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Accessing Structure, Dynamics and Function
of Biological Macromolecules by NMR Through
Advances in Isotope Labeling
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Abstract | NMR spectroscopy has become an indispensable tool for
high-resolution structure determination of biomolecules at physiological
conditions both in solutions and solids. Currently, NMR is routinely used
to study the structure and dynamics of high molecular weight biomol-
ecules in sizes ranging up to~50-100 kDa and to evaluate complexes
as large as 500-1 MDa. The latest advances in spectrometer technol-
ogy, methodologies and advents in newer and highly innovative NMR
active isotope-labeling strategies now enable us to overcome an earlier
speculated size barrier of ~20 kDa for de novo structure determination.
Of these, developments in NMR active isotope-labeling strategies are of
great significance as they allow reduction in spectral crowding and yield
selective spin correlations. Moreover, NMR isotope enrichment schemes
permit exploitation of heteronuclear magnetization transfer pathways
for enhanced sensitivity and selectivity. Functionally relevant sites or
domains in very large complexes can also be selectively evaluated by
specific labeling strategies in which other regions are masked. Further,
labeling schemes can be effectively used to favourably overcome del-
eterious relaxation effects. Recently evolved labeling strategies include
uniform labeling, perdeuteration, specific labeling of an amino acid or a
side chain, selective deuteration or protonation, segmental labeling and
biosynthesis of biomolecules in various organisms, cell lines and cell-
free systems. The present review is aimed at introducing various NMR
isotope labeling strategies and discusses their impact in widening the
scope of biomolecular NMR spectroscopy driven structural biology.

Keywords: Biomolecular NMR, Isotope labeling, Large MW proteins, Methyl TROSY, Segmental labeling,
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1 Introduction

Nuclear magnetic resonance spectroscopy has
emerged as an important tool to derive high-
resolution three-dimensional structure of bio-
molecules, study motions and conformational
exchange processes at various time scales and
amplitudes, as well as residue-specific inter-
actions with the ligand. NMR turns out to be
advantageous over its contemporary techniques
such as X-ray crystallography or cryo-electron
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microscopy due to the feasibility of studies near
physiological conditions, yielding spatiotempo-
ral information as NMR can probe both struc-
ture and dynamics. Nonetheless, high-resolution
structure determination of large biomolecules
(>20kDa) by NMR is quite cumbersome because
of various factors such as spectral overlap, inher-
ent low sensitivity of NMR active nuclei lead-
ing to poor signal to noise ratio and resonance
broadening due to exchange processes, etc.
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Biomolecular NMR spectroscopy has under-
gone significant changes since the advent of first
solution structure of the bull seminal protease
inhibitor (BUSI) and a-amylase inhibitor Tend-
amistat" %, Early structure determination projects
primarily relied on exploiting "H-'H interactions
network manifested in 2D experiments such as
NOESY, TOCSY and COSY. It was soon realized
that the proton-based approach could only yield
structures of small sized biomolecules (~ 100 aa)
as spectral overlap in larger proteins would not
allow unambiguous resonance assignments and
subsequent structure determination. Alternate
approaches utilizing heteronuclei (e.g., '>C and
I5N) were partially successful due to an inherently
low natural abundance of *C and '"N. At this
juncture, developments in molecular biology and
biochemistry opened new avenues to produce
uniformly °C and "N labeled NMR samples®~.

Combinations of various NMR active nuclei
such as '°C, '°N and *H can be used as the sam-
ple labeling scheme for different types of multi-
dimensional and multi-resonance experiments.
Introduction of labels in biological macromol-
ecules has come a long way since the early 1990s.
Isotope labeling in general can be categorized in
four classes viz uniform labeling, fractional labe-
ling, residue selective labeling and site-specific
labeling.

In the present review, we have discussed vari-
ous labeling schemes in biomolecules and their
significance in NMR based experiments. Further,
we describe recent developments in eukaryotic
and cell-free expression systems, which facilitate
native-like protein expression and labeling neces-
sary for large, as well as multi-domain proteins
and their complexes.

2 Uniform Isotope Labeling

Heteronuclear isotope labeling facilitated evolu-
tion of triple resonance experiments' for sequential
backbone chemical shift assignments and subse-
quently led to the study of protein structure and
dynamics up to ~20 kDa molecular weight. Bacte-
rial systems are the most widely used expression
systems due to their ease in handling, faster bio-
mass accumulation and ease of genetic manipula-
tion. In these systems, a recombinant gene is
cloned, often in an E. coli strain (such as
BL21(DE3), codon plus as in Rosetta, RIL, etc.),
followed by its over-expression in minimal
medium and purification using an affinity tag. To

! Experiments involving three nuclei, typically °C, "N and 'H.
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achieve uniform '*C and/or >N enrichment, pro-
teins are overexpressed in minimal medium, sup-
plemented with U-"C glucose/Glycerol/Sodium
acetate and/or U-'"N ammonium chloride/ammo-
nium sulphate as the sole source of carbon and
nitrogen, respectively” *. The resultant protein so
obtained would be uniformly *C and/or N
labeled. The simplicity in producing uniformly
labeled samples and NMR methodology develop-
ments have resulted in determining over 10,000
three-dimensional solution structures till date as
seen from the PDB data. However, poor cell
growth in minimal medium, sub-optimal induc-
tion of heterologous proteins, lethality of the for-
eign protein to the cells, codon usage bias" and,
most importantly, non-native folding of the
recombinant protein, and lack of post-transla-
tional modifications specific to eukaryotic proteins
remain some of the serious issues with bacterial
expression. To circumvent this issue, media con-
taining isotopically enriched algal or microbial
hydrolysates have been used’. To support the cell
growth and protein induction, trace elements and
cofactors like biotin can be supplemented.
Incorporation of *C and "N in polypeptide
chain also paved way for the development of tri-
ple resonance experiments enabling sequential
chemical shift assignments (such as HNCACB,
HN(CO)CACB, HNCO, HN(CA)CO, HCCH-
TOCSY) and three-dimensional '>C/"°N-edited
NOESY-HSQC  experiments®.  Heteronuclear
triple resonance experiments exploit heteronu-
clear 'J and %] scalar coupling for magnetization
transfer (e.g., 'H-">C=125-160 Hz, and 'H-
"N =287-95 Hz; >J"NCa=4-9 Hz) than °] 'H-'H
homonuclear coupling, which is often 0-10 Hz.
Efficiency of magnetization transfer from proton
to covalently connected >C or '°N extends up to
50-90%, which makes 2D-heteronuclear correla-
tion spectroscopy a very sensitive technique® ’.
The enhancement in the heteronuclear magneti-
zation for °C and "N is significant as they have
relatively lower gyromagnetic ratios, i.e.,~ 1/4th
(10.71 MHz/T) and~1/10th (—4.316 MHz/T)
to that of proton (42.58 MHz/T), respectively.
In these cases, the 'H (I) magnetization is trans-
ferred to the coupled heteronuclei—'>C or N
(S)—via a selective coherence transfer pathway
using a tailored pulse sequence containing radio-
frequency pulses and time delays that are tuned
to the coupling evolution. After the propagation
of magnetization through desired magnetization
transfer pathway, it is transferred back to 'H (I)

T Organisms prefer a subset of codons during amino acid
incorporation in protein translation.
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for detection as the sensitivity of 'H (I) is higher
leading to increased signal to noise ratio. Overall
sensitivity in heteronuclear correlation is propor-
tional to S/N o< y,, Y12 1-exp(— R, T)], where y,,
and yg4, are gyromagnetic ratios of spin excited
and detected, respectively, R, is spin-lattice
relaxation of spin excited and T is recycling time
of experiment. Further, the gain in the sensitivity
of signals from magnetization transfer from I to S
and subsequent detection on S is in order of n(y,/
v¢)*’%, where y; and y are gyromagnetic ratios of
I'and S spin, and n is number of protons bonded
with the heteronucleus. Thus, increase in sensitiv-
ity would be~24 for methyl,~ 16 for methylene
and ~8 for methine proton spins. Similarly, the
sensitivity enhancement for H-N pair would be
in the order of ~ 30. Larger spin—lattice relaxation
rate constant (R,) of proton compared to hetero-
nuclei gives an additional sensitivity advantage
for experiments starting with 'H magnetization
because of the [1—exp(— R T)] factor®.

