H) were transformed with 67 ng of
pTrcHis2 B plasmid (Thermo Fisher Scientific) encoding
the full length E. coli phosphopantetheine adenylyltrans-
ferase (PPAT) CoaD (Uniprot ID: POA6I6) enzyme fol-
lowed by an uncleavable, C-terminal Hiss tag. 5 mL
nutrient rich LB medium containing carbenicillin (100 pg/
mL) was inoculated with a single colony and grown until
an optical density at 600 nm (ODggg) of 0.6 was achieved.
At this point, 1 mL of LB culture was used to inoculate
50 mL of fully protonated M9 minimal medium, which
was grown overnight at 37 °C with agitation. In all M9
growths, 1 g/L of '"N-amonium chloride and 4 g/L of
protonated '*C-glucose were used as the principal nitrogen
and carbon sources, respectively. E. coli cells were accli-
mated to growth in D,O by growing the cells in 50 mL of
M9 medium containing increasing concentrations of D,0O
(30, 70 and 100 %) over a period of three days. On each
occasion, 5 mL of the previous starter culture was used to
inoculate the new growth which was left to grow at 37 °C
overnight with agitation.

The 100 % D,O overnight starter culture was used to
inoculate 1 L of 100 % D,O M9 medium to a starting
ODgqo of 0.1. E. coli cells were grown at 37 °C with agi-
tation until an ODg of 0.7 was achieved. At this stage, the
temperature of the incubator was reduced to 18 °C and the
desired combination of selectively labeled precursors and
amino acids (Table 1), resuspended in 100 % D,O, was
added to the growth medium and left for 1 h. Following the
1 h incubation period, expression of CoaD was induced
using 250 uM  isopropyl B-p-1-thiogalactopyranoside
(IPTG) and cells were left growing at 18 °C for 18 h. Cells
were harvested by centrifugation, washed with 1 x phos-
phate buffered saline (PBS) buffer and stored at —20 °C.

Purification of CoaD

Escherichia coli cells containing the overexpressed CoaD
were resuspended in binding buffer (10 mL/g of cell pellet;
20 mM Tris pH 8.0, 500 mM sodium chloride, 1 mM
tris(2-carboxyethyl)phosphine (TCEP), 20 mM imidazole),
containing Roche Protease Inhibitor without ethylenedi-
amine-tetraacetic acid (EDTA) and sonicated. Cell lysate
was centrifuged at 40,000g for 30 min to remove insoluble
cell debris, and the soluble lysate was passed through a
0.2 pm filter before being mixed with 5 mL Ni Sepharose 6
Fast Flow resin (GE Healthcare), which had been equili-
brated in binding buffer. Soluble cell lysate and Ni resin
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Table 1 Quantity of precursor or amino acid used to selectively label amino acids
Amino acid labeled Precursor or amino acid used Quantity Comment and references
(mg/L)
Methionine (Cg) L—Methionine—(methyl—13C)a 250 Fischer et al. (2007), Gelis et al. (2007)
Isoleucine (C8') 2-Ketobutyric acid—4—13C,3,3—Dl§ 70 Gardner and Kay (1997)
Leucine (C8', C8%) 2-Keto-3-methyl-'*C-butyric-4-'>C,3-D acid® 120 Labeling of leucine Cd atoms only can be achieved
by supplementing the M9 medium with 20 %
Bioexpress” (Goto et al. 1999; Tzeng et al. 2012)
Valine (Cy', Cy?) 2-Keto-3-methyl-"*C-butyric-4-'3C,3-D acid” 120 Labeling of valine and leucine occurs
simultaneously using the same precursor (Goto
et al. 1999)
Alanine (CP) L-Alanine (3—13C,2—D)a 100 Ayala et al. (2009)
Threonine (Cy) L-Threonine (4—13C;2,3—D2)a 50 Isoleucine C3! atoms need to be labeled at the same
Glycine (Ds)* 100 time as threonine Cy (Velyvis et al. 2012)

Selectively labeled amino acids were purchased from * Cambridge Isotope Laboratory (product numbers: CLM-206, CDLM-9307, DLM-280,
CGM-1000-D-S and CDLM-8649) and precursors for labeling isoleucine, leucine and valine residues were purchased from ° Sigma (product

numbers: 589063 and 589276)

were left on a mixing platform at room temperature for 1 h,
before the resin was loaded into a disposable chromatog-
raphy column (BioRad). Using gravity flow, the Ni resin
was washed with 20 mL of wash buffer (20 mM Tris pH
8.0, 500 mM sodium chloride, 1 mM TCEP, 116 mM
imidazole) and the CoaD was eluted from the column using
10 mL. elution buffer (20 mM Tris pH 8.0, 500 mM
sodium chloride, 1 mM TCEP, 500 mM imidazole).

