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ABSTRACT: Amino acid side chains involved in hydrogen
bonds and electrostatic interactions are crucial for protein
function. However, detailed investigations of such side
chains in solution are rare. Here, through the combination
of long-range "N —"*C scalar J-coupling measurements and
an atomic-detail molecular dynamics (MD) simulation,
direct insight into the structural dynamic behavior of lysine
side chains in human ubiquitin has been gained. On the basis
of 'H/3C/'N heteronuclear correlation experiments se-
lective for lysine NH; " groups, we analyzed two different
types of long-range '*’N—">C J-coupling constants: one bet-
ween intraresidue “>NC and 13Cy nuclei (3]N§C7,) and the
other between N and carbonyl *C’ nuclei across a
hydrogen bond (h3]N§C/). The experimental 3]N§Cy data confirm
the highly mobile nature of the j, torsion angles of lysine
side chains seen in the MD simulation. The NH; " groups of
Lys29 and Lys33 exhibit measurable h3]N§C/ couplings arising
from hydrogen bonds with backbone carbonyl groups of
Glul6 and Thr14, respectively. When interpreted together
with the 3]N§Cy—coupling constants and NMR-relaxation-
derived S* order parameters of the NH;" groups, they
strongly suggest that hydrogen bonds involving NH;"
groups are of a transient and highly dynamic nature, in
remarkably good agreement with the MD simulation results.

rotein side chains play vital roles in molecular function, such
Pas enzymatic catalysis and protein—protein interactions.
Although structural biology has provided important insights into
the side-chain behavior of proteins and their complexes, the
functional role of side-chain dynamics is not well understood.
Powerful NMR techniques for the investigation of protein dynamics
exist, but the vast majority are applicable only to the backbone or
methyl groups." The lack of specific experiments for characterizing
the dynamics of side chains involved in hydrogen bonds and
electrostatic interactions therefore represents a bottleneck in under-
standing structure—dynamics—function relationships in proteins.
We recently developed new NMR methods to characterize
lysine side-chain amino groups,” > including the design of "*N
relaxation experiments for the extraction of side-chain $* order
parameters.” For ubiquitin, the majority of the lysine NH;"
groups display notably low S* order parameters, reflecting a high
degree of internal mobility for these functionally important
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entities, with correlation times in the subnanosecond range for
the NH; " bond rotations. However, the origin of the side-chain
mobility could not be elucidated from experiment alone. On the
basis of intra- and interresidual long-range '"N—">C scalar J-
coupling constants, we have found in the present work that the
mobility about the y,4 torsion angle of lysine side chains is
generally high. Hydrogen bonds formed by the NH;" groups
therefore have a highly transient character. The experimental
results have been quantitatively compared with an extended
molecular dynamics (MD) simulation.

We report here two different types of long-range "N—"C J-
coupling constants involving the lysine NH; ™ groups: the intrar-
esidue J-coupling between '*N¢ and B3Cy nudlei (3]N§Cy) and the J-
coupling between "*N§ and carbonyl "*C’ nuclei across a N{—HE -

-+0=C' hydrogen bond ("Jyzc'). Figure 1 shows the lysine-
specific NMR pulse sequences for measuring the absolute values of
the J-coupling constants between the "*N¢ and "*C nuclei. Because
of the unique "°N chemical shifts of NH; " groups (~33 ppm),
these pulse sequences permit selective observation of lysine NH;"
groups in a uniformly *C/**N-labeled protein. The remarkably
slow relaxation of the in-phase single-quantum N, terms for NH; "
grou;)sz’5 permits the use of relatively long periods for the evolution
of "N transverse magnetizations in order to measure the small
N—"C J-coupling constants. Using these pulse sequences, we
recorded the data for 1 mM *C/"*N-labeled ubiquitin at pH 5 and
2 °C. The low pH and temperature were necessary to make the
hydrogen exchange sufficiently slow that lysine NH; " protons
could be observed.®

The pulse sequence in Figure 1A corresponds to a two-
dimensional heteronuclear correlation experiment to observe
signals arising from coherence transfer via ""N—"3C J-coupling
for lysine NH; " groups. The F, dimension corresponds to 'HE
chemical shifts of the NH; " groups and the F; dimension to >C
chemical shifts of nuclei coupled to "N¢. In the spectrum
recorded with this pulse sequence, ("*Cy, "HE) cross-peaks
were clearly observed for all lysine residues, indicating that the
Aarelated “Jnec, values are sizable (Figure 2A). Although the
C IBURP-2 pulses covered the lysine *Cy/">CO region
(23—30 ppm), no '*>C0 signals were observed in the spectrum.
The absence of the *Co signals suggested that 2]NCC<§ <02 Hz
(as estimated from the noise level). For the quantitative mea-
surement of *Jxec, values, we used the spin-echo '“N{"°C}
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Figure 1. (A) Pulse sequence for observing heteronuclear correlation
via long-range "*N—"C *J-coupling for lysme side-chain NH; " groups.
(B) Constant-time spin- echo difference "H—"°N correlation experi-
ment to measure ]Ngcy and ™ ]N§C’ for lysine NH; " groups. Thin and
bold bars in black represent hard rectangular 90° and 180° pulses,
respectively. Unless indicated otherwise, pulse phases are along .
Carrier positions: 'H, the position of the water resonance; SN, 33
ppm; *Cy, 23 ppm; *Cé, 45 ppm; and *C=0, 177 ppm. In (B), two
data sets were recorded in an interleaved manner, with the two *C
TBURP-2 pulses® located at either positions a or b. Pulsed field gradients
were optimized to minimize the water signal. Short bold bars represent
water selective soft- rectangular H 90° Pulses (1.2 ms). Shaped pulses
'H half-Gaussian 90° pulse (2.1 ms); N r-SNOB 180° pulse’ (1.03
ms); and *C IBURP-2 180° pulses (1. lms) Delays: 7, =2.7 ms, § = 2.6
ms, T=50ms,and Ty = 104 ms for the ]N;:Cy experiments; T'= 106 ms
and Ty = 212 ms for the " ]NZC’ experiments. Phase cycles: ¢; = {2x,
2(—x)}, o = {4, 4(—x)}, 3= {x, —x}, 4 = {n—rh s =18 8(—x)},
P = {8x, 8y, 8(—x), 8(—y)}, and receiver = {x, —x, —x, x, 2(—x, x, x, x),
x, —x, —x, x}. Quadrature detection in the ¢; domain was achieved using
States-TPPI for ¢,. The experiments were carried out using a Varian NMR
system operated at a 'H frequency of 800 MHz.

