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Abstract. Although both the hydrophobic aliphatic chain and hydrophilic ¢-amino group of the Lys side chain
presumably contribute to the structures and functions of proteins, the dual nature of the Lys residue has not been
fully investigated using NMR spectroscopy, due to the lack of appropriate methods to acquire comprehensive
information on its long consecutive methylene chain. We describe herein a robust strategy to address the current
situation, using various isotope-aided NMR technologies. The feasibility of our approach is demonstrated for
the A+PHS/V66K variant of staphylococcal nuclease (SNase), which contains 21 Lys residues, including the
engineered Lys-66 with an unusually low pK, of ~5.6. All of the NMR signals for the 21 Lys residues were
sequentially and stereospecifically assigned using the stereo-array isotope-labeled Lys (SAIL-Lys), [U-'3C,1N;
B2,¥2,62,63-Da]-Lys. The complete set of assigned IH, 13C, and >N NMR signals for the Lys side-chain moieties
affords useful structural information. For example, the set includes the characteristic chemical shifts for the 138,
3¢, and N¢ signals for Lys-66, which has the deprotonated ¢-amino group, and the large upfield shifts for
the 'H and '3C signals for the Lys-9, Lys-28, Lys-84, Lys-110, and Lys-133 side chains, which are indicative of
nearby aromatic rings. The '3C? and 'N¢ chemical shifts of the SNase variant selectively labeled with either [&-
13C;,s,zz-Dg]-Lys or SAIL-Lys, dissolved in H,O and D,0, showed that the deuterium-induced shifts for Lys-66
were substantially different from those of the other 20 Lys residues. Namely, the deuterium-induced shifts of the
13C¢ and PN¢ signals depend on the ionization states of the Z-amino group, i.e., —0.32 ppm for A§'3C? [NgD;r—
N¢HT] vs. —0.21 ppm for A§'3C® [N’D,-N¢Hy] and —1.1 ppm for A§!>N¢[NDF-NSH{] vs. —1.8 ppm for
ASPNE[NSD,-NEH;]. Since the 1D 3C NMR spectrum of a protein selectively labeled with [e-13C;e,e-D;]-Lys
shows narrow (> 2 Hz) and well-dispersed '3C signals, the deuterium-induced shift difference of 0.11 ppm for the
protonated and deprotonated ¢ -amino groups, which corresponds to 16.5 Hz at a field strength of 14 T (150 MHz
for 13C), could be accurately measured. Although the isotope shift difference itself may not be absolutely decisive
to distinguish the ionization state of the ¢-amino group, the 13C%, 13C?, and 'SN¢ signals for a Lys residue
with a deprotonated ¢-amino group are likely to exhibit distinctive chemical shifts as compared to the normal
residues with protonated ¢-amino groups. Therefore, the isotope shifts would provide a useful auxiliary index
for identifying Lys residues with deprotonated ¢-amino groups at physiological pH levels.
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1 Introduction

Detailed studies on the structures and dynamics of the Lys
residues in a protein have been severely hampered by the
difficulty in gathering comprehensive NMR information on
their side-chain moieties. It is especially challenging to
establish unambiguous stereospecific assignments for the
prochiral protons in the four consecutive methylene chain,
which is the longest aliphatic chain among the 20 common
amino acids. Given the lack of generally applicable strate-
gies to overcome this obstacle, only a few NMR studies
have probed the structural aspects of stereospecifically as-
signed Lys residues. The ionization states of the Lys ¢-amino
groups also provide important information, as they are of-
ten involved in specific intra- and/or intermolecular molecu-
lar recognition processes and thus play vital roles in protein
functions. Therefore, the side-chain moieties of Lys residues
contribute to maintaining the structure and biological func-
tions of a protein by two elements: the hydrophobic methy-
lene chain and the hydrophilic ¢-amino group. To investi-
gate this dual nature of the Lys side chain, we have ap-
plied various isotope-aided NMR technologies, including the
stereo-array isotope labeling (SAIL) method (Kainosho et
al., 2000).

The Lys ¢-amino groups, which usually have pK, values
around 10.5, are protonated (NH;) at around neutral pH.
However, certain proteins have Lys residues with deproto-
nated ¢-amino groups, even at neutral or acidic pH (Harris
and Turner, 2002). In such cases, the pK, values of the Lys
¢-amino group are substantially lowered owing to its par-
ticular local environment. Since the Lys {-NH; groups are
endowed with significantly different physical chemical prop-
erties, as compared to the ¢-NH, they can perform specific
functions, such as Schiff base formation through nucleophilic
attacks on various substrates (Highbarger et al., 1996; Bar-
bas et al., 1997). Although the ionization states of Lys ¢-
amino groups in a protein have been inferred from X-ray
crystallographic maps, they are subject to misinterpretation
and may not always be identical to those in solution. NMR
spectroscopy provides methods for determining the charge
state of Lys side chains. For example, the NH;’ and NH»
states of Lys residues in solution can be identified from cross-
peak patterns in the '"H-""N correlation NMR spectra, if the
hydrogen exchange rates are sufficiently slow, or from the
values of 1N¢ and/or 'H? chemical shifts (Poon et al., 2006;
Iwahara et al., 2007; Takayama et al., 2008). Under phys-
iological conditions, however, the observations of Iy 15N
cross peaks are often hampered due to the rapid hydrogen
exchange rates of the Lys ¢-amino groups (Liepinsh et al.,
1992; Liepinsh and Otting, 1996; Otting and Wiithrich, 1989;
Otting et al., 1991; Segawa et al., 2008). The ionization states
can also be identified by the pH titration profiles for the 13C?
and PN¢ signals of individual Lys residues (Kesvatera et al.,
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1996; Damblon et al., 1996; Farmer and Venters, 1996; Poon
et al., 2006; Gao et al., 2006; André et al., 2007). Unfortu-
nately, long-term experiments such as pH titrations are ham-
pered by the stability and solubility issues of a protein over
the required pH range. Therefore, straightforward and robust
alternative methods to identify Lys residues with distinct ion-
ization states for the {-amino groups are highly desired.