While this strategy works well with biomole-
cules <20 kDa, the increased number of hydrogen
atoms in large MW systems leads to undesirable
magnetization redistribution occurring due to
a dense network of neighboring spins through
a process known as spin diffusion’. Moreover,
due to slow tumbling of the molecule, the trans-
verse relaxation rate constant (R,) increases with
increasing molecular weight and results in short-
lived spin magnetization leading to broadening
of resonances. Additionally, in large MW systems,
significant spectral overlap hinders the unam-
biguous assignment of individual peaks. Further,
peaks arising from side-chains, especially meth-
ylene protons and carbons, become degenerate
due to narrow spectral dispersion. The spectral
degeneracy leads to redundant and misassigned
peaks and subsequent structural inaccuracy'® ',
Hence, the quantification of cross-peak intensi-
ties to determine inter-atomic distances becomes
complicated in NOE-based experiments due to
effective spin-diffusion pathways provided by

side-chain protons'?,

3 Perdeuteration

Perdeuteration is the substitution of almost all
non-exchangeable protons with deuterium in a
polypeptide chain. Perdeuteration enhances the
signal to noise ratio by reducing loss of magneti-
zation occurring through the process of spin dif-
fusion to the neighbouring spins. Furthermore,
perdeuteration also confers advantage of
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reduction in dipolar coupling™ between *C and
5N and covalently bonded protons'. Smaller
gyromagnetic ratio of deuterium compared to
hydrogen (yp:yp::1:6.5) decreases the relaxation
rates in the proportion of (yp:yy)*~0.02. There-
fore, the relaxation time for '>C or °N is greatly
increased leading to smaller linewidths or
enhanced signal to noise ratio'*. Moreover, per-
deuteration paired with transverse relaxation
optimized  spectroscopy (TROSY) further
improves the spectral resolution.
Non-exchangeable protons in a protein sam-
ple can be deuterated uniformly or fractionally in
a random or selective (residue selective, stereo-
selective or regio-selective) manner. One of most
useful methods is random and fractional deutera-
tion of a sample along with complete °C and >N
labeling, where the percentage of deuteration can
be standardized for optimum cell growth and
NMR spectra. To optimize deuteration percent-
age and isotope labeling, transformed bacterial
cells are grown with U-'>C and/or U-""N sources
in the minimal medium with a desired H,0:D,0
ratio. As metabolism of D,O is quite a bit slower,
the doubling time in the conventional bacterial
growth cycle is often seen to be~2 h. The issue
of slow growth can be circumvented by initially
growing cell culture in a rich media such as LB,
harvesting uninduced culture at the desired O. D.
and suspending it into minimal media containing
D,0 and other desired labels. Alternatively, grad-
ual increase in the D,0O level per growth cycle is
also performed so that bacteria gets accustomed
to the slow growth environment in D,O media.
Advantages of perdeuteration are demon-
strated in studies on Crc (~32 kDa) from P.
syringae 1Lz4W. The protonated ['H-'"N] HSQC
shows significant spectral overlap and resonance
broadening, particularly in the central region, due
to faster relaxation rates (Fig. 1a). The ['H-"°N]
HSQC spectrum shows significant improvement
upon perdeuteration (Fig. 1b). The spectral reso-
lution and dispersion are further improved upon
utilization of ['H~""N] TROSY-HSQC, where the
TROSY component neutralizes "H-'"N dipole—
dipole relaxation and chemical shift anisotropy to
further enhance the signals (Fig. 1¢).
Exchangeable amide protons residing in the
impenetrable hydrophobic core remain a major
issue with perdeuteration as these resonances
display significant broadening in the HSQC and
TROSY. Moreover, the presence of large numbers

M Tnteraction of dipolar spins through space causing relaxa-
tion in solution NMR and broad lines in solid-state NMR.
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Figure 1: Perdeuteration and effect of transverse relaxation optimized spectroscopy (TROSY) in Crc
(~32 kDa). a ['H-"°N] HSQC spectrum of U-"°N Crc (protonated). b ['H-"°N] HSQC spectrum of U-"°N

Crc with perdeuteration. ¢ The spectrum represents ['H-"5N] TROSY-HSQC of U-"SN perdeuterated Crc.
Well resolved and sharp cross-peaks in ¢ aid in seamless backbone chemical shift assignment. All three
spectra were collected using near identical conditions of the sample, data acquisition and processing.

of similar amino acids in identical environment
often leads to spectral overlap. Specific °N/">C
labeling of a single amino acid in an otherwise
unlabeled environment can be used to simplify
the spectrum and to aid the chemical shift assign-
ment process.

4 Selective Amino Acid Labeling

in Proteins
Addition of completely protonated amino acids
in M9 media prepared in D,0 was utilized in
early NMR studies for specific labeling. In 1968,
Crespi and Katz showed that the unlabeled Leu
can be added to proteins expressed in uniformly
deuterated medium'>. Subsequently, various per-
mutations and combinations for most of the 20
amino acids were exploited'® 117, The residue-
specific protonation resulted in the retention
of side-chain protons on these specific residues
of protein in otherwise deuterated background,
thus increasing the sensitivity of many proton-
detected experiments. However, this approach
significantly suffers from amino acid scrambling
and high-cost involvements.

Residue specific selective ’N-labeling of a
protein often enables rapid and precise sequen-
tial assignments in larger proteins with crowded
and complex spectra. Specific amino acid labe-
ling schemes have been successfully used for few
amino acids such as His, Lys, Arg and Met. Selec-
tive enrichment can be achieved biosyntheti-
cally, by over-expressing the protein of interest

@ Springer @ggfs

in culture medium supplemented with the corre-
sponding U-""N labeled amino acids (Fig. 2a—c).
A cost effective method to identify long chain
amino acids (such as Arg) is by reverse labe-
ling in which unlabeled amino acid is added in
minimal media supplemented with U-'"°N salts.
The strategy would allow intended unlabeling
of amino acids in otherwise labeled background
(Fig. 2b). However, the utility of these approaches
is restricted because of isotope dilution and met-
abolic scrambling, particularly with Asp and Glu.
Dilution of the supplemented isotope occurs by
endogenous amino acid biosynthesis’. Moreover,
the labeled amino acids can be scrambled to other
amino acid residues by specific metabolic conver-
sion or due to aminotransferase (transaminase)
activity'®. The residues that are end products in
the amino acid biosynthetic pathway and are not
acted upon by general aminotransferases (such as
Arg, Cys, His, Gln, Lys, Met, Pro, and Thr) are less
susceptible to metabolic scrambling. Nonetheless,
under prolonged growth periods, isotopic dilu-
tion and scrambling have been observed even for
these residues. Amino acid biosynthesis is con-
trolled by feedback inhibition, so isotopic dilu-
tion and scrambling can be mitigated to some
extent using a high concentration of all 20 amino
acids for supplementing the growth medium’.

A more specific, efficient and less expensive
approach is to employ bacterial strains that have
been altered to contain the necessary genetic
lesions to regulate amino acid biosynthesis'.

J. Indian Inst. Sci.lVOL 98:31301-323 September 2018ljournal.iisc.ernet.in
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Figure 2: ["H-"°N] TROSY-HSQC for specifically labeled residues in Crc. a ['H-"°N] TROSY-HSQC of
U-"®N, °H labeled Crc. b The spectrum is an overlay of reverse labeled Arg (red) and U-'°N, ?H labeled
Crc (blue). The missing cross-peaks in reverse labeled spectrum (blue) represent Arg. We could identify
20 out of 22 Arg resonances. ¢ Overlay spectrum displays specific labeling of Lys (blue) where °N-Lys
was supplemented in otherwise unlabeled cell culture. Eight out of 8 Lys were traced using this sample.

d—f An overlay of specific amino acid labeling of lle, Leu and Val-Ala by "*N (blue) and ['H-'""N] TROSY-
HSQC of U-""N, 2H labeled Crc (red). The specific labeling of a single amino acid type was obtained by
home-made auxotrophic strain of BL21(DES3). We were successful in identifying 11 out 11 lle, 29 out of 29
Leu, 25 out of 25 Ala and 12 out of 12 Val using this strategy. The missing peaks in Arg may be attributed
to the spectral overlap and/or intermediate scale exchange processes causing resonance broadening.