To remove co-purified coenzyme A (CoA) from the
CoaD active site, purified protein was concentrated to a
volume of 500 pL in a 10 kDa Amicon Ultra centrifugal
filter unit (Millipore) and resuspended to 10 mL using
dialysis buffer (20 mM sodium citrate pH 5.0, 1 mM
TCEP). This process was repeated three times. The
protein solution was then placed into a 3 mL 10 kDa
Slide-A-Lyzer dialysis cassette (Thermo Fisher Scien-
tific) and dialyzed against 2 L of dialysis buffer for
48 h, with the buffer being exchanged every 24 h. The
extent of CoA present in the sample was assessed by
measuring the ratio of absorbance at 260 and 280 nm
under native and thermal denaturing conditions (Geerlof
et al. 1999).

The CoA free CoaD was exchanged into NMR buffer
[20 mM sodium phosphate pH 7.0, 1 mM deuterated
dithiothreitol (DTT)] using a PD-10 column (GE Health-
care) which had been pre-equilibrated in NMR buffer.
Samples were concentrated to a final monomeric concen-
tration of 350 uM, flash frozen in liquid nitrogen and
stored at —80 °C until needed. Samples used for the 4D
methyl-methyl "*C-resolved HMQC-NOESY-HMQC
experiment were lyophilized overnight and resuspended in
an equal volume of 100 % D,O (CIL).

NMR experiments

All NMR experiments were conducted with 160 pL of
sample in a 3 mm NMR tube and were recorded at 308 K
on a Bruker AVANCE III 600 MHz spectrometer equipped
with a 5 mm CP-QCI z-gradient probe. Due to only
labeling the methyl groups and along with the highly
deuterated nature of our samples, we were able to utilize
the increase in sensitivity obtained from measuring 2D
['*C, 'H]-methyl TROSY experiments (Tugarinov et al.
2003). 2D ["*C, 'H]-HMQC SOFAST (Schanda et al.
2005) experiments were acquired with an excitation flip
angle of 100° and a proton band width of 3 ppm, centered
at 1 ppm. Experiments were recorded using either uniform
or 50 % non-uniform sampling with a recycle delay of
200 ms collecting a total of 1024 and 256 points in the
direct and indirect dimensions, respectively. Spectra were
processed using a QSINE window function, with 1.0 and
0.3 Hz line broadening applied in the direct and indirect
dimensions, respectively. The 4D methyl-methyl '*C-re-
solved HMQC-NOESY-HMQC experiment was recorded
using 25 % non-uniform sampling (Tugarinov et al. 2005)
with a mixing time of 120 ms. A total of 32,488 points
were collected across all three indirect dimensions and
1024 points collected in the direct proton dimension. All
non-uniformly sampled experiments were acquired with
Poisson Gap sampling schedules (Hyberts et al. 2010), and
were processed in Topspin 3.2 using either the hmsIST
algorithm (Hyberts et al. 2012) for 2D-['*C, 'H]-SOFAST
HMQC experiments or Multi-Dimensional Decomposition
(MDD, Bruker) for the 4D '*C-resolved HMQC-NOESY—
HMQC experiment.
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Calculation of equilibrium dissociation constants

K, values for ligand binding were calculated by titrating
between 12.5 pM and 5 mM ligand into a 50 uM sample
of MILVAT Ilabeled CoaD and measuring 2D [13C, 'HI-
SOFAST HMQC experiments. The weighted change in
chemical shift (A) of peaks, when compared to the apo
spectrum of CoaD, was calculated using a '*C scaling
factor of 0.25 and the following formula was used to fit the
data to calculate K, values:

(1 + P+ = { (Pl -tz i)
2P,

A= Ama}c

where A corresponds to the observed weighted change in
chemical shift at a given total ligand concentration [L]7,
Ay 1s the change in chemical shift at saturation and [P]r
is the total protein concentration.