We wused a variant of staphylococcal nuclease,
A+PHS/V66K SNase (denoted as the SNase variant
hereafter), as the model protein (Stites et al., 1991). This
variant was engineered to add the following three features
to the wild-type SNase: (i) introduction of three stabilizing
mutations, P117G, H124L, and S128A (PHS); (ii) deletion
of amino acids 44-49 and introduction of two mutations,
G50F and V51N (A); and (iii) substitution of Val66 with Lys
(V66K). With these three modifications, the A+PHS/V66K
SNase variant becomes thermally stable, even with the
¢-amino group of Lys-66 entrapped within the hydrophobic
cavity originally occupied by the Val-66 side chain in the
wild-type SNase. As a result, the ¢-amino group of Lys-66
in the SNase variant exhibits an unusually low pK, value of
5.7 (Garcia-Moreno et al., 1997; Fitch et al., 2002).

Although the SNase variant contains 21 Lys residues
(Fig. Al), including the engineered Lys-66, the Be, 1y,
and >N NMR signals for the Lys side chains were un-
ambiguously observed and assigned using the SNase vari-
ant selectively labeled with SAIL-Lys, i.e., L-[U-*C,N;
B2,72,62,63-D4]-Lys (Kainosho et al., 2006; Terauchi et al.,
2011). In this article, we examine some of the structural fea-
tures inferred from the comprehensive chemical shift data
and the deuterium-induced isotope shifts on the '3C¢ and
ISN¢ of the Lys residues in the SNase variant and show that
the side-chain NMR signals can serve as powerful probes to
investigate the dual nature of a Lys side chain in a protein.

2 Material and methods

2.1 Sample preparation

The A+PHS/V66K SNase variants selectively labeled with
either L-[U-'3C,N]-Lys, L-[U-'3C,N; B,,11,82,63-D4]-
Lys (SAIL-Lys), or L-[£-13C;8,8-D2]-Lys, which were syn-
thesized in-house, were prepared using the E. coli BL21
(DE3) strain transformed with a pET3 vector (Novagen),
encoding the A+PHS/V66K SNase gene fused with an N-
terminal His-tag. The transformed E. coli cells were cultured
at 37°C in 500 mL of M9 medium, containing anhydrous
Na;HPO4 (3.4 gL~ "), anhydrous KH,PO4 (0.5 gL~"), NaCl
(0.25gL™1), D-glucose (5gL~1), NH4Cl (0.5gL~1), thi-
amine (0.5 mg L1, FeCls (0.03mM), MnCl, (0.05 mM),
CaCl; (0.1 mM), and MgSO4 (1 mM), with 10 mg L~! of the
monohydrochloride salts of either [U-13C,15N]-Lys, SAIL-
Lys, or [5-13C;8,5-D2]-Lys. Each culture was maintained
at 37°C. An additional 20mgL~" of each isotope-labeled
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Lys was supplemented when the ODggo reached 0.5, and
then protein expression was induced by adding isopropyl-
B-D-thiogalactopyranoside (IPTG) to a final concentration
of 0.4mM. At 4-5h after the induction, the cells were col-
lected by centrifugation, and the SNase variant proteins were
purified on a Ni-NTA column (Isom et al., 2008). The en-
richment levels for Lys were ~ 70 %, as measured using
mass spectrometry. The purified proteins were dissolved in
20 mM sodium phosphate buffers containing 100 mM KCl
(pH 8.0), together with a small amount of DSS as the inter-
nal chemical shift reference, prepared with either H,O, D;0,
or HyO:D,0O (1:1). The chemical shifts for IH, 13C, and
SN were primarily referenced to the methyl proton signal of
the internal DSS according to the IUPAC recommendation
(Markley et al., 1998). However, we usually convert the dpgs
('H/1BC) to 8tsp ("H/'13C) simply by adding 0.15 ppm,
i.e., Spss—otsp =0.15 ppm, for adjustment to the previous
<STsp—(1 H) chemical shifts reported for wt (wild-type) SNase
(Torchia et al., 1989). On the other hand, all of the N chem-
ical shifts are referenced to DSS, to facilitate the chemical
shift comparison with the recent ’N data (Takayama et al.,
2008). The chemical shift references are mentioned in the
footnotes of the figures and tables.

2.2 NMR spectroscopy

The 600 MHz 2D "H-'3C constant-time heteronuclear sin-
gle quantum coherence correlation (HSQC) spectra of the
SNase variant, selectively labeled with either [U—13C,15N]—
Lys or SAIL-Lys, were measured in D,O at 30°C on a
Bruker Avance spectrometer equipped with a TXI cryo-
genic probe. For the latter sample, additional deuterium de-
coupling was applied during the #; period. The data sizes
and spectral widths were 1024 (#1) x 2048 (t2) points and
12000 Hz (w1, *C) x 8700 Hz (w,, 'H), respectively. Each
set of 32 scans per free induction decay was collected with
a 1.5 repetition time, using the '3C carrier frequency at
38 ppm. The 600 MHz 3D HCCH total correlation spec-
troscopy (TOCSY) spectrum was measured in D>O at 30 °C
for the SNase variant labeled with SAIL-Lys (Clore et al.,
1990; Cavanagh et al.,, 2007). The data size and spec-
tral width were 1024 (#1) x 32 (#2) x 2048 (#3) points and
6000Hz (wi, '"H)Hz x 9100 Hz (w>, 3C) x 9000 Hz (w3,
'H), respectively. Each set of 16 scans/FID with a 1.5 s rep-
etition time was collected, using the '3C carrier frequency at
40 ppm.

The Lys ¢-'>N signals of the SAIL-Lys-labeled SNase
variant dissolved in D,O at 30°C were assigned using the
HECENZ pulse sequence, utilizing the out-and-back mag-
netization transfer from 'H®? to N¢ via 13C?. The corre-
lations between the 'H?? and '>N¢ signals for most of the
21 Lys residues were firmly established by the pulse se-
quence, which was basically the same as the H2CN pulse
sequence developed by André et al. (2007). The data size
and the spectral width were 512 (¢1) x 1024 (t») points and
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1200 Hz (w1, '’N) Hz x 9600 Hz (w,, 'H), respectively, and
deuterium decoupling was applied during the #; period. The
carrier frequencies were 38 and 28 ppm for '>C and PN, re-
spectively, and 128 scans/FID with a 2 s repetition time were
accumulated.