These auxotrophs' are routinely used for selec-
tive labeling in NMR studies. Auxotrophs are gen-
erated using genetic lesions that are imposed at
specific sites in the bacterial genome, which
results in inhibiting the metabolism of exoge-
nously added amino acid as the cells are impaired
in its synthesis. Bacterial strains with the desired
genotype are then constructed by defective genes
transfer from chromosome of one strain to
another.  Generalized transduction, using

bacteriophage P1 is often utilized as a vehicle for
delivering DNA to the recipient bacteria and, if
necessary, co-transduction with a selection
marker. The process involves use of transposable
genetic elements as they insert in the bacterial
chromosome at various locations and deliver a
selectable phenotype. Auxotrophs can be further
selected using an antibiotic marker, as well as the
auxotrophy of the constructed strain. E. coli
strains with transposon insertions at sites adja-
cent to defective alleles of amino acid metabolism
enzymes can be procured from E. coli Genetic

V' Auxotrophs are organisms genetically impaired in produc-
ing important amino acids or metabolites.
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Stock Center (Keio Collection) and subsequently,
required auxotrophs can be created'” %,

For selective incorporation of amino acids
Arg, Cys, Gln, Gly, Lys, His, Ile, Met, Ser, Pro
and Thr, a single lesion is required to construct
the required genotype. Furthermore, aforemen-
tioned residues lie at the end of biosynthetic
pathways and with the exception of Ile and Thr,
are not substrates for the aminotransferases. In
the case of the remaining residues, a combination
of genetic lesions is required to nullify dilution
and scrambling of the label. Most of the amino
acids in this category are either substrates of the
aminotransferases or are metabolic precursors
of other residues. Genetic lesions correspond-
ing to four known general aminotransferases in
E. coli have been reported and are the products
of ilvE, aspC, tyrB and avtA genes. Construction
of mutants for Phe, Val, Leu, Tyr, Asp and possi-
bly Trp requires genetic lesions in the genes (one
or all) pertaining to general aminotransferases
concomitant with the genes directly involved in
their biosynthetic pathways. Asn and Ser require
two (asnA, asnB) and four (serB, glyA, cysE, tyrB)
genetic lesions in the wild type bacteria, respec-
tively for ideal auxotrophic genotype. Ala and Glu
auxotrophs are not effective due to involvement
of these residues in multiple pathways'’.

To achieve the selective labeling using auxo-
trophy of multiple amino acids, various strains
have been developed, a few of which are dis-
cussed below. Strain DL39 (lesions in aspC, ilvE,
tyrB); is a general transaminase-deficient strain
auxotrophic for isoleucine, leucine, valine, aspar-
tate, phenylalanine and tyrosine?’, and has been
utilized for '>N- labeling of Ala+Val, Asp+ Asn
(Asx), Ile, Leu, Phe and Tyr. Similarly, AB1255
(metB, argH, hisG, ilvA) is auxotrophic for Arg,
His, Ile and Met, PC0950 (thr, argF, argL serB,
purA) exhibits auxotrophy for Arg, Ser, Thr and
adenine, AT2457 (glyA) for Gly, PA340 (gdh, ¢ltB);
for Glu and strain JE5811 (lys) is deficient in Lys?'.

Although these strains provide an efficient
tool for selective labeling of amino acids, they
exhibit slow growth due to lesions imposed on
the genome. Moreover, the protein yield in these
strains is far lesser than that obtained from usual
BL21(DE3) expression system. To address this
issue, auxotrophs such as DL39(DE3), CT8 and
CT19 were created with T7 expression system
for enhanced expression of proteins®. A detailed
table elaborating amino acid auxotrophs and the

@ Springer ﬁ;gi‘;

Table 1: Genetic lesion loci associated with spe-

cific amino acids type?.

Amino acid Genetic lesion loci

Ala avtA, ilvE, aspC, tyrB

Arg argH

Asn asnA, asnB

Asp aspC, tyrB, asnA, asnB, asd

Cys cysE

GIn glnA

Glu gdh, gltB, argH, ginA, proG, ilvE, aspC,
tyrB

Gly glyA

His hisG

lle ilvE

Leu ilvE, tyrB

Lys lysA

Met metA

Phe ilvE, aspC, tyrB

Pro proC

Ser cysE, glyA, serB, trpB

Thr thrC

Trp trpB, tyrB

Tyr tyrB, aspC

Val ilvE, avtA

2 Reproduced with permissions from'®

lesion required is given by David Waugh in mid-
90’s"” and is reproduced with permission in this
review as Table 1.

In our laboratory, due to significant reduction
in protein yields in the DL39 strain compared
to the BL21(DE3) expression system, a similar
approach was adopted in the creation of an auxo-
trophic strain for assistance in backbone assign-
ment of Crc. Lesions in ilvE, aspC and tyrB were
introduced in the BL21(DE3) strain by trans-
poson mutagenesis. Keio mutants for ilvE, aspC
and tyrB were obtained, and respective P1 lysates
were prepared. Transduction was performed in a
stepwise manner to incorporate these lesions in
BL21(DE3). Selection was done on the basis of an
antibiotic marker in the transposon, as well as the
auxotrophy introduced in the strain. This modi-
fied strain can be utilized for assistance in the
backbone and side-chain chemical shift assign-
ments of Ile, Leu, Val and Ala. For selective labe-
ling of these residues, we have added U-N Tle,
U-"N Leu and U-""N Val (100 mg each, 30 min
prior to induction) and have obtained a ['H-'"N]
TROSY-HSQC spectrum exhibiting well-defined
resonances for each residue (Fig. 2d—f). As we

J. Indian Inst. Sci.lVOL 98:31301-323 September 2018ljournal.iisc.ernet.in
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have not introduced the avtA mutation, it was
expected that the incorporation of labeled Val
will yield both Val and Ala resonances (Fig. 2f).
These auxotrophic strains can be further uti-
lized for residue and stereo-specific ?C methyl
labeling of Leu, Val and Thr residues of proteins.

5 Methyl Sidechain Labeling of Amino

Acids
In large MW systems, perdeuteration significantly
eliminates '"H-'H dipolar relaxation network and
hence enhances longevity of NMR resonances.
However, it is associated with a severe decrease in
the inter-proton NOE network mostly between
amides and sidechains, which are crucial for dis-
tance constraints in structure determination.
Various labeling schemes for site-specific proto-
nation in a highly deuterated environment have
been devised to overcome these issues.

Hydrophobic amino acids containing methyl
groups such as Ile, Leu and Val are abundantly
present in the core of proteins (~21-25% of all
residues). Specific labeling of methyl groups
has emerged as an effective approach as methyl
groups are ideal probes for NMR studies of high
molecular weight systems because of sensitiv-
ity and sharper line widths due to rapid rotation
about the three-fold methyl symmetry axis and
multiplicity of protons. Hence, labeling strate-
gies involving these residues are widely used
and enable efficient assignments. It also facili-
tates detection of long-range amide-methyl and
methyl-methyl NOEs, which aided in determin-
ing the global folds of large proteins. These resi-
dues also serve as excellent reporters of dynamics
in proteins. Additionally, methyl protons have
distinct chemical shifts (—1.5 to 2.5 ppm) that
enable their identification in crowded spectra.

For specific labeling of an amino acid con-
taining methyl group (Ala, Met, Thr, Ile, Leu and
Val), specifically labeled precursors can be chosen
by evaluating their ability to enter in an anabolic
pathway without any complications from 'H to
’H exchange, ease of preparation and their utili-
zation by E. coli. A simplified biosynthetic path-
way for methyl group containing amino acids
in E. coli has been shown in Fig. 3, which can be
manipulated for specific site-specific *C/'H or
’H enrichment.

The methyl group of pyruvate acts as the pre-
cursor for methyl groups in Ala, Val, Leu, and
Ile (y2)*. Use of protonated and >C enriched
pyruvate as a carbon source in deuterated media
ensures the incorporation of “C, 'H labeled
methyl groups in Ala, Val, Leu, and Ile (y2) in an

J. Indian Inst. Sci. IVOL 98:31301-323 September 2018/journal.iisc.ernet.in

otherwise deuterated protein®> *%, It was shown
that the level of protonation in these methyl
groups varies from 40% (Ala) to 60% (Val and
Ile) to 80% (Leu)®. Specific protonation at Ala,
Ile (y2), Val and Leu methyl groups along with
deuteration ensures enhanced sensitivity for tri-
ple resonance experiments for backbone and
side-chain chemical shift assignments. A major
disadvantage involving use of pyruvate is for-
mation of methyl isotopomers (CH;, CH,D,
and CHD,), which leads to reduced sensitivity
and resolution. Moreover, the protein yields in
pyruvate-based media is halved in comparison
to glucose-based media in E. coli. To overcome
these problems, glucose media supplemented
with amino acid precursors and amino acids was
introduced for over-expression of proteins in
bacteria®.