Computation of methyl-methyl distances

Average distances between methyl groups of different
amino acids of interest were computed using a Perl script.
The script requires a protein data bank (PDB) file of the
protein structure as input, as well as a list of the amino
acids and the atoms of interest to be used in the analysis.
The Perl script then determines carbon—carbon pairwise
distances between all atoms of interest. Pairs of atoms
separated by a distance above a user defined cut-off value
are not considered. In the case of multimeric assemblies,
distances for the same atom pairs in different subunits are
averaged to account for small structural variations.

Results and discussion

The protein of interest used in this study is the E. coli
phosphopantetheine adenylyltransferase CoaD, which
natively exists as a 115 kDa homohexamer (Fig. 1). CoaD
catalyzes the magnesium dependent transfer of an adenylyl
group from ATP to 4'-phosphopantetheine to generate
dephospho-CoA, which is an intermediate in the biosyn-
thesis of coenzyme A (CoA) (Geerlof et al. 1999). CoA is
an essential enzyme cofactor in all living organisms and
plays a central role in reactions involved with cellular
metabolism as well as fatty acid, polyketide and non-ri-
bosomal peptide biosynthesis (Leonardi et al. 2005; Spry
et al. 2008). For this reason and due to the limited con-
servation between the bacterial and human forms of the
enzyme, CoaD is also of interest as a potential antibacterial
drug target (Aghajanian and Worrall 2002; Daugherty et al.
2002; Miller et al. 2007). Analysis of the protein amino
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acid sequence shows that methyl containing amino acids
constitute 44 % of the polypeptide sequence and are dis-
tributed evenly throughout the structure (Fig. 1). The
enzyme has been both biochemically and structurally
characterized exhaustively, and as a result a number of
structures, both in the absence and presence of inhibitors as
well as natural products are already available in the PDB
(Izard and Geerlof 1999; Izard 2002, 2003; Miller et al.
2007).

Production of MILVAT labeled protein

The goal of the research presented here was to produce a
protocol to simultaneously label all six methyl containing
amino acids. In order to see if this could be achieved, CoaD
samples where the six methyl containing amino acids were
labeled individually (M, I, A) or in their respective pairs
(LV, IT) were produced as a benchmark for comparison to
a MILVAT labeled sample. A sample of LV protein was
also produced in the presence of 20 % BioExpress to
suppress the incorporation of label at leucine Cd positions
(Tzeng et al. 2012). ["*C, '"H]-SOFAST-HMQC experi-
ments sampling the methyl region were acquired using
50 uM samples of each selectively labeled protein. The
resulting individual spectra are shown in Supplementary
Fig. 1, and a composite HMQC spectrum containing a
superposition of the individual spectra, colored according
to amino acid type, is shown in Fig. 2a. All 103 expected
peaks are present in the spectra and only a minimal amount
of overlap is observed between the leucine 8' and &% and
valine y' and y? resonances.

A MILVAT labeled protein sample was produced by
resuspending all six precursors and labeled amino acids
(Table 1) in D,O and adding this solution to the E. coli
growth 1h prior to induction. A ['*C, 'H]-SOFAST-
HMQC experiment acquired with 50 pM MILVAT labeled
protein (Fig. 2b) shows that simultaneous labeling of all six
amino acid methyl groups achieves an identical HMQC
spectrum to the composite spectrum produced from the
individually labeled protein samples (Fig. 2a). In addition,
a ['°C, "TH]-HMQC spectrum covering the full aliphatic and
aromatic regions of the spectrum was acquired with folding
in the indirect dimension (Supplementary Fig. 2). Even
when analyzed at the level of the noise, the only significant
peaks present in the spectrum are those of the resonances
specifically labeled using MILVAT labeling. A single
threonine resonance (‘H 0.96 ppm, '>C 21.31 ppm), which
overlaps with two leucine § resonances, is not resolved in
the MILVAT spectrum, however the presence of a thre-
onine peak at this position was confirmed using a 4D
HMQC-NOESY-HMQC experiment.
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Fig. 1 Analysis of the amino acid sequence and structural elements
of CoaD. Top panel Amino acid sequence of E. coli CoaD. A
summary of the number of methyl containing amino acids present in
the sequence is provided in the table to the right of the sequence.
Amino acids are colored using the color scheme used in the table (/e
purple, Met orange, Ala black, Thr green, Val red and Leu blue).
Bottom panel Structure of the E. coli CoaD (PDB entry 5JBN)