The 125.7MHz 1D '3C NMR spectra of the SNase vari-
ant proteins selectively labeled with either [U-13C,">N]-Lys
or [8—13C;8,8—D2]—Lys were measured in D,O, H,O, and
H>O:D;0 (1:1), at 25°C on a Bruker Avance 500 spec-
trometer equipped with a DCH cryogenic probe; simultane-
ous deuterium decoupling was achieved using the WALTZ16
scheme. The spectral width and repetition time were 6300 Hz
and 5, respectively. In the experiment in H,O solution, a
4.1 mm o.d. Shigemi tube containing the protein solution was
inserted into a 5 mm o.d. outer tube containing pure D, O for
the internal lock signal. By taking advantage of the selective
deuteration on the &-13C in [6‘-13C;8,8-D2]-Lys (~98at. %),
the background '3C signals due to the naturally abundant,
and therefore protonated, 13C nuclei were readily filtered out
using the pulse scheme shown in Fig. A2.

3 Results and discussion

3.1 Complete assignment of the Lys side-chain NMR
signals in the SNase variant selectively labeled with
SAIL-Lys

Although the chemical shifts with sequential assignments for
the backbone 'H, 13C, and '°N signals of SNase are avail-
able in the BMRB (entry #16123; Chimenti et al., 2011), we
reconfirmed them through the HNCA experiment for the [U-
B¢, 15N]—SNase variant, since the solution conditions were
slightly different. The complete side-chain assignment for all
21 Lys residues was not trivial, even for the SNase variant
residue selectively labeled with [U-13¢, 15 N]-Lys, due to the
extensive signal overlap as illustrated in the F1-F3 projec-
tion of the 3D HCCH TOCSY spectrum (Fig. 1a). On the
other hand, a markedly improved 3D HCCH TOCSY spec-
trum was obtained, under the simultaneous deuterium de-
coupling, for the SNase variant residue selectively labeled
with SAIL-Lys (Fig. 1b), enabling us to firmly establish the
full connectivity for the side-chain Iy, 13C, and'>N NMR
signals of the 21 Lys residues. To illustrate the improved
spectral quality obtained with the SAIL-Lys in lieu of [U-
13C,15N]-Lys, a panel obtained for the FI-F3 projection,
along the 13C axis (F2) restricted for the chemical shift range
of 40.1-45.5 ppm for the '3C? signals, is shown for the 'H*—
'H?2 correlation signals (Fig. 1¢). By taking advantage of the
well-dispersed 'H*—'H?? signals, the backbone 'H*-13C®
signals (Fig. le) were readily correlated to the 'H®2-13C?
HSQC signals (Fig. 1d). Actually, all of the SAIL-Lys side-
chain '3C signals were facilely and unambiguously assigned
through the 3D HCCH TOCSY spectrum, yielding a com-
plete set of the Lys side-chain NMR chemical shifts, as sum-
marized in Table 1. It should be noted that since each one
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of the SAIL-Lys side-chain methylene groups (-CHD-) was
stereospecifically deuterated, i.e., [U—13C,15N; B2,12,62,€3-
D4]-Lys (Fig. 1), the Lys B3, 3, §3, and &-1H signals of
the side chains of the 21 Lys residues were stereospecifically
assigned. Thus, these assigned signals have the potential of
providing a wealth of information on the local conformations
of the Lys side chains in solution.

3.2 Structural information inferable from the Lys
side-chain chemical shifts

Note that the chemical shifts in Table 1 for the 21 Lys
residues in the SAIL-Lys-labeled SNase variant are not cor-
rected for the various isotope-induced shifts caused by the
complicated isotope-labeling pattern of the SAIL-Lys struc-
ture (see Fig. 1f). Based on comprehensive NMR data, we
should be able to elucidate the dual role of the Lys side
chains in terms of the conformational dynamics and func-
tional properties of a protein in further detail, using vari-
ous solution NMR methods. In this section, we briefly in-
terpret the chemical shift data to characterize the local con-
formational features by the Iy, 13C, and I°N signals com-
piled in Table 1, which should be followed by more ex-
tensive studies in the future. Although we have not yet at-
tempted to collect the comprehensive nuclear Overhauser
effects (NOEs), such as using a fully SAIL-labeled SNase
variant (Kainosho et al., 2006), it was obvious that the
chemical shift data with exclusive and unambiguous assign-
ments for the Lys residues contain an abundance of in-
formation on the side-chain conformations and ionization
states of the ¢-amino groups. As described above, the un-
usual chemical shifts of the Lys-66 side chain confirmed
the deprotonated state of its {-amino group. We also ob-
tained some interesting structural information for the other
Lys residues with protonated ¢{-amino groups. For example,
the Lys-9 side chain exists in two conformational states in
the crystalline state (PDB entry #3HZX), which only dif-
fer in the X4 angle, i.e., Form A (trans, ~ —175°) and Form
B (gauche+, ~ 444°), as shown in Fig. 2a and b, respec-
tively (see also Table Al). The significantly upfield-shifted
signals observed for Lys-9 relative to the averaged chemi-
cal shifts (A§, ppm) are obviously due to the aromatic ring
current of Tyr-93, i.e., ’N¢ (30.8 ppm, As = —0.8 ppm),
13ce/TH? (40.5/1.98 ppm, A8 =—1.1/ —1.00 ppm), and
'H® (1.04ppm, A8 = —0.67 ppm). These chemical shifts
suggest the {—NH3*— interaction, as shown by the dashed
red line (Fig. 2a). Therefore, the chemical shifts for Lys-
9 strongly imply that the van der Waals interactions be-
tween the aliphatic side chain, as well as the electrostatic
interaction between the positively charged £-HN37 and the
nearby aromatic ring of Tyr-93, simultaneously contribute to
preferentially stabilize the Form A conformation in solution
(Fig. 2a).