Earlier attempts for achieving methyl-specific
labeling schemes employed the use of 2-keto-
3-[D,], 4-["*C]-butyrate as sole source of protons
in perdeuterated media to yield [U-D], Ile-61—
[13CH3]—labeled protein®’. 2—ket0—3—[D]—[13CH3,
3CH,]-isovalerate was utilized as a precursor for
labeling both pro-chiral methyl groups of Ile and
Val*®. Combinations of ["?CH,]-methyl-labeling
schemes for aid in chemical shift assignments
have been extensively discussed in the literature.
These comprise of ILV (Ile-81/Leu-8/Val-y)*"~%°
and include use of precursors 2-keto-3-["*CH;,
13CH3]—isovalerate (a-ketoisovalerate) for labe-
ling Leu/Val and 2-keto-3-,4-['°C]-butyrate
(a-ketoisobutyrate) for labeling Ile. Use of selec-
tive 1°C, 'H labeling for only methyl groups or
U-"C, 'H labeling in a-ketoisovalerate and
a-ketoisobutyrate further gave options to use
13C methyl only samples for NOE measurements
and U-"°C methyl labeled samples for side-chain
assignments using H(CCO)NH-TOCSY and (H)
C(CCO)NH-TOCSY*"?",

Figure 4 represents stereo-selective C,
'"H methyl chemical shift assignments of Crc
(~32 kDa) in which samples were prepared
using specifically as well as uniformly labeled
a-ketoisovalerate and o-ketoisobutyrate and
yielded over 85% of Ile (81), Leu (81/62) and Val
(y1/y2) unambiguous assignments.

As amino acids like Leu and Val contain more
than one methyl group at the side-chain termi-
nus, exact stereo-specific discrimination of pro-
chiral methyl groups needed further evolution of
labeling strategies.

@ Springer jﬁ%g?&

307



308

U. Rai et al.

(R) H{C) ";lHa RHG ”I'Hs
CH—-(C—C00" (CH=CH,~C=C00"
(e (S) HO
®) 1D Val Leu
BACT T BACT
KARI+
DHAD _— o
7 RHG 9 AR
NH RIHO—C-O=-Co0r —> CH-C—Coor — > —> (CH=CH,~C=C00
I A ©CH;, (S)HLO (S)HC)
H{C—~CH—-C00" i .
Ala
NH
IAAT W
AHAS HsC =S =CH,~CH;CH~COO"
HCOH Glycolysis 0 Met
HO OH ——) HC~C-CO00 3 Aspartate —» Homoserine
“NH,
Pyruvate A 1
o o Y H{C—(CH-CH=COO
Glucose S
‘/m Thr
AHAS
i
H{L~CH-C~CoO
0 OH NH;

T !
o 4 H{C~CHCH—CH—COO"
b KARI+  BACT HO
(CH{CH, DHAD taxd

2-hydroxy-2-ethyl lle
3-ketobutyrate

no
H,C?-fd-((':? =Coo

Figure 3: Simplified amino acid biosynthetic pathway in E. coli. Carbon atoms derived from pyruvate or
alanine are coded in green and that derived from aspartate are shown in red. Various enzymes involved
in the pathway are represented in numerals. AHAS: a-hydroxy acid synthase; AlaA, AlaC and AvtA: E.

coli alanine transaminases; BACT: branched-chain amino acid aminotransferase; DHAD: dihydroxy-acid
dehydratase; KARI: ketol-acid reductoisomerase; TD: biosynthetic threonine deaminase. Figure adapted

and modified with permission from

6 Stereo-Specific and Other Recent
Advances in Methyl Group Labeling

Initial attempts to resolve the stereo-specific
peaks of pro-chiral methyl groups in Leu and Val
relied on preparation of a sample containing 10%
of U-["*C] glucose in 90% unlabeled glucose as
sole carbon source®”. In the partial carbon labe-
ling scheme, '*CH; Leu-82/Val-y2 (pro-S) remain
isolated and '*CH; Leu-81/Val-y1 groups (pro-R)
couple with *Cy and *CB, respectively, that leads
to a doublet separated by~ 35 Hz, which can be
easily detected with ['H-">C] HSQC.

Further, selective labeling in pro-chiral groups
in Leu and Val were obtained by using 2-keto-3-
[D]—[13CH3, 13CD3] isovalerate, which allowed
labeling of only one of the pro-chiral group™.
Use of 2-acetolactate™ or addition of labeled
Val® in the media along with deuterated Leu
was shown to yield labeled methyl groups of
Val exclusively. Similarly, 2-ketoisocaproate? or
[*CH,]—Leu™ have been suggested for non-ste-
reo-specific or stereo-specific labeling of Leu. The
e-methyl group of methionine can be isotopically
enriched by adding labeled Met residue in the
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growth medium™® and 2-hydroxy-2-ethyl-3-keto-
butanoic acid can be utilized to label the Ile-y2
methyl group®” %%,

Despite their ability to achieve stereo-spe-
cific discrimination, the partial carbon labeling
schemes suffered from poor NMR sensitivity
due to fractional °C labeling. To surmount the
challenge of low spectral sensitivity and stereo-
specific discrimination of pro-chiral methyl
groups of Val and Leu, a novel synthetic route
for the production of specifically methyl-labeled
acetolactate  (or  2-hydroxy-2-[">C]methyl-3-
0x0—4—[2H3]butanoic acid) was introduced®.
This approach was used to demonstrate the ste-
reo-specific protonation of Leu and Val methyl
groups in recombinant perdeuterated proteins.
The strategy relied on the stereo-specific rear-
rangement of methyl groups in (§)-2-acetolactate
(in vivo) in the early steps of Leu and Val biogen-
esis. This labeling scheme was applied to 82 kDa
Malate Synthase G, for which Methyl TROSY and
inter-methyl NOE cross-peaks of enhanced pro-S
were obtained. Cross-peaks for pro-R meth-
yls were eliminated in the process. In a nutshell,

J. Indian Inst. Sci.lVOL 98:31301-323 September 2018ljournal.iisc.ernet.in
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Figure 4: ['H-'3C] HSQC spectrum of Crc. Spec-
trum represents cross-peaks from stereospecific
Val(y1 and

methyl groups of Leu(d1 and 82),
y2) and lle(81). Figure adapted with permission
from

combinatorial approaches for specific labeling of
methyl groups for MILV (Met-¢/Ile-81/Leu-6/
Val-y)%, AILV (Ala-B/Ile-81/Leu-8/Val-y)*°, and
MILVT (Met-¢/Tle-51/Leu-8/Val-y/Thr-y2)*!
have been reported.

The aforesaid methyl labeling schemes are
appropriate for assemblies with symmetrical,
lower molecular weight subunits. For larger pro-
teins/assemblies, overlap between the methyls
of Val and Leu preclude the proper NMR based
spectral analysis. To alleviate this challenge, a
straightforward labeling scheme was introduced
to incorporate stereospecific 'CH; isotopom-
ers into Val residues without labeling the cor-
responding Leu groups’. Introduction of >CH,
is based on the simultaneous incorporation of
13CH3 acetolactate and ">C,’H L-Leu in the cul-
ture medium, yielded specific labeling of *CH,
methyl groups of Val resulting in a simplified
['H-"°C]-Methyl TROSY spectra of 468 kDa
homododecameric peptidase TET2. Thirty-two
out of 37 Val in TET2 and ['H-"*C] HMQC-
NOESY derived methyl proton NOEs separated
up to 7-8 A could be assigned using this labe-
ling strategy by combining mutagenesis, inno-
vative labeling and adapted triple resonance
experiments.
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Jerome Boisbouvier and coworkers pro-
posed an improved AILV methyl labeling scheme
with stereo-specificity for methyl groups of Val
and Leu*> *. A ready-reckoner in the form of a
table describing the strategies for methyl labe-
ling schemes has been detailed by Boisbouvier
and co-workers*. Despite significant develop-
ments in obtaining assignments for Ile-y2, Val
and Leu, a specific analogue for selectively labe-
ling Ile-81 was not available. A robust and cost
effective enzymatic synthesis of precursor for Ile,
2-hydroxy-2-(1'-[*H,], 2'—["*C])ethyl-3-keto-4-
[*H,]butanoic acid, was proposed in order to ste-
reo-specifically assign '>CHj in the Ile 81 position
in the backbone via a linear '*C spin system since
the Ile-y2 methyl group remains '*C and deuter-
ated. As the method is metabolically leak-proof,
isotope scrambling was eliminated. The labeling
scheme was applied to 82 kDa Malate Synthase
G and 'H-'H NOE crosspeaks between methyls
separated by 10 A.