19
50 60 | Methionine | 10
Isoleucine 8
110 120 Leucine 15
Valine 14
170 Alanine 19
Threonine 8

homohexamer shown as a cartoon representation. One CoaD
protomer is shown in light grey, with the additional five other
subunits are colored light green. One CoaD subunit showing the
location of all NMR active probes present in a MILVAT labeled
protein sample is depicted on the right. Spheres representing the
NMR active nuclei are colored according to the color scheme detailed
above
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Fig. 2 2D ['3C, 'H]-HMQC spectra of E. coli CoaD. a A composite
HMQC spectrum was prepared by superimposing all 2D ['*C, 'H]-
SOFAST HMQC spectra acquired with individually labeled CoaD
samples (see main text and Supplementary Fig. 1). Peaks have been
colored according to the amino acid color scheme outlined in Fig. 1.

b A 2D [*C, 'H]-SOFAST HMQC spectrum of MILVAT labeled
CoaD is shown. Protein concentrations and buffer conditions were the
same for all samples, which were acquired at 308 K at 600 MHz 'H
frequency
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Analysis of scrambling into unwanted methyl
positions

Previous reports published by Ayala et al. and Kerfah et al.
concluded that scrambling into multiple amino acid side
chains, including isoleucine at the Cy2 position, was
observed when supplementing the medium with alanine,
selectively labeled at the CP position (Ayala et al. 2009;
Kerfah et al. 2015b). Figure 3a shows the HMQC spectrum
of a MILVAT labeled sample, along with a magnified area
corresponding to the region of the spectrum where we
would expect to see isoleucine Cy” resonances. Even when
plotting the spectrum at the level of the noise, no unex-
pected peaks are present in the spectrum, indicating that
there is no scrambling into the isoleucine Cy* position in
the MILVAT labeled protein sample. Even though inclu-
sion of 100 mg/L of selectively labeled alanine during
expression is sufficient to label all alanine C} resonances
(see below), the lack of scrambling could have been
attributed to the relatively low concentration of labeled
alanine included during protein expression (Table 1). To
address this, we performed similar analyses with protein
samples expressed with higher concentrations of labeled
alanine (up to 700 mg/L), and again no undesired incor-
poration into the isoleucine Cy* position was observed.
Scrambling has also been reported to occur from alanine
into the valine and leucine Cy and Cd positions, respec-
tively (Ayala et al. 2009; Godoy-Ruiz et al. 2010; Kerfah
et al. 2015b); however, we are not concerned about any
potential scrambling into these positions as these atoms are
intentionally labeled in this protocol.

Probing the extent of isotope incorporation

In addition, Ayala et al. also observed a correlation between
the concentration of labeled alanine added prior to induc-
tion and the incorporation of selective label at the alanine
CP position (Ayala et al. 2009; Kerfah et al. 2015b). The
concentration dependence of alanine required to achieve
complete incorporation in our system was addressed using
ILVA growths where different concentrations of alanine
(100, 200 and 700 mg/L) were supplemented into the
medium 1 h prior to induction. All samples were purified in
the same way and 2D ['*C, "H]-SOFAST HMQC experi-
ments were acquired on protein solutions of the same
concentration using identical acquisition parameters. The
peaks corresponding to alanine residues were picked in all
three spectra and their absolute intensities were determined
(Fig. 3b). There is no difference observed between the
intensities of alanine residues in samples which were sup-
plemented with different concentrations of alanine prior to
induction, indicating that the same degree of alanine
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incorporation is achieved in all three samples. With this in
mind, we decided to supplement our minimal medium with
100 mg/L. of selectively labeled alanine for all future
experiments. When comparing the different protocols, dif-
ferences are apparent in the carbon sources used for bac-
terial growth and protein expression. Ayala et al. use
protonated glycerol as the sole carbon source, while Kerfah
et al. use deuterated '>C glucose (Ayala et al. 2009; Kerfah
et al. 2015b). Our protocol uses protonated '*C glucose as
the predominant carbon source (additional carbon is sup-
plemented into the medium in the form of selectively
labeled precursors and amino acids) and although this may
slightly decrease the total extent of deuteration of the pro-
tein, it does not appear to significantly affect the quality of
the spectrum produced. Although this is a major difference
between the three protocols, there are also other subtle
variations in the expression protocols including concentra-
tions of IPTG used along with the applied temperatures and
lengths of time used for protein induction which could also
contribute to the differences observed.