The upfield shifts of the side-chain methylenes, induced
by the neighboring aromatic rings, were also detected for
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Lys-28, Lys-84, Lys-110, and Lys-133. Considering the lo-
cal structures of Lys-28 and Lys-84 in the crystal (Fig. 2c,
d), the relative orientations between Lys-28 and Tyr-27 and
between Lys-84 and Tyr-85 seem to be similar to those in
the crystal and are responsible for the large upfield shifts
for only their 'H”3 signals, i.e., Lys-28: 0.61 ppm, A§ =
—0.79 ppm; Lys-84: 0.64 ppm, A§ = —0.76 ppm, while the
other 3C and 'H shifts remain within the average ranges
(Table 1). The small but obvious low-field shifts for the
ISN¢ (Lys-28: 31.9 ppm; Lys-84: 32.0 ppm; A8: +0.3 and
0.4 ppm, respectively) might be caused by the electro-
static interactions between the O"7 of Tyr-27 / Tyr-85 and
the N% of Lys-28/Lys-84, respectively, as shown by the
dashed red lines (Fig. 2c, d). The bulky indole ring of
Trp-140 seems to simultaneously stabilize the aliphatic
chains of both Lys-133 and Lys-110, inducing the up-
field shifts for some of the side-chain signals, i.e., Lys-
133 13C?/TH?? (40.9 /2.10ppm, AS = —0.7/ — 0.88 ppm),
TH® (1.15ppm, AS = —0.56 ppm), 'H”3 (0.59 ppm, A8 =
—0.81 ppm) and 'HP3 (1.42 ppm, A8 = —0.48 ppm); Lys-
110 'H*2 (2.68 ppm, A8 = —0.30ppm). These upfield
shifted signals indicate that the van der Waals interactions
between the methylene moieties of Lys-133 and Lys-110,
with the hydrophobic indole ring of Trp-140 sandwiched in
the middle, are also preserved in solution (Fig. 2e). Interest-
ingly, the chemical shift differences between the two prochi-
ral protons attached to the e-carbons, observed for the SNase
variant residue selectively labeled with [U-13C,15N]-Lys, of
Lys residues 110 and 133 are considerably larger than those
of the other 19 Lys residues, which are much smaller than
~0.05ppm (Fig. A3). Since the 'H®? chemical shifts were
observed at a 0.15 and 0.17 ppm higher field than the 'He3
chemical shifts for Lys-110 and -133, respectively, the con-
formations of these two Lys residues are likely to be similar
to those in the crystal (Fig. 2e).

On the other hand, the unusual chemical shifts observed
for the Lys-66 residue, which is trapped within the hydropho-
bic environment engineered in the engineered SNase variant
(Fig. 2f), clearly reveal the strong influence of the ioniza-
tion state of the {-amino group on the Lys side chain. As
shown in Table 1, the I5N¢ chemical shift of the ¢-ND; of
Lys-66 in the SNase variant appears at an unusually upfield
position, as compared to the averaged chemical shift range
for the £-ND3* in the other Lys residues, i.e., YN¢ (Lys-66:
20.9 ppm, As = —10.7 ppm), which is close to the value of
the ¢{-NHj chemical shift, 23.3 ppm, previously reported for
Lys-66 in the [U-13C,>N]-SNase variant (André et al., 2007;
Takayama et al., 2008). Evidently, the I5SN¢ chemical shifts
provide an unambiguous clue to distinguish between the de-
protonated and protonated ¢-amino groups of Lys residues.
However, the complete side-chain assignment including the
terminal ¢-1°N signals through conventional methods using
a [U-13C,15N] protein is usually laborious and occasionally
not practical.
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Figure 1. Sequential assignment of the Lys side-chain signals for the SNase variant selectively labeled with SAIL-Lys using the 3D HCCH
TOCSY experiment. Panels (a) and (b) show a comparison of the F1-F3 projections of the 3D HCCH TOCSY spectra obtained for the SNase
variant selectively labeled with either [U-13c, 15N]—Lys (a) or SAIL-Lys (b). A complete side-chain signal assignment was established for the
SNase variant selectively labeled with SAIL-Lys by the correlation networks on the 3D HCCH TOCSY spectrum, starting from the backbone
TH” and 13C¥ signals with assignments deposited in the BMRB (entry #16123; Chimenti et al., 2011). For example, the 'H#2-13C¢ HSQC
signals in panel (d) were unambiguously correlated to the backbone Ige_13ce gsQC signals in panel (e), through the TH*_1H#2 correlation
signals in panel (c), which represents the F1-F3 projection of the 3D HCCH TOCSY spectrum along the 13C axis (F2) restricted for the
13¢e shift range of 40.1-45.5 ppm. The structure of SAIL-Lys, [u-13¢,5N; B2.12,02,63-Dy]-Lys, is shown in panel (f). The spectrum was
measured at 30 °C on a Bruker Avance 600 spectrometer equipped with a TXI cryogenic probe. The chemical shifts for the I and 13C

dimensions are dTgp.

In comparison with charged Lys side chains, deproto-
nation of the ¢-amino group of Lys-66 is characterized
by sizable ' and 13C chemical shift differences, i.c.,
Bce/1He?2  (43.8/2.70ppm,  AS = +2.2/ —0.28 ppm),
13C3 /TH (34.0/1.47 ppm, AS =+5.1/ —0.24 ppm), and
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Ber/!HY? (25.7/1.76 ppm, A8 = +1.3/ +0.36 ppm).
These deprotonation shifts, in particular, those of Bce
and/or 13CY, could therefore be used as unambiguous indices
to characterize the ionization states of the {-amino groups
of Lys residues in a protein, since they can be accurately and
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Table 1. The 'H, 13C, and N chemical shifts for the side chains of the 21 Lys residues in A+PHS/V66K SNase selectively labeled
with SAIL-Lys in D,O. The 'H and 13C signals were assigned using the 3D HCCH TOCSY experiment recorded on a Bruker 600 MHz
spectrometer at 30 °C, pH 8.0. The 5N signals were assigned using a HECENZ experiment at 600 MHz (see Fig. A4). The I and 13C
chemical shifts were referenced to TSP, while the 15N chemical shifts were referenced to DSS: épss — dTsp = 0.15 ppm. Since one of the
prochiral methylene protons was stereospecifically deuterated in the SAIL-Lys, i.e., [U-13¢,PN; B2.v2.62,63-Dyl-Lys, the observed 'H
signals were unambiguously assigned. The chemical shifts for the engineered Lys-66, which has a deprotonated ¢-amino group, are shown
in italics. The averaged chemical shifts are obtained by excluding Lys-66, and the measurement errors were estimated as less than 0.05 and
0.01 ppm, for the 13C and 15N and 'H chemical shifts, respectively. All chemical shifts are not corrected for the isotope shifts.