Moreover, previously mentioned auxotrophic
strains developed in our group and elsewhere
can also be used for specific methyl labeling of
any of Val-y1/y2, Leu-81/82, Val- y1/Leu- 81, Val
v2/Leu- 82, Val- y1, Val- y2, Leu- 81 or Leu- 82
by providing appropriately labeled amino acids
in the culture media*. Available options for *C
methyl labeling are listed in Table 2.

Along with the development of methyl labe-
ling, Kay and co-workers have demonstrated that
the 2D ['"H-"*C] HMQC (called Methyl TROSY)
is already optimized to exploit destructive inter-
ference between the multiple 'H-'>C and 'H-'H
dipolar interactions™. The utility of Methyl
TROSY in accessing methyl 'H and "*C chemical
shifts paved the way to study significantly larger
macromolecular assemblies. For example, Methyl
TROSY has been used to decipher functionally
relevant motions and interactions in~ 670 kDa
20S proteasomal assembly*®, the interface
between heptameric rings in 300 kDa, cylindrical
protease ClpP and its exchange between two con-
formations?’, and ~450 kDa chromatin remod-
eling complex where buried Ile, Leu and Val in
H4 displayed dynamics during the nucleosome
interaction with SNF2H*®, Methyl TROSY was
proved to be instrumental in characterizing the
oligomerization process and folding intermedi-
ates of half a megadalton, homododecameric tet-
rahedral (TET) aminopeptidase®.
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Table 2: List of precursors used to introduce specific 13C methyl labeling strategies.

Precursor Methyl group labelled
Pyruvate Leu-81,82, Val-y1,y2, lle-y2 and Ala-p
2-Keto-3-,4-['3C]-butyrate or 2-(S)-hydroxy-2-ethyl-3-ketobutyrate lle-31

2-Keto-3-["3CH,, '3CH;l-isovalerate

2-Ketoisocaproate

Leu-81,82 and Val-y1,y2
Leu-81/62

2-Keto-3-[D,]['*CHj;, '3CD;l-isovalerate 2-Keto-3-[D,]['3CD;, '*CHsl-isovalerate Leu-81/52 and Val-y1/y2

2-Ketoisocaproate Leu-81,62
1-Methionine or 4-Methyl-thio-2-ketobutyrate Met-¢
2-Hydroxy-2-ethyl-3-ketobutyrate (racemic) lle-y2
Stereo-specifically labeled t-Leucine 2-Acetolactate U-[p] L-Leucine Leu-82 Val-y2
-Alanine Ala-p
L-Threonine Thr-y2
Stereo-specifically labeled Valine +U-[p] Leucine Val-y2

2-Hydroxy-2-[*C]methyl-3-ox0-4[?H,] butyrate

Leu-82 and Val-y2

7 Isotope Labeling Using Yeast Cell Lines
Prokaryotic cells (bacteria, especially E. coli) have
proven to be ideal expression systems and are
widely used due to the low cost carbon source
requirement for growth, rapid biomass accu-
mulation, and simple scale up process. However,
expression of eukaryotic proteins in the prokary-
otic system could be a challenge due to codon
bias, non-native folding and lack of post-trans-
lational modifications. Use of eukaryotic expres-
sion systems would most likely circumvent several
of these problems and yeast expression systems
provide a better alternative. Yeast as an expres-
sion system has many advantages such as low
isotope labeling cost, high expression yields and
easy genetic manipulation. It can be easily grown
in deuterated media and deliver yields compara-
ble to bacterial systems. Yeast system allows the
native folding of protein along with post-trans-
lational modifications such as proteolytic trunca-
tion, formation of disulfide bonds, glycosylation,
phosphorylation and acylation. Moreover, it also
allows expression of both cellular and secretory
proteins precluding the chances of cytotoxicity.

The two most used yeast strains are Saccha-
romyces cerevisiae and the methylotrophic yeast
Pichia pastoris. Isotope labeling using Pichia pas-
toris is well established and widely used as it pro-
vides higher yields of recombinant proteins and
more native glycosylation pattern®’. Expression
of an isotopically labeled eukaryotic protein, tick
anticoagulant, was already established in the mid-
1990s using P. pastoris°'.

P. pastoris grows well in minimal medium
where '°N-labeled ammonium salts are added as
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a nitrogen source. For carbon labeling, 1*C-glu-
cose or glycerol can be supplemented before
induction. As the protein expression is per-
formed under a strong alcohol oxidase promoter,
13C-methanol is used for induction, which is a
primary carbon source during the expression
phase. Cell growth is also consonant with deu-
terated medium®2. Further, methods for specific
amino acid labeling have been also developed for
Cys, Lys, Leu and Met>> >4,

Despite being a powerful expression sys-
tem with post-translational modifications in the
recombinant proteins, yeasts have imitations of
hyperglycosylation, uncertainty in disulphide
bond formation and often encounter poor or no
yields™>™’.

8 Isotope Labeling Using Insect Cell
Lines

Baculovirus-mediated expression (BvE) in insect
cells offers an advanced expression system with
superior post-translational modification machin-
ery. As baculovirus genome is considered too
big for direct incorporation of foreign genetic
material, the gene is first cloned in transfer vec-
tor containing regions flanking polyhedron gene
in virus genome. Further, the viral genome is co-
transfected with transfer vector inside insect cells
allowing the incorporation of the gene in the viral
genome via homologous recombination. Com-
monly used cell lines for Baculovirus-mediated
amplification and recombinant protein expres-
sion are SF9 and SF21 (derived from fall army-
worm). Trichoplusia ni (cabbage looper moth)
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and BTI5Bl-4 (High Five™) cells are used for
secreted recombinant proteins®® >,

Isotope enrichment of proteins using insect
cell lines is a cost ineffective process as it requires
supplementation of labeled amino acids. Alterna-
tively, commercially available media kits such as
Bioexpress 2000 (CIL) provide options to pro-
duce U-"C,"®N labeled samples with up to 90%
labeling. Using BVE system, sample for U-">C,">N
Abelson Kinase domain was prepared and subse-
quently used for NMR driven structural studies®.

Because of the high-mannose and pauci-
mannose types of glycosylation, expression of
therapeutic proteins (e.g. insulin, recombinant
monoclonal antibodies) using insect cell lines
is limited as it leads to compromised bioactivity
and acts as potential allergens of the recombinant
proteins®® 2,

9 Isotope Labeling Using Mammalian

Cell Lines
Mammalian cells are preferred for expression of
therapeutic recombinant proteins as they provide
more native-like fold with appropriate, human-
like post-translational modification. Neverthe-
less, mammalian cells are considered difficult to
handle and protein yields are low compared to
bacterial and yeast expression systems. Regard-
less, in the past decade most eukaryotic mem-
brane proteins, including several drug targets
that could not be produced in prokaryotic sys-
tems in sufficient functional quantity or quality
were successfully expressed in animal cell lines.
One major hurdle in protein overexpression in
mammalian cell lines pertaining to NMR driven
structural biology is high-cost involvement for
isotope labeling.

In early 1990’s, U-">N and U-"N, *C uroki-
nase was expressed in Sp2/0 and CHO cells
using culture media containing amino acids iso-
lated from E. coli and lyophilized algae with Cys
and Glu supplements®” ®%. During this experi-
ment,~ 5% of heat-inactivated serum was added
to culture medium, which did not affect the iso-
tope enrichment. Currently, efforts are in place
to reconstitute a cost-effective stable medium
against commercially available expensive mam-
malian cell culture medium (CIL)®®. Uniform
isotope labeling in mammalian cells is achieved
by novel serum-free medium, which includes
stable isotope labeled autolysate and lipids from
algae, yeast and bacteria. These microorganisms
are relatively easy to label with commercially
available metabolic precursors and lead to reduc-
tion in cost by sixfold. The medium was used
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for expressing recombinant proteins in Chinese
hamster ovary (CHO) cells and human embry-
onic kidney (HEK293) cell lines®. Recombinant
human chronic gonadotropin and human IgG
were expressed in CHO cells and enriched with
BC and N using labeled algal hydrolysate to
conduct in situ structural-conformational analy-
sis®® 7. Recently, mouse hybridoma cells were
used to specifically label IgG2b glycoprotein that
was metabolically labeled using [52-"°C; Ha,
HB, Hy, H81-*H,] Leu and its non-deuterated
counterpart(’g.