To quantitatively assess overall isotope incorporation,
we performed mass spectrometry analysis on the MILVAT
labeled CoaD protein. The expected mass is 20,239.8 Da,
assuming that all amide bound protons have exchanged
with H,O and that all methyl containing amino acids are
fully labeled. The experimentally determined molecular
weight peaks at 20,143.7 Da (Supplementary Fig. 3),
which equates to a difference in molecular weight of
96 Da. This corresponds to approximately one proton
being incorporated into each amino acid that is not selec-
tively labeled on average. An asymmetric mass distribution
of approximately 140 Da is observed around the average
mass, which presumably arises from different degrees of
amide back exchange along with incorporation of protons
from water present in D,O and the protonated glucose. Our
experimental data indicates that isotope incorporation of
greater than 99 % can be achieved using the outlined
protocol, however, if higher levels are required the use of
deuterated '*C-glucose could be considered.

To analyze if preferential incorporation of supplemented
amino acids or precursors into one amino acid over another
was obtained, all peaks present in the [13C, 1H]-HMQC
spectrum of the MILVAT labeled protein (Fig. 2b) were
picked and their intensities were determined. Peaks were
sorted according to their intensity and a profile for all peaks
was generated (Fig. 3c; Pedrini et al. 2013). With excep-
tion of the first 15 peaks, which have a high intensity as a
result of being surface exposed or present in a mobile area
of the protein, all CoaD methyl peaks have a fairly even
intensity, and do not abnormally cluster according to amino
acid type in the intensity profile. This indicates that we see
an equal incorporation of isotopes into all six amino acid

types.
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Fig. 3 Characterization of amino acid scrambling and incorporation
efficiencies. a 2D ['*C, '"H]-SOFAST HMQC spectrum of MILVAT
labeled CoaD, highlighting the region where Ile Cyz resonances
would appear in the spectrum. Lack of signal in this area
demonstrates that no scrambling was observed into this position.
b Comparison of peak intensities of alanine residues present in
spectra acquired on different ILVA samples expressed with different
L-alanine (3-'*C, 2-D) concentrations. Blue, red and green bars
correspond to peaks present in protein samples expressed when the
medium was supplemented with 100, 200 and 700 mg/L of
selectively labeled alanine one hour prior to induction, respectively.
The equal height of the bars indicates that for the range of

When compared to the individually labeled protein
samples, a small decrease in methyl signal intensity was
observed in the case of CoaD upon labeling all six amino
acids. This effect could be attributed to line broadening due
to enhanced relaxation caused by the increased number of
NMR active probes in the sample (e.g. illustrated in Kerfah
et al. 2015¢c). To assess this, the linewidths of all suffi-
ciently isolated peaks were determined in the extracted 1D
rows of the HMQC spectra. When all six amino acids were

Peak Number

concentrations tested, the incorporation of alanine into the protein
is not influenced by the amount of amino acid used during the
expression. ¢ Intensity profile of all peaks present in the 2D ['*c, 'H]-
SOFAST HMQC spectrum acquired on MILVAT labeled CoaD. All
peaks were picked and maximum intensities were determined using
Cara (Keller 2004). Data points on the graph are colored according to
the color scheme detailed above. Apart from the first 15 peaks which
have a high intensity due to being surface exposed or being in an area
of the protein with high mobility, all peaks have a fairly even intensity
and do not cluster according to amino acid type, indicating an equal
incorporation of isotopes into all six labeled amino acids

labeled individually, the average linewidth of all peaks
analyzed was 16.0 Hz. As expected, upon increasing the
number of labels present in the sample, line broadening is
observed for all amino acid types (Table 2). When com-
pared to the single labeled samples (M, I, A), peaks cor-
responding to the same residues in the MILVAT labeled
protein sample have an increased linewidth of approxi-
mately 1.8 Hz (Table 2). For samples where amino acids
are labeled as pairs (LV, IT), the increase in linewidth