13col IHOl 13cﬂ 1H53 13Cy lH)/3 13cf3 1H53 13Cs IHSZ 15N{
K5 56.4 4.54 32.8 1.98 24.1 1.60 292 185 418 3.17 31.5%
K6 56.0 4.54 333 1.97 24.5 1.63 284 1.86 41.8 3.17 31.5%
K9 55.9 5.00 345 1.56 25.1 149 288 1.04 405 1.98 30.8
K16 56.6 4.60 35.6 1.92 23.9 1.47 283 1.78  41.7 3.10 31.7
K24 55.8  5.61 343 2.10 25.2 1.54 295 1.77 415 298 32.0
K28 57.5 3.80 29.5 2.00 24.6 0.61 29.1 1.63 419 3.16 31.9
K53 59.2 3.84 31.5 1.64 24.7 1.21 28.8 1.61 41.6 290 31.8
K63 60.8 3.78 32.8 1.91 24.2 146  29.7 1.75 41.8 3.17 31.5%
K64 594 413 31.8 1.89 24.5 1.55 289 1.74 416 3.03 31.6
K66 59.5 4.12 32.8 1.85 25.7 1.76 340 147 438 2.70 20.9
K70 57.8 4.55 32.7 1.92 24.3 1.60  28.6 183 418 3.19 31.3%b
K71 55.6 4.84 35.2 2.01 24.4 1.60 284 1.82 414 3.04 31.7
K78 57.1 4.53 33.0 2.06 24.1 1.67  28.5 1.90 422 3.24 31.5
K84 583 424 31.3 1.65 23.1 0.64  28.8 1.61 415 295 32.0
K97 542 4381 329 1.89 24.6 1.62  28.7 179 418 319 31.4&b
K110 544 527 35.2 2.17 25.1 142 292 1.79 415 2.68 31.6
K116 577 4.04 31.7 1.88 241 1.30 285 1.69 41.7  3.06 31.6
K127 59.3 431 31.9 2.12 249 1.77  29.1 1.83 417 3.12 31.5
K133 59.6  3.62 322 1.42 24.1 0.59 289 1.15 409 2.10 31.7
K134 594 413 32.0 2.15 24.4 1.65 295 1.76  41.8 3.13 31.5
K136 56.8 3.76 28.8 1.66 24.6 1.55 28.7 1.95 420 320 31.4
Avg.dppm 574 440 32.7 1.90 24.4 140 289 1.71 416 298 31.6

4 The signals were heavily overlapped, and thus their accurate chemical shifts could not be obtained. b The I5N¢ shifts, presumably due to

K70 and K97, may be reversed.

readily observed and assigned using a protein selectively
labeled with SAIL-Lys. It should be noted, however, that
the side-chain chemical shifts in general might significantly
vary according to the local environments, such as the relative
position to aromatic rings, and thus the results obtained
exclusively from the side-chain chemical shifts might not be
absolutely reliable. To avoid any possible uncertainties in
characterizing the ionization states of {-amino groups, an
alternative approach using the deuterium-induced isotope
shifts of the SAIL-Lys side-chain 3C signals may be
considered.

3.3 Characterization of the ionization state of the
¢-amino group of Lys residues using the effects of
deuterium-induced isotope shifts on the side-chain
13C and '°N signals

In our previous studies investigating the effects of the
deuterium-induced isotope shifts on the 'C signals adjacent
to polar functional groups with an exchangeable hydrogen,
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such as hydroxyl (OH) or sulthydryl (SH) groups, we demon-
strated that those isotope shifts are versatile indices for iden-
tifying residues, such as Tyr, Thr, Ser, or Cys, with exception-
ally slow hydrogen exchange rates (Takeda et al., 2014). For
example, in a protein selectively labeled with [¢-'3C]-Tyr,
the Tyr residues have much slower hydrogen exchange rates
for the n-hydroxyl groups than the isotope shift differences
in the 13C? signals and exhibit well-resolved pairwise signals
with nearly equal intensities in the 1D '*C NMR spectrum
in HyO:D»0 (1:1) (Takeda et al., 2009). The up- and low-
field counterparts of the pairwise '*C? signals correspond to
those in D;O and H,O, respectively, and their relative in-
tensities reflect the fractionation factors, i.e., [OD] / [OH].
Similar approaches have been developed for Ser, Thr, and
Cys residues, using the '3CP signals observed for proteins
selectively labeled with [8-13C; 8, B-Ds]-Ser, [8-13C; B-D]-
Thr, and [,3-13C; B, B-D»]-Cys, respectively (Takeda et al.,
2010, 2011). Since the isolated *C#(D») or 13C#(D) moi-
eties in the labeled amino acids give extremely narrow sig-
nals under the deuterium decoupling, the '3C NMR signals
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(b)
K9 FormB g2

Figure 2. The local structures around the Lys residues, which ex-
hibit unusual side-chain chemical shifts, in the crystal structure of
the SNase variant (PDB: 3HZX). The crystal structure of the SNase
variant was solved as a complex with calcium ions and thymidine
3',5'-diphosphate. Therefore, it may be slightly different from that
in the free state. The figures were created with PyYMOL 2.4 software
in order to highlight the relative orientations between the Lys side
chains and nearby aromatic rings (a)—(e) and Lys-66 and the sur-
rounding hydrophobic amino acids (f). The atom nomenclature of
the prochiral hydrogen atoms used in the figure is that of the IUPAC
recommendations (Markley et al., 1998).

can be obtained with remarkably high sensitivities, especially
with a 13C direct observing cryogenic probe. Interestingly,
while the fractionation factors for the Ser and Thr hydroxyl
groups, i.e., [OD] / [OH], are usually close to unity, as also
for the Tyr residues, those for the Cys sulfhydryl groups, i.e.,
[SD]/[SH], are around 0.4-0.5 (Takeda et al., 2010, 2011).
The methods are especially important, since the functional
groups of the residues readily identified as having exception-
ally slow hydrogen exchange rates are most likely to be in-
volved in hydrogen bonding networks and/or located in dis-
tinctive local environments.