Despite advanced protein synthesis machin-
ery, cell lines often suffer from low or no expres-
sion of the desired protein. Also, recombinant
proteins are toxic to the host cells that make the
whole process impractical for structural biology.
Another drawback of cell-based expression sys-
tems is their inability to introduce stereo-specif-
ically labeled methyl probes as of now.

10 Cell-Free Expression and Isotope

Labeling
A cell-free protein expression system is an
in vitro protein synthesis reaction, which com-
prises cell extract from different living organisms
including all the cellular machinery pertaining
to protein expression. Cell-free systems provide
opportunity for expression of higher molecu-
lar mass proteins and depending on the protein
of interest host organism can be chosen like
microorganism, plant, insect or mammalian cells
(Fig. 5).

In 1988, a continuous flow cell-free transla-
tion system was introduced with MS2 phage RNA
or brome mosaic virus RNA 4 as templates and
small substrates such as ATP, GTP and amino
acids®’. The system was tested for prokaryotic (E.
coli) and eukaryotic (wheat embryo) cell lysates.
Subsequently, a dialysis-based cell-free expres-
sion system was utilized to obtain ’N-Ser/"’N-
Asp Ras protein with increased yields i.e., 0.1 mg/
mL’° followed by production of 6 mg/mL *C/"N
labeled Ras protein using algal labeled amino
acids’!. Recently, an E. coli cell-free system was
used for scalable characterization of CRISPR
technology’?. Recombinant proteins, yeast Ubig-
uitin and RbpA1l are expressed in a wheat germ
extract (WGE) cell-free system in much higher
quantities (200-400 ng/pL) compared to E. coli
extract””. Expression of recombinant eukaryotic
protein in bacterial cell-free extract often results
in non-functional sample and to circumvent the
issue other eukaryotic cell lysates were tested.
Further, insect cell line extract provides increased
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Figure 5: Model for the cell-free protein expression system. The cell-free expression system is divided
into reaction and feeding chambers. Cell extract from bacteria, plant cell or mammalian cells is pre-
pared and set up in reaction chamber that is separated by a semi-permeable membrane. Energy source

(ATP), amino acids, rNTPs, etc. are added into the feeding chamber (inlet) and metabolic wastes and by-
products are removed from it (outlet). The membrane allows the influx and efflux of small molecules like
amino acids, ATP, metabolic wastes and so on. In reaction chamber necessary DNA template or mRNA is
added for transcription and subsequent translation.

protein yields (71 pg/mL)”. Insect cell (Sf21)
lysates are readily used to express many G-protein
coupled receptors ranging from 40 to 133 kDa in
a detergent-free manner’ ”°, Insect cell lysates
are suitable for GPCRs as many of them require
post-translational modifications such as phos-
phorylation, palmitoylation, glycosylation and
disulfide bond formation to stabilize their active
state and correct folding’’. Use of extracts derived
from mammalian cell lines like Rabbit reticu-
locyte lysates (RRL), Ehrlich ascites cells, HeLa
cells, CHO cells and mouse L cells have further
expanded the scope of cell-free expression sys-
tems’®. Recently, a cell-free system based on
rabbit reticulocyte (RLL) lysate is developed to
express HBV capsid proteins’.
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Apart from the aforementioned hosts, plant
cells provided suitable alternative for higher
molecular weight, well-folded recombinant pro-
teins with higher yields. For example, wheat germ
cell-lysate is used extensively for high-throughput
immuno-screening of P. falciparum proteins in
search of novel anti-malarial druggable targets®.
However, WGE lysate preparation is time con-
suming and RLL lysate suffers low yields. To cir-
cumvent this issue, a novel cell-free system from
tobacco bright vellow 2 (BY 2) cells is devel-
oped®!. BY-2 lysate (BYL) can be prepared rap-
idly (in about 4-5 h) compared to WGE, which
usually takes about 4-5 days. Further, yields from
BYL are much higher compared to that of WGE,
e.g., BYL had a maximum yield of 80 ug/mL of
eYFP and 100 pg/mL of luciferase, compared to
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only 45 pg/mL of eYFP and 35 pg/mL of lucif-
erase in WGEs®.

Arabidopsis cell-free extract (ACE) is another
alternative for BYL and WGE, and the lysate is
prepared from callus culture derived from seed-
lings followed by evacuolation of protoplast®”.
Yields from ACE medium is akin to that of WGE
and extracts from 5’ to 3’ exoribonuclease-defi-
cient mutants of Arabidopsis, xrn4-5, exhibited
increased stability of an uncapped mRNA as
compared with that from wild-type Arabidopsis.
However, usage of ACE in stable isotope labeling
is yet to be tested. Although, cell-free expression
systems provide a wider scope for selective labe-
ling of recombinant proteins with higher yields
and no apparent metabolic scrambling or other
expression system based issue, its laboratory
usage is limited as E. coli, WGE and BYL are the
only commercially available options.

Even though WGE, BYL and ACE media
appear to be lucrative alternatives for expression
of eukaryotic proteins, the NMR isotope labeling
strategies necessary for NMR studies have not
been established so far.

For stable NMR isotope labeling, the cell-
free system provides an excellent opportunity
to incorporate site- and regio-specific labels. A
newly designed stereo-array isotope labeling, or
SAIL, provides opportunity for *H and '*C labe-
ling in U-""N-labeled protein in a controlled
manner and is depicted in Fig. 6*°. Signal to
noise ratio and sensitivity in SAIL is better than
conventional uniform labeling as the number of
observable protons is reduced without sacrific-
ing relevant structural information. Replacement
of 'H by ?H decreases the transverse relaxation
during the magnetization transfer during experi-
ments such as ['H-'°C] constant time-HSQC
that enhances signal to noise ratio. Reduction
in long range coupling further sharpens the sig-
nals. The signals for methylene group increases
by three to seven times in SAIL, compared to
uniformly labeled sample under same experi-
mental conditions. The SAIL approach is, how-
ever, limited by feasibility of a small number of
stereospecific assignments. SAIL (stereo-array
isotope labeling) uses a cell-free expression sys-
tem for high-quality structure determination
of proteins~40-50 kDa with ease of smaller
proteins. For efficient incorporation of stereo-
specifically labeled amino acids, the E. coli based
cell-free system was employed to express 17 kDa
calmodulin (CaM) from X. laevis and 41 kDa
maltodextrose-binding protein (MBP)¥. Final
yields obtained post-purification were 5.5 mg for
CaM and 5.3 mg for MBP and the samples were
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further used for solution structure determina-
tion by NMR. Improvement in signal intensity
was more pronounced in MBP compared to CaM
with straightforward aromatic '°C assignments.
Structures so derived for SAIL-CaM and SAIL-
MBP were in good agreement with their previ-
ously known crystal structures’®. Later, SAIL-Phe
and SAIL-Tyr were incorporated in 18.2 kDa pro-
tein, E. coli peptidyl-prolyl cis—trans isomerase b
(EPPIb) using an E. coli based cell-free system to
yield 8-, e- or {-1>C/'H assignments®*.

11 Segmental Labeling

As discussed in earlier sections, increasing
molecular weight of biomolecules makes struc-
tural studies of functionally relevant sites by
NMR extremely challenging. Another strategy
to characterize large multi-domain proteins uti-
lizes isotopic labeling of defined segments/sin-
gle domains with NMR active nuclei, whereby
remaining domains are expressed using NMR
inactive nuclei. Since only some of the multi-
domain complex is NMR visible, this technique
drastically reduces peak overlap and spectral
complexity. This approach involves production
of samples with selectively labeled domains/
segments followed by their ligation. However,
the feasibility of this technique is limited due to
decreased efficiency of the ligation step. Several
options have been suggested to facilitate ligation
of protein segments such as native chemical liga-
tion (NCL), expressed protein ligation (EPL),
protein trans-splicing (PTS) and sortase-medi-
ated ligation (SML)*%7,

NCL involves the ligation of two synthetic
unprotected peptides, one possessing an N-ter-
minal cysteine residue (a-cysteine) and the other
containing a C-terminal thioester (a-thioester),
which leads to the formation of a peptide bond in
aqueous conditions. Peptides or protein segments
with specific termini can be synthesized by solid-
phase peptide synthesis (SPPS)¥. NCL allows for
incorporation of all types of site-specific label
or any type of modification (phosphorylation,
methylation, glycosylation, etc.) in the peptides.
Since SPPS can accurately generate peptides only
up to approximately ~ 50 amino acids; it cannot
be utilized for synthesis of larger protein seg-
ments or will require ligation of more than two
peptides. Another disadvantage of this method is
the cost ineffectiveness of the overall process.