@ Springer



22

J Biomol NMR (2016) 65:15-27

Table 2 Line shape analysis of peaks present in individually and combinatorially labeled CoaD samples

Amino acid Labeling scheme # Peaks analyzed Average absolute Average change in linewidth with different labeling
linewidth (Hz) schemes (Hz)
ILV ILVA MILVAT
M M 7 15.5 1.6
I I 14.4 0.8 1.3 1.7
L LV 14 17.2 —0.1 0.2 0.7
\% LV 12 16.5 -0.2 0.1 1.0
A A 12 16.3 1.1 2.0
T IT 7 16.1 0.7

observed in the MILVAT labeled protein is approximately
0.7 Hz. A respective increase in linewidth between 0.8—1.0
and 0.4-0.8 Hz is observed for peaks when comparing
MILVAT labeling to the standard ILV and ILVA labeling
schemes (Table 2). Although these numbers are expected
to vary between different protein systems, the data pre-
sented here suggests that the benefits obtained from having
all six methyl groups labeled simultaneously can outweigh
the increase in spin relaxation, especially when compared
to that already observed with an ILVA labeling scheme.

Using the described protocol, to date we have success-
fully labeled and analyzed multiple homo-multimeric
proteins with the size of the molecular assemblies ranging
between 45 and 150 kDa. For all proteins analyzed, there
was no scrambling into unwanted positions and a general
increase in signal linewidth was observed as detailed
above. However, in some of the systems studied, a larger
decrease in signal intensity was observed for a subset of
threonine signals when compared to the decrease observed
for other peaks in the spectrum. This may be a combined
result of the increased proton density along with the
dynamics and conformational exchange occurring in the
proteins analyzed (Velyvis et al. 2012).

Assignment of methyl groups using a single 4D *C-
resolved HMQC-NOESY-HMQC experiment

When selective labeling of methyl groups in proteins is
required, the standard labeling schemes used are either ILV
or ILVA labeling. A comparison of MILVAT labeling to
these standard labeling protocols indicates that the increase
in probe coverage obtained from selectively labeling all six
methyl containing amino acids would facilitate assignment
of all methyl groups using a single 4D '*C-resolved
HMQC-NOESY-HMQC experiment. Previously, the
strategy of consecutively assigning neighboring methyl
groups through NOE connectivities (‘methyl walk’) might
have been limited since many distances between labeled
probes exceed the detection limit of a NOESY experiment.
In the MILVAT labeled protein sample, NMR active nuclei
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are now much more likely to be present in these gaps, thus
allowing the user to ‘walk’ from methyl to methyl and
assign the peaks based on the known structure of the pro-
tein. To demonstrate the feasibility of an efficient methyl
walk using MILVAT-labeled protein, a 4D BC-resolved
HMQC-NOESY-HMQC experiment, which had been
resolution optimized so only the methyl region in the
indirect proton dimension was sampled, was implemented.
Using the crystal structure of apo CoaD (PDB entry SJBN),
the intra- and inter-molecular distances between the carbon
atoms of methyl groups in the protein monomer and any
symmetry pairs in the oligomeric unit were calculated. An
upper distance limit of 7.5 A was imposed while con-
ducting the analysis to simulate the expected maximum
nuclear Overhauser effect (NOE) observable distance, as
well as to accommodate for the additional distance of the
attached proton atoms, which is not accounted for in the
analysis.