Although the idea of estimating the hydrogen exchange
rates by the deuterium-induced isotope shifts on the '3C nu-
clei adjacent to functional groups with exchangeable hydro-
gens was originally exploited years ago, for the backbone
amide groups in the selectively labeled proteins with [C’-
13C]-amino acid(s) (Kainosho and Tsuji, 1982; Markley and
Kainosho, 1993), it has not yet been applied for the Lys

https://doi.org/10.5194/mr-2-223-2021

¢-amino groups. Having established the complete assign-
ment for the 21 Lys residues in the SNase variant selec-
tively labeled with SAIL-Lys (Table 1), we next examined
the deuterium-induced chemical shifts in detail for the Lys
side-chain signals. In the case of Lys residues, the NMR sig-
nals of the £-amino >N and ¢- or 8-carbon '3C signals would
be plausible candidates for probing the deuterium substitu-
tion effects. There have several reports on the isotope shifts
of the 8- and &-'3C for the Lys residues induced by the deuter-
ation of ¢-amino groups (Ladner et al., 1975; Led and Pe-
tersen, 1979; Hansen, 1983; Dziembowska et al., 2004; Tom-
linson et al., 2009; Platzer et al., 2014). However, it seems no
comprehensive studies have applied the deuterium-induced
isotope shifts on 13C? signals to characterize the ionization
states of Lys residues.

We first examined the 1D '3C and N NMR spectra of
[15N2]-Lys in D0 and H;O, at pH 8 and 30°C, to choose
the suitable NMR probes to distinguish between the depro-
tonated and protonated ¢-amino groups (Fig. 3). The ¢-°N
signal appears at ~ 1 ppm upfield in DO relative to that
in H,O (Fig. 3a), and the aliphatic B3¢ signals of [19N,]-
Lys at the natural abundance also showed isotope shifts,
AS[13C! (in D,0)-8'3C! (in Hy0)], i.e., 13C¥, —0.25 ppm;
13CAB, —0.20 ppm; Ber, —0.03 ppm; Bcd —0.17 ppm; and
13Ce, —0.31 ppm (Fig. 3b). Although the isotope shifts for
13c and 13CP are due to the deuteration of the a-amino
group, those for 13C% and '3C? are obviously due to the
deuteration of the {-amino group. Considering the finding
that the '3C? of Lys gives an isolated signal far from the oth-
ers and exhibits a ~ 1.8-fold larger isotope shift as compared
to 13CY, the 13C? and '>N¢ signals seem to be good candi-
dates for probing the ionization states of Lys residues in the
SNase variant.

Although the 'SN¢ and '3C* chemical shifts for the Lys
residues can be measured by the HECENZ and 'H-13C ct
(constant time) HSQC experiments, respectively, using the
SNase variant selectively labeled with [U-'3C,'N]-Lys or
SAIL-Lys, it was rather difficult to determine the accurate
isotope shifts of the YN¢ and '3C? signals for all 21 Lys
residues using these methods. In particular, the accurate
chemical shift measurement for an individual '>C¢ signal
was hampered by the poor quality of the ct HSQC spectrum,
even for the protein labeled with SAIL-Lys (Fig. A3). There-
fore, we used [8-13C; &,e-Ds]-Lys to reduce the line widths
of the 13C? signals for the Lys residues in the SNase variant.
As expected, the 1D '3C NMR spectra of the SNase variant
selectively labeled with [8-13C;8,£-D2]-Lys showed remark-
ably well-resolved signals, with line widths less than 2 Hz,
under the 'H/?D double decoupling conditions (Fig. 4).
Note that the weak background signals due to the natu-
rally abundant '3C nuclei were filtered out in this spectrum
(Fig. A2). By referring to the chemical shifts in Table 1,
which were determined using the 3D HCCH TOCSY ex-
periment for the SNase labeled with SAIL-Lys, all of the 1-
D 13C¢ signals were unambiguously assigned (Fig. 4a, b).
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Figure 3. 1D N and 13C NMR spectra of ['9N,]-lysine in HyO and D,O. The 96.3 MHz 1D N NMR spectra (a) and 239.0 MHz 1D
13C NMR spectra (b) of [15N2]—lysine were measured at 30 °C on a Bruker Avance III 950 spectrometer with a TCI cryogenic probe, using
~ 70 mM solutions of 20 mM tris buffer prepared with H>O (or D,O) at pH (or pD) 8.0. The NMR spectra and the chemical shifts, §pgg
d3c / I5N), shown in blue and red, are those for the H»O and D, O buffer solutions, respectively. The deuterium-induced shifts, ASpgs
ppm:$ (in DoO) — 8 (in HpO), for the I5N¢ and side-chain 13C signals are shown in black.

The chemical shifts of '3C? are slightly different among the
data sets, because the isotope shifts induced by the nearby
isotopes on the 13C? signals are different for SAIL-Lys and
[e-13C;e,6-Dy]-Lys (Tables 1, 2). The '3C? chemical shifts
in H,O and D,0O, which were accurately determined by the
1D 13C NMR spectra, are presented in Fig. 5. At a glance,
the 13C® spectra in Fig. 5a and ¢ look almost the same,
since the signals moved upfield with a constant increment of
—0.32+0.02 ppm, except for the 3C* signal of Lys-66 (Ta-
ble 2). Since the § 13C# values in H,O and D, 0O are very close
to those for the free ['YN,]-Lys (Fig. 3b), the ¢-amino groups
are protonated in HpO and deuterated in DO, and thus
the averaged deuterium-induced isotope shift was designated
as AS13C? [N*DJ -N¢H{ . Similarly, the averaged A8'5N¢