Inteins are a class of self-splicing proteins,
which cleave themselves from larger polypep-
tide chains leading to formation of peptide bond
between the leftover protein fragments (exteins).
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Figure 6: Stereo-array isotope labeling (SAIL). The figure represents amino acid design for stereo-spe-
cific and regio-specific labeling used in cell-free systems. Protons are selectively deuterated in methylene

groups, pro-chiral methyl groups in Val and Leu, and alternating C—H groups in six membered aromatic

rings. Figure adapted with permission from .

Inteins lack any function in intended protein
sequence and undergo self-cleavage upon trans-
lation while remaining N- and C-exteins form a
new peptide bond to fold into the native struc-
ture. Two related approaches that exploit the
process of protein splicing based on intein prop-
erties are routinely used for segmental labeling of
proteins are expressed protein ligation (EPL) and
protein trans-splicing (PTS)*™°.

In expressed protein ligation (EPL),
NCL approach is combined with recombinant
protein production to overcome the size limit
posed by SPPS (Fig. 7a). Here, either or both of
the peptide fragments for ligation are produced

@ Springer ﬁness

by recombinant bacterial expression. The reac-
tion requires protein fragments containing an
a-thioester and an a-cysteine. Hence, the pres-
ence of a native cysteine is necessary at the liga-
tion site and if absent, it needs to engineered.
Peptide a-thioesters are prepared synthetically
by SPPS or biosynthetically using intein-fusion
strategies. N-extein is fused with modified intein
that lacks the ability of trans-thioesterification®.
A thiol group is exogenously added to generate
N-extein a-thioester intermediate and cleaved
intein. An N-extein a-thioester intermediate is
then attacked by Cys of C-extein and under-
goes an S— N-acyl transfer to form a native

J. Indian Inst. Sci.lVOL 98:31301-323 September 2018ljournal.iisc.ernet.in
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(a) Expressed protein ligation (b) Protein trans-splicing (c) Sortase ligation reaction
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Figure 7: Segmental labelling schemes to produce recombinant protein. a Schematic representation
depicts expressed protein ligation (EPL) where the protein of interest is expressed in two segments or
exteins (red and blue) separately with intein fused at the C-terminus of N-extein (green) and the N-ter-
minus of C-extein (yellow). Intein in EPL is mutated and does not undergo self-cleavage. Thus, the
thio- group is exogenously added to N-extein to generate an a-thioester intermediate. Cys of C-extein
attacks the N-extein thioeaster to undergo transthiolesterification, which results in peptide bond formation
between the two exteins. b In intein-mediated protein trans-splicing (PTS) two exteins (red and blue) are
fused with N- and C-fragments of Intein (green). Individually, Intein fragments do not have cleavage activ-
ity; upon fusion, a complete intein is formed followed by trans-splicing or self-excision of intein to give a
ligated recombinant protein. ¢ The figure is a pictorial representation of sortase A (green)-based protein
ligation where the N-terminal protein segment (red) has a conserved LPXTG motif and the C-terminal frag-
ment (blue) starts with a Gly. The LPXTG motif is recognized by sortase A and end Gly is cleaved off to
generate an N-terminal fragment added with sortase A. Gly of the C-terminal fragment attacks the previ-
ous ligated product leading to the removal of sortase A and the formation of a ligated product of two pro-

tein fragments.

peptide bond, and the resulting peptide product
is obtained. N-Cys peptides are synthesized by
routine SPPS.

EPL is regularly utilized for segmental isotope
labeling of proteins. Mostly two protein frag-
ments are ligated; however, ligation of three or
more fragments can also be performed to study
large proteins. Cotton et al. performed an experi-
ment where three-piece protein ligation was
achieved by the regioselective incorporation of
CK(Dns)G, a fluorescent peptide label between
the recombinant SH3 and SH2 domains of Abl,
Abelson nonreceptor protein tyrosine kinase’!
A 50 kDa protein C-terminal Src Kinase (Csk)
has been successfully studied using intein-based
expressed protein ligation®.

Protein trans-splicing (Fig. 7b) (PTS) involves
fusion of N-terminal fragment of intein to C-ter-
minus of first segment and C-terminal fragment
to N-terminus of another segment of protein of
interest”. As it involves the functional reconsti-
tution of a split intein, the ligation step in PTS is
done under conditions suitable for protein fold-
ing. Upon fusion of both fragments of intein,
an N— O/S acyl rearrangement is facilitated
at its N-terminal Cys or Ser residue resulting in

J. Indian Inst. Sci. IVOL 98:31301-323 September 2018/journal.iisc.ernet.in

formation of an ester or thioester bond, respec-
tively between the side-chain and the peptide
backbone of the N-extein. After self-cleavage of
intein, exteins form an amide bond that is indis-
tinguishable from a ribosome-assembled fusion
protein. Protein trans-splicing can be achieved
in vivo by co-transforming the two fragments,
but under different promoters or in vitro to yield
a domain-specific labeled 140 kDa dimeric multi-
domain protein CheA with H, '°N enrichment’
94

Though these segmental labeling techniques
have been used to express many proteins, they
have limited success as they are time consuming
and necessitate more reagents than conventional
labeling. If the protein of interest is a single poly-
peptide chain, then refolding to the native con-
formation remains a challenging step. Further,
unligated precursors should be removed by an
extra purification step. In PTS ligation, significant
cross-labeling is observed due to leaky expression.
In EPL, reducing agents are used for generation
of thioester, thus preventing the utilization of this
method for proteins containing disulfide linkages.
Moreover, a large concentration of the cysteine
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containing cargo is required for efficient EPL,
which makes this strategy costly.

To overcome the shortcomings of the afore-
mentioned techniques in segmental labeling,
recently Sortase A (SrtA, a cysteine transpepti-
dase that anchors virulent surface proteins to cell
wall in gram positive bacteria) has been employed
to ligate two differently expressed protein frag-
ments” . Staphylococcus aureus sortase, SrtA
catalyzes the transpeptidation reaction between a
C-terminal LPXTG recognition motif in the pro-
teins and poly-glycine bridge in the cell wall. The
enzyme cleaves the amide bond between Thr and
Gly of LPXTG to form an acyl-enzyme interme-
diate. This is followed by nucleophilic attack on
the carboxyl group of Thr of the thioester inter-
mediate by the amino group of the tris-Gly moi-
ety resulting in the formation of an LPXT-GGG
bond between protein and the peptidoglycan
wall, and release of the free enzyme (Fig. 7¢).

Sortase A has exhibited applications in protein
conjugation to ligate model peptides/proteins
together if the reactants harbor — LPXTG-COOH
or —NH,-GGG tags”. The tris-Gly moiety func-
tions as a nucleophile even when attached to non-
protein species such as polyethylene glycol or to
a surface and is not dependent on the presence
of a protein terminus in solution®®. Several pri-
mary amine derivatives such as alkylamines and
hydroxylamine can also be used as tris-Gly moi-
ety surrogates; however, the efficiency of these
substrates is lesser than oligoglycine derivatives’®.
The sole requirement of sortase mediated liga-
tion (SML) is the presence of an LPXTG motif
on the C-terminus of the N-terminal peptide of
the protein. The attachment of this motif does
not lead to decrease in solubility or expression as
observed in intein-mediated ligation system®® .
SML is performed under mild conditions, does
not require any additional cofactors (ATP, biotin
etc.) and artificial modifications in the ligated
domains. Furthermore, efficiency of the ligation
step can be optimized by biochemical approaches
as ligation fragments and sortase are individually
produced and then mixed to initiate the reaction.

Mao et al.,, demonstrated the use of SrtA as
a novel protein ligation tool. Recombinant GFP
harboring a C-terminus LPETG-His, sequence
was utilized as a model protein for specific modi-
fications with diverse native and non-native
peptides®™. Freiburger et al., demonstrated effi-
cient and selective labeling of RNA recognition
motifs (RRM) of splicing factor T cell-restricted
intracellular antigen-1 (TIA-1) and domains of
Hsp90 where a released aminoglycine peptide
fragment was removed by simple centrifuge filters
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or dialysis'®. Similarly, structural and dynamic
studies were conducted on selectively labeled
individual bromodomains of BRD4 using this
method'".

Another promising candidate for protein
ligation is butelase-1 isolated from the plant
Clitoria ternatea'” ', Butelase-1 is the fast-
est known ligase with catalytic efficiency up to
542,000 M~! 57! ; however, it is unavailable in the
recombinant form as of now.