The 4D methyl-methyl '*C-resolved HMQC-NOESY-
HMOQC experiment was analyzed by evaluating cross peaks
present in the (F3, F4) HMQC plane with the F2 and F1
dimensions set to the frequencies of the methyl resonance
being assessed (Fig. 4). Using the beforehand determined
amino acid type assignments, we were able to go through
the spectrum and generate a network of interactions
observed by each methyl group in the sample. By com-
paring this list of observed methyl NOEs to the output of
expected methyl NOEs, we were able to find multiple
patterns which are unique to particular methyl groups. Such
patterns then served as starting points from which we could
conduct a series of methyl walks to assign the surrounding
methyl groups (Fig. 4). For the purposes of the work being
conducted, the complete assignment of the protein was not
required, however using a single MILVAT labeled sample,
along with the information obtained from the individually
labeled protein preparations, we were able to confidently
assign 60 % of all methyl groups in CoaD, which included
the complete enzymatic pocket as well as residues imme-
diately surrounding that area, within one day. Interestingly,
all six different methyl containing amino acids are found in
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Fig. 4 An example of a ‘methyl walk’ used to assign selectively
labeled methyl groups in CoaD. Upper panel contains 2D ['3c, 'H]-
planes of the 4D methyl-methyl '*C-resolved HMQC-NOESY-
HMQC experiment recorded with MILVAT labeled CoaD. Peaks are
colored according to their amino acid type using the color
scheme detailed above. Red boxes are drawn around resonance peaks
used in the methyl walk shown, whereas blue boxes highlight
redundant resonance peaks that appear in multiple planes which could
be used to generate unambiguous assignments. Assignments that are
underlined correspond to peaks that have the 'H, '*C chemical shifts
detailed at the top left of each spectrum for which NOEs are being
observed to. Peaks marked with an asterisk correspond to those that

the active site (Supplementary Fig. 4) and the simultaneous
labeling of all amino acids greatly facilitated the assign-
ment due to the absence of gaps in the methyl-methyl
network.

Interaction studies with (R)-pantetheine

In addition to facilitating resonance assignment, the
increased probe density in a MILVAT labeled protein also
enables the study of structure—function relationships with
greater detail and accuracy. For example, the binding site
of a ligand could be more comprehensively captured in a
single mapping experiment. To demonstrate this, we
assessed the binding of the substrate analogue (R)-pan-
tetheine by monitoring chemical shift perturbations of
protein methyl groups. A crystal structure of E. coli CoaD
in complex with 4’-phosphopantetheine [PDB entry 1QJC,

have their maximum intensity in a different plane and for which
residual intensity is observed in the plane shown. Peaks that are not
labeled correspond to resonances that could not be assigned using the
information present in the methyl walk shown. Lower panel contains
cartoon representations of the structure of apo CoaD (PDB entry
5JBN) centered on methyl groups that have underlined assignments.
All methyl groups are represented by spheres and are colored using
the scheme detailed above, and methyl groups within a 7.5 A radius
of the centered atom are connected by colored lines. Red and blue
lines correspond to the boxes in the upper part of the figure, while
yellow lines correspond to methyl groups within 7.5 A that could not
be unambiguously assigned in the methyl walk shown

(Izard 2002)] shows that the binding site covers one side of
the complete enzymatic pocket which is partially com-
prised of residues from the neighboring subunit in the
hexameric holoenzyme (Fig. 5a). Since the reported K, for
phosphopantetheine is 270 nM (Miller et al. 2007), we
chose the analogue (R)-pantetheine for our binding study in
order to form a weaker interaction which would be in fast
exchange. A 50 pM sample of MILVAT labeled CoaD was
measured with increasing concentrations of (R)-pantetheine
up to a final concentration of 5 mM. Addition of (R)-
pantetheine to the sample induced chemical shift pertur-
bations in the spectrum, indicating that the substrate ana-
logue interacted with CoaD (Fig. 5b) in the fast exchange
regime. The changes in chemical shift of multiple peaks in
the spectrum were used to determine a K; of
1.6 &+ 0.3 mM. Analysis of the assignments of peaks in the
spectrum which exhibited the largest changes in chemical
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Fig. 5 Analysis of the binding of (R)-pantetheine to E. coli
CoaD. a Cartoon representation of the structure of CoaD in complex
with 4'-phosphopantetheine (PDB entry 1QJC). The two different
subunits which make up the active site have been colored in light grey
and light green, respectively. All methyl groups present in both
subunits that are within a 6.5 A radius of the 4’ -phosphopantetheine
are represented as spheres and colored according to the color

shift showed that methionine, leucine, valine and alanine
residues are affected and that those peaks corresponded to
methyl groups which are directly surrounding the ligand.
Additional smaller perturbations are observed in second
shell and more remote residues upon addition of a ligand
which is consistent with the observations made by others
that CoaD is an allosteric enzyme (Izard 2002). The
increased number and type of affected peaks observed by
employing the new labeling scheme will allow character-
ization of these processes in more detail, e.g. by magneti-
zation relaxation based dynamics studies.