Magn. Reson., 2, 223—-237, 2021

[N‘D7-NYHJ ], excluding the value for Lys-66, was deter-
mined to be —1.1£0.1 ppm (Williamson et al., 2013), which
was also close to the free [N, ]-Lys (Fig. 3a). The As!3C?
and AN for Lys-66, which are —0.21 and —1.8 ppm (Ta-
ble 2), respectively, confirmed that the {-amino group of
this residue is deprotonated at pH 8 and should be desig-
nated as A§'3C® [N¥D»-N¢H,] and A§'SN¢ [NSD,-NEHy].
Interestingly, the fact that the averaged AS8!3C® [NCD;F-
Nngr], —0.32 ppm, was ~ 1.5 times larger than the A§'3C?
[N®D,-N¢H,] for Lys-66, —0.21 ppm, might suggest that the
deuterium-induced isotope shift on '3C? is proportional to
the number of hydrogen atoms on the {-amino groups. In
contrast, the averaged AS'SN¢ [N¢DI-N¢H{], —1.1 ppm,
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Table 2. Deuterium-induced isotope shifts for the side-chain YN¢ and 13C# signals of the 21 Lys residues in A4+PHS/V66K SNase. The
I5N¢ chemical shift (referenced to DSS) and 13¢# chemical shift (referenced to TSP) data in HyO and D,O were obtained for the SNase
labeled with either SAIL-Lys or [8—13C;5,8—D2]—Lys, respectively. Note that in the 1D 13C¢ data measured at 125.7 MHz, the 1D 13C spectra
have much higher precision as compared to those obtained using the 2D HSQC using the SNase labeled with SAIL-Lys. Spectra were
recorded on a Bruker 600 MHz spectrometer at 30 °C, pH 8.0. The averaged chemical 13C and "N chemical shifts in the last row were
obtained for the Lys residues with protonated ¢-amino groups, except for Lys-66 (italics) which has a deprotonated ¢-amino group. Although
the exact chemical shifts could not be obtained for the residues shown by “-”, the deuterium-induced 15N and 13C shifts were almost the
same as those of the other residues, except for Lys-66. The averaged A values show the differences between the averaged I5N¢ and 1Bce,
except for Lys-66, which are the differences between the I5N¢ and 13C# shifts in HyO and D,O. Negative A§ values indicate the chemical

shifts in DO are upfield shifted due to the deuteration of the {-amino groups.

815N{ 815N{ ASISNZ 613C8 613C8 A513C8

inH,O inD,0O ppm  inH,O inD,0O ppm
K5 - - - 41.89 41.54 —0.35
K6 - - - 41.87 41.53 —-0.34
K9 31.9 30.8 —1.1 40.55 40.26 —-0.29
K16 329 31.8 —1.1 41.80 41.47 -0.33
K24 33.1 32.0 —-1.1 41.66 41.31 —0.35
K28 33.0 31.9 —1.1 41.92 41.62 —-0.30
K53 329 31.8 —1.1 - 41.36 -
K63 - - - 41.80 41.47 —0.33
K64 32.7 31.6 —1.1 41.72 41.41 —0.31
K66 22.7 20.9 -1.8 43.75 43.54 -0.21
K70 - - - 41.89 41.55 —0.34
K71 32.8 31.7 —1.1 41.55 41.24 —0.31
K78 32.7 31.5 —1.2 42.37 42.09 —0.28
K84 33.1 32.0 —-1.1 41.64 41.36 —0.28
K97 - - - 4191 41.59 -0.32
K110 32.8 31.6 —1.2 41.65 41.26 —0.39
K116 32.8 31.6 —-1.2 41.86 41.52 —0.34
K127 32.6 31.5 —1.1 41.80 41.50 —-0.30
K133 32.8 31.7 —1.1 40.96 40.67 -0.29
K134 32.6 315 —-1.1 41.80 41.50 —0.30
K136 325 314 —1.1 42.12 41.82 —-0.30
Avg. §, AS ppm 32.7 31.6 —1.1 41.72 41.40 —0.32+£0.02

was much smaller than that of the A§>N¢ [N¢D,-N¢H,] for
Lys-66, —1.8 ppm.

We also measured the 1D 3C NMR spectrum of the
SNase variant selectively labeled with [8-13C;8,8-D2]-Lys
in HyO:D>0O (1:1), to search for the Lys residues with
slowly exchanging ¢-amino groups. Clearly, there are no
such residues in the SNase variant at pH 8 and 30°C, as
shown in Fig. 5b. Due to the rapid hydrogen exchange rates
for all 21 Lys residues in this protein, the observed isotope
shifts on 13C? were exactly half of the A§'3C? [N¢D,-N¢H,]
for Lys-66 or A8'3C¢ [N*D7 -N*H ] for the rest of the Lys
residues. The hydrogen exchange rate constant (kex) for the
¢-amino group of Lys-66 in the SNase variant, which is
deeply embedded in the hydrophobic cavity originally oc-
cupied by Val-66 in the wild-type SNase, was 934557
at pH 8 and —1°C (Takayama et al., 2008). Therefore, the
hydrogens on the ¢-amino groups in all 21 Lys residues in
the SNase variant are rapidly exchanging, and thus the ob-
served chemical shifts for the 1>C? of Lys-66 and the rest of
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the Lys residues in HyO :D>0O (1:1) are the time averages
for three isotopomers, NH,, NHD, and ND,, with nearly
a 1:2:1 ratio for Lys-66, and for four isotopomers, NH;,
NH,D*, NHDJ, and NDJ, with a ratio of 1:3:3: 1. Since
the time-averaged signals for Lys-66 and other Lys residues
in HyO:D,0 (1:1) appeared exactly in the middle of the
spectra observed in HoO and DO (Fig. 5a, c), the fractional
factors for the isotopomers are nearly identical, as statisti-
cally random distributions.

4 Conclusions

In this article, we have shown that comprehensive NMR in-
formation can be obtained using cutting-edge isotope-aided
NMR technologies for the Lys side-chain moieties, compris-
ing a long hydrophobic methylene chain and a hydrophilic
¢-amino group, to facilitate hitherto unexplored investiga-
tions toward elucidating the dual nature of the Lys residues
in a protein. The unambiguously assigned 'C signals, to-
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Figure 4. 125.7MHz {!H, 2D}-decoupled 1D 13C NMR spec-
trum for the SNase variant selectively labeled with [8—13 C;e,e-Dp]-
Lys. The spectra were measured at 25 °C, pH 8.0, in DO solution
on an Avance 500 spectrometer equipped with a DCH cryogenic
probe. Although only a few discrete Bce signals are apparent in
panel (a), the congested spectral region around 41-42 ppm shows
well-separated signals due to their narrow line widths of 1-2 Hz (b).
All of the 1D NMR signals for 13¢e were readily assigned using
the chemical shift data, Stgp (13C) obtained from the 3D HCCH
TOCSY experiment for the SNase variant selectively labeled with
SAIL-Lys (see Sect. 3.1).