12 LEGO-NMR

In theory, macromolecular complexes with more
than one subunit can be reconstituted in vitro.
However, in multiple instances, individual subu-
nits expressed separately may not be stable or sol-
uble in isolation and require binding partners to
retain a stable fold. To circumvent this issue, vari-
ous subunits of asymmetric protein complexes
can be sequentially co-expressed in bacterial cells
and reconstituted in vivo. Herein, the method has
advantages of in vivo reconstitution and partial
isotope labeling. The E. coli cells are transformed
with plasmids under different promoters, ena-
bling induction of different sub-units indepen-
dently. The first set of plasmids (generally under
weak promoter) can be induced in NMR active
medium followed by induction of another set of
plasmids (with strong promoter) in NMR inac-
tive medium. All the labeled and unlabeled sub-
units get organized in quaternary arrangement
in vivo and create a montage of labeled-unlabeled
complex. The aforesaid method is known as
“label, express and generate oligomers” for NMR
(LEGO-NMR)'"™. Seven sub-units of~75 kDa
LSm complexes were selectively labeled with 2H
and >N by LEGO-NMR to map the RNA-bind-

ing site' %%,

13 Isotope Enrichment in Nucleic Acids
Akin to proteins, biological function of RNA
is tightly regulated by structure and dynamics.
NMR offers suitable means to study nucleic acids
in their native state and observe changes under
physiological conditions. Nonetheless, NMR
based studies of nucleic acids are far more chal-
lenging as there are only four nucleotides com-
pared to 20 amino acids in proteins. Thus, the
spectral dispersion in case of DNA and RNA is far
less compared to that of proteins. Narrower spec-
tral dispersion leads to spectral overlap, which is
further augmented by transverse relaxation and
inadequate 'H-'H homonuclear long distance
restraints.
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In addition to the famous Watson—Crick base
pairing, double stranded DNA folds into a vari-
ety of conformations such as Holliday junction
during recombination, G-quadratets in chromo-
some telomeres and single stranded trinucleotide
repeats such as (CNG),. Dynamic intergenera-
tional expansions in copy number of DNA sim-
ple repeats, and hence structural alterations are
causes of various hereditary genetic disorders
such as Huntington’s syndrome, spinal and bul-
bar muscular atrophy, several ataxias and Frag-
ile-X syndrome.'”, To completely understand
the structural-functional diversity of DNA, its
structure needs to be exploited further. Similarly,
in recent years, a variety of RNAs have emerged
as major gene regulatory elements, involved in
maintenance of sub-cellular structure, catalysis
and propagation of genetic information. Con-
trary to smaller nucleotide sequences, which can
be characterized without any labeling at higher
field fully structured long nucleotide sequences
require isotope enrichment'*% 1%,

Nucleic acids can be labeled with stable iso-
topes uniformly, fractionally and in a site-spe-
cific manner by supplementing labeled carbon
and nitrogen sources. For production of labeled
NTPs, nucleic acid is extracted from microorgan-
isms to enzymatically degraded to NMP followed
by their conversion to NTP in vitro'®. For syn-
thesis of labeled DNA/RNA inside microorgan-
isms, E. coli or Methylophilus methylotrophus cells
are grown in °C or N supplemented minimal
medium. Nucleic acids are extracted and digested
with nuclease P1 and DNAse I into rNMPs and
dNMPs, respectively. INTPs and dNTPs are sepa-
rated on HPLC using boronate gel matrix and

further phosphorylated to respective NTPs'%.

(@) DNA Ligase

5 Acceptor 3 5 Donor 3
TTrrrnnnnnl [N
iy |
DNA splint

(b) RNA Ligase

5 Acceptor 3 5 Donor 3

Parallel to advances in isotope enrichment of
proteins, specific labeling strategies for nucleic
acids were established during the past decades.
Deoxynucleotides with specific labels can be syn-
thesized chemically by phosphoramidite-based
solid phase synthesis''* ' and specific labels can
be incorporated with ease!'” '°. Zimmer and
Crothers first demonstrated enzymatic synthesis
of labeled DNA where they designed self-priming
hairpin ssDNA with modified 3’ terminal ribonu-
cleotide!. The DNA template so provided would
be acted upon by Klenow fragment of DNA Pol-
ymerase I to make new 13C, 15N labeled ssDNA.
13C, °N labeled dsDNA can be obtained either
by growing bacteria with appropriate plasmid in
medium containing isotope labels or by incorpo-
ration of labeled deoxynucleoside triphosphate in
PCR reaction''> %, Stable NMR isotope labeling
has enabled structural-functional characteriza-
tion studies of many G-quadruplexes''” '8,

For synthesis of labeled RNA, currently, enzy-
matic in vitro synthesis by T7 RNA polymerase
is the most popular and widely used method to
incorporate commercially available '°C, '*N and
’H labeled nucleotides'*~'?!. Apart from the
aforementioned in vitro transcription, RNAs
smaller than 15 nucleotides are synthesized chem-
ically by using phosphoramidites'?’. However,
phosphoramidites are not commercially avail-
able, and hence their laboratory use is restricted.
A newer method, PLOR, is designed to incorpo-
rate site-specific labels that combine both liquid
phase transcription and solid phase chemical
synthesis'*>. PLOR has a DNA template attached
to a solid support allowing step-wise buffer
and rNTP change. PLOR is initiated by mix-
ture of T7 RNAP, rNTPs and template attached

(c) Deoxyribozyme

Acceptor 3 m 5 Donor 3

OH P

©-©

Deoxyribozyme (~40 nt)

9DB1 5'-GGATCATACGGTCGGAGGGGTTTGCCGTGAACATTCTTCA-3'
7DE5 5-GTAGGGTTGGTAGACCAGGTTGAGCCGGCGTCCTTGTTTA-3'

Figure 8: RNA ligation in segmental labeling in RNA. a DNA ligase mediated b RNA ligase mediated

RNA ligation. ¢ Deoxyribozyme mediated RNA ligation. 9DB1 and 7DE5 are examples of deoxyribozyme.
Figure adapted and modified with permission from
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to beads. The mixture is devoid of one or more
type of rNTPs that causes transcription stalling.
The mixture is then replaced by the one with
desired labels and the transcription is resumed.
The number of pause/resume cycle depends on
the quantity of RNA required. In the termination
step, the mixture of all the rNTPs along with T7
RNAP are provided and the transcription reac-
tion is completed'®’. Segmental labeling in RNA
is achieved by a simple cut and paste approach
where differently labeled RNA fragments, either
chemically generated or in vitro transcribed, are
ligated by T4 DNA ligase'** '** (Fig. 8a). Apart
from T4 ligase, segmental labeling of RNA can
also be achieved by deoxyribozyme-catalyzed
synthesis of 30-50 nt long RNA as RNA ligase
always do not provide desirable yields'*. Deoxy-
ribozymes (DNA catalysts that mediate reactions
involving nucleic acids) provide rapid 3’5" link-
age without monophosphate requirement at 5’
end donor and has very modest sequence require-
ments (Fig. 8b)'%°. 5’ leader sequence of HIV-1
composed of 357 nt was segmentally enriched
with >C in order to elucidate its dimerization
and nucleocapsid binding mechanism'%’. Isotope
enrichment of non-coding RNA RsmZ helped
in deciphering the mechanism of sequestering
RsmE protein dimer by RsmZ'?®, For conforma-
tional and dynamic characterization of Inosone
edited RNA, site-specific inosine phosphoramid-
ite was chemically incorporated in Inosine con-
taining 20 mer RNA duplex'%.

14 Conclusion and Perspective

In the present review, we have highlighted a
wide range of conventional and newly designed
labeling schemes and expression systems, which
enable solution NMR to counter bigger biomo-
lecular structures and complexes. Biomolecules
that were earlier intractable are now readily ana-
lyzed by advanced labeling techniques such resi-
due-specific and stereo-specific labeling, methyl
labeling and relaxation optimized pulse programs
such as TROSY (Methyl TROSY). Segmental
labeling and LEGO-NMR have further widened
the scope of NMR in addressing macromolecu-
lar complex structure and dynamics. However,
the best labeling scheme used is still case-specific
and is subject to protein expressed, spectral qual-
ity required, cost and time. The continued inter-
est in devising newer labeling strategies depicts
a brighter future for the biomolecular NMR in
tackling difficult structural biology problems and
deciphering functionally relevant dynamics.
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