Conclusions

We have developed a protocol for the selective, simulta-
neous labeling of all methyl groups (except Ile Cy) in the
six methyl containing amino acids and have demonstrated
how such a sample can be used to facilitate the assignment
of methyl groups in the enzyme CoaD. The simultaneous
labeling of all six amino acids does not adversely affect the
spectral quality of CoaD and the addition of selectively
labeled threonine, alanine and methionine resonances
hardly increases the amount of peak overlap due to the
unique places in the spectrum where these resonances
appear. There are significant benefits of observing all six
amino acids simultaneously in the spectrum, especially
when using NOESY datasets to assign peaks, since the
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scheme detailed above. b Superposition of 2D ['*C, 'H]-SOFAST
HMQC spectra of MILVAT labeled CoaD recorded in the absence
(black) and presence of 250 pM (R)-pantetheine (red). Peaks which
undergo chemical shift perturbations upon the addition of (R)-
pantetheine have been labeled and correspond to methyl groups in the
phosphopantetheine binding site

unique chemical shift fingerprints of peaks obtained from
having methionine, alanine and threonine labeled help
when trying to identify unique starting points or when
trying to unambiguously assign peaks.

There are currently a number of different computational
programs that conduct the assignment of methyl groups
using the information from multi-dimensional NOESY
datasets, however, these programs generally need to be
supplemented with additional experimental data in order to
increase the quantity of or confidence in the unambiguous
assignments made (Chao et al. 2014). It is our belief that
the use of both 4D spectroscopy and MILVAT labeling
would greatly increase the performance of programs which
work to produce a complete methyl assignment based on
identifying networks of methyl-methyl NOEs in multidi-
mensional NOESY datasets, without having to supplement
the analysis with additional experimental data.

Isolated methyl groups that are not present in a methyl—
methyl network cannot be assigned directly using this
process, however if these groups are required for the
analysis being conducted, often they can be assigned
through the process of elimination. In most cases where
structures are not being calculated, a complete assignment
of all methyl groups is not needed and research groups are
only interested in the subset of peaks from residues within
a protein active site or binding interface which are involved
in the reaction or interaction being studied. The use of
MILVAT labeling offers multiple unique starting points in
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the 4D NOESY dataset from which methyl walks can be
conducted, facilitating the assignment of only the regions
of interest. When compared to the standard ILV or ILVA
labeled samples, the percentage of methyl groups labeled
in a MILVAT sample increases on average to 35 % from
18 and 27 %, respectively (Miller et al. 1987; Conte et al.
1999). This increased number of NMR active probes in the
sample significantly increases the redundancy observed in
the NOESY dataset, thus providing increased confidence in
the assignments made. In addition to the total increase in
the number of NMR active probes present in the sample, a
2.3 or 1.4 fold increase in the number of probes available
on the protein surface is observed in a MILVAT labeled
sample, when compared to the standard ILV or ILVA
labeling scheme, respectively (Miller et al. 1987).
Extending selective labeling to include methionine and
threonine is of particular interest because of the unique
flexible aliphatic thioether moiety and polar hydroxyl
group in their respective side chains. These features often
allow for productive interactions on the protein surface and
in ligand binding sites, whereas isoleucine, leucine and
valine side chains are generally found in the hydrophobic
core.

The increased number of probes in a protein’s active site
enables a more detailed structural characterization of
molecular interactions, which is of particular interest when
studying protein small molecule complexes due to the
highly localized binding event. Additional intermolecular
NOEs measured to unambiguously assigned methyl groups
are important to reduce the possible binding modes and
ligand conformations in order to obtain models with rea-
sonable confidence. As NOE-derived intermolecular dis-
tance information is preferably obtained from a single
sample, MILVAT labeling is essential for any form of
structural analysis using NOESY experiments. In addition
to the benefits offered for such structural and interaction
studies, the use of MILVAT labeling is also advantageous
for groups interested in protein dynamics, conformational
analysis, methyl detected relaxation dispersion and para-
magnetic relaxation enhancement. Although for such
experiments similar results could be achieved from study-
ing multiple different samples, MILVAT labeling allows
all information to be collected simultaneously and analyzed
using a single sample, thus leading to both financial and
time savings as well as to a simplification of analysis
without having to compensate for sample variation.
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