gether with the stereospecifically assigned prochiral protons
for each of the long consecutive methylene chains, which
first became available using the stereo-array isotope label-
ing (SAIL) method, provide unprecedented opportunities to
examine the conformational features around the Lys residues
in detail. The ionization states of the ¢-amino groups of Lys
residues, which play crucial roles in the biological functions
of proteins, could be readily characterized by the deuterium-
induced isotope shifts on the -'3C signals observed by the
1D 13C NMR spectroscopy of a protein selectively labeled
with [8—13C;8,8—D2]—Lys. Both methods should work equally
well for larger proteins, for which previous NMR approaches
were rarely applicable. Therefore, these methods will con-
tribute toward clarifying the structural and functional roles
of the Lys residues in biologically important proteins.
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Figure 5. Isotope shifts on the B3¢ce signals of the Lys residues
in the SNase variant selectively labeled with [8-13C;£,8-D2]-Lys,
caused by the deuterium substitutions for the ¢-amino groups. The
125.7MHz {!H, 2D}—decoupled 1D 13C NMR spectra were mea-
sured at 25 °C, pH 8.0, in either H,O (a), HO: D0 (1: 1) (b), or
D,O (c) solutions on an Avance 500 spectrometer equipped with
a DCH cryogenic probe in HO (a), HyO:D,0 (1:1) (b), and
DO (c¢) solutions. The vertical dotted black and red lines show the
chemical shifts observed in 100 % H,O and D, O, respectively. The
complete data for the deuterium-induced isotope shifts for the side-
chain N¢ and 13¢® signals are summarized in Table 2.
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Appendix A
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Figure A1. Distribution of the Lys residues in the crystalline structure of the A+PHS/V66K variant of SNase (PDB#: 3HZX). All of the
side-chain moieties of the Lys residues, which are shown by the ball-and-stick model in blue, exist on the protein surface, except for the Lys-
66 (K66). This engineered residue is locked in the protein interior that is originally occupied by the Val side chain in the wild-type protein.
Two Lys residues, K5 and K6, were not visible in the X-ray analysis of the SNase complexed with calcium and thymidine 3’,5'-diphosphate,
and thus it may be slightly different from that in the free state. The figure was created using PyMOL 2.4 software.
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Figure A2. {lH, 2D}—ID 13¢ NMR spectra for the SNase variant selectively labeled with [8—13C;s,8—D2]—Lys. The 125.7 MHz 13C NMR
spectra were measured at 25 °C on a Bruker Avance 500 spectrometer equipped with a 13C—observing DCH cryogenic probe. The broad
background signals observed in the spectrum (b), indicated by a thick arrow, are due to the natural abundant 13¢ atoms bound to proton(s),
which are readily filtered out to give the spectrum (c), using the pulse scheme shown in panel (a). The narrow and wide bars in the scheme
represent 90 and 180° rectangular pulses, respectively, and are applied along the x axis at T = 1.7 ms, which corresponds to 1/4 1JCH, The
SNase variant was dissolved in 100 % D, O buffer, containing 20 mM sodium phosphate and 100 mM potassium chloride at pH 8.0. 3¢
chemical shifts are referenced to TSP.

https://doi.org/10.5194/mr-2-223-2021 Magn. Reson., 2, 223—-237, 2021



234

H H H

b €2
() D,’ /H H /D H/’ 5COH
B o /
H?N/ \15(/ \",C/ \"NH3
D\\ H D\\ \H
SAIL-Lys

M. Takeda et al.: Conformation and ionization of Lys side chains studied by the SAIL method

() g3 g2 T |41
g3 €2 ‘f’:_j@ E
Bexn ¢, ¢ 0.17ppm | 4, &
=)
2 0.15 ppm K133 Ry
K110 L
L 44
o
(d) 157 1 24 g2 °9
6 84 2 B3 [ME
o110 =
o Lo 2
112 2
L43
66
o
T T T
3.0 2.5 2.0
'H (ppm)

Figure A3. Comparison between the Bce regions of the 2D IH_13C constant time (ct) HSQC spectra obtained for the SNase variant
selectively labeled with [U-13C,15N]-Lys (a) and [U-13C,15N;8,,1.82,63-Da]-Lys, SAIL-Lys (b). Since &-carbons for the [U-13C,I5N]-Lys
residues are attached to the two prochiral protons, 'H¢2 and 'H?3, a pairwise correlation signals, namely 'H¢2-13C¢ and 'H®3-13C¢, can
be observed for each of the ¢-carbons (¢). However, considerable large chemical shift differences between the prochiral e-methylene protons
were observed only for K110 (A§, 0.15 ppm) and for K133 (A§, 0.17 ppm), and the other 19 Lys residues showed differences less than
~0.05 ppm. On the other hand, e-carbons for the SAIL-Lys residues are attached only to the £2-protons, and all of the correlation signals
are automatically assigned to IHe2 (). c2 peaks are labeled with their assignment. The spectra were measured at 30 °C on an Avance 600
spectrometer equipped with a TXI cryogenic probe. 'H and 13C chemical shifts are referenced to TSP: opss—otsp =0.15 ppm.
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Figure A4. The HECENZ (a) and ct HSQC (b) spectra, recorded
on a Bruker Avance 600 spectrometer ('H, 600.0MHz; 13C,
150.9 MHz; 15N, 60.8 MHz) using 1.4mM D,O solutions of the
A+PHS/V66K SNase variants selectively labeled with SAIL-Lys,
at 30°C, pD 8.0. Note that the chemical shifts of the 'H and B3C
dimensions are referenced to DSS, while the I5N dimension is ref-
erenced to TSP: dpgg—dTsp = 0.15 ppm. The detailed experimental
parameters are discussed in Sect. 2.2.
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Table A1. List of the dihedral angles (xl, xz, X3, X4) in the crys-
talline state (PDB #3HZX). Note: “n.d.” means “not determined”.

x! 2 x Xt

K5 n.d. n.d. n.d. n.d.
K6 n.d. n.d. n.d. n.d.
K9 Form A -73 169 —167 —175
Form B —78 171 —153 44

K16 —171 177 32 —127
K24 —170 157 146 171
K28 —80 177 161 149
K53 —171 164 —164 164
K63 —180 —172 160 73
K64 164 179 174 166
K66 —102 108 81 -73
K70 82 135 171 78
K71 176 164 141 —158
K78 —69 —-72 —174 —144
K84 65 —166 166 161
K97 175 176  —155 —144
K110 —83 170 —180 177
K116 —148 134 99 —165
K127 168 66 164 —67
K133 171 156 18 —179
K134 —134 155 -71 126
K136 —-68 —112 —143 -50
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