difference experiment shown in Figure 1B. In this experiment,
which is analogous to those developed for measuring j;-related
]Ncy—couphng constants,® two subspectra were recorded in
an interleaved manner: one with the '*Cy-selective IBURP-2
pulses at positions a (subspectrum a) and the other at positions b
(subspectrum b). The net evolution time for ]Ngcy—couphng for
SN transverse magnetizations is Z(Td + 0) for the former case
and zero for the latter. The values of ® Tnecy can be calculated from
the expression L/, = cos[Zﬂ]Ngcy(Td -+ 0)], in which I, and I,
represent the signal intensities in subspectra a and b, respectively.
Table 1 shows the values of > Tnzcy obtained for Iysine side chains
in ubiquitin. The precision of the measured coupling constants was
high because of the very slow "*N relaxation of the NH; " groups,
which allowed the use of a long period for ] modulation (209 ms).
The ]Ngcy—couphng constants were subsequently interpreted
by means of Karplus equatlons ? Because empirical Karplus param-
eters are not available for ]N@Cy reporting on the torsion angle
X4, here we used the experimental Karplus parameters for ]Ncy
belonging to 1 reported by Peréz et al.'> On the basis of these
parameters, ]NCC), values were back-calculated first from the y,
angles in the 1.8 A resolutron X-ray crystal structure of ubiquitin
(PDB entry 1UBQ)."" As shown in Figure 2B, a bimodal distri-
bution around ~2 and ~0.5 Hz was found for the calculated values
of ]N@Cy because the lysine )4 angles in the crystal structure are
either trans or gauche. In contrast, the experimental *Jyzc, data
do not exhibit such a bimodal distribution, and the agreement
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Figure 2. (A) Long-range correlation spectra recorded with the pulse
sequence shown in Figure 1A for lysine side-chain NH;" groups in
uniformly *C/"*N-labeled ubiquitin. The *C IBURP-2 pulses were
applied at 23 ppm. (B) Correlation between the observed *Jxec, values
and those calculated from the crystal structure (PDB entry 1UBQ). (C)
Correlation between the observed 3]N;Cy values and those calculated as
ensemble averages for 1000 structures sampled every 1 ns from the 1 us
MD trajectory at 275 K. (D) Histograms of the y4 torsion angles of
individual lysine side chains of the MD ensemble. Purple arrows indicate
the x4 torsion angles in the crystal structure.

between the observed and calculated 3]N§Cy data was poor, with a
root-mean-square difference (rmsd) of 0.91 Hz (Frgure 2B).
We also examined the ensemble averages ¢ ]N§Cy> calculated
from the )4 angles sampled during a 1 us MD simulation at 275 K
using the GROMACS software package'” and the AMBER
ff99SB force field."® To ensure a fair comparison, the simulation
was run at the same temperature as in the experiment; otherwise,
the MD simulation protocol was the same as described previously.®
The length of the MD simulation was expected to be adequate for
this analysis, since our previous NMR relaxation study showed
that the reorientation of the symmetry axes of lysine NH3 groups
in ubiquitin occurs on the subnanosecond time scale.® Values of
(Jnecyy were calculated from 1000 MD snapshots sampled
every 1 ns. As shown in Figure 2C, the ( ]NCC}) data from the
MD ensemble exhibited substantially improved agreement with
the experimental *Jyzc, data (rmsd = 0.26 Hz). As shown in the
Supporting Information (SI), direct fitting of the Karplus para-
meters to the MD ensemble'* resulted in only a slight reduction
of the rmsd (0.25 Hz), and the optimized Karplus parameters and
the empirical parameters for y;-related ]NCV couplings gave
almost the same ]N@c;/ values (rmsd = 0.06 Hz). This suggests
that the emprrlcal parameters of Peréz et al. represent an adequate
choice for the ]NCC)/ couplings analyzed here. The large difference
between the ]NCC)/ values calculated from the crystal structure
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Table 1. Long-Range "*N—"3C J-Coupling Constants ]NCC;/
and ™ INCC’ Measured for Lysine Side-Chain NH; Groups in
Human Ubiquitin®

NH; ey (Hz)" PJneer (Ha)®

Lys6 1.78 £0.25 -

Lys11 1.89 £0.03 -

Lys27 2.4540.03 -

Lsy29 1.26 £0.03 0.23 + 0.03 (Glul6 C=0)"
Lys33 1.60 £ 0.01 0.17 = 0.02 (Thr14 C=0)“
Lys48 1.49 +£0.01 -

Lys63 1.71£0.01 -

“The J-coupling constants were measured using spin-echo '*N{**C}
difference experiments (Figure 1B) ata 'H frequency of 800 MHz. Only
absolute values are reported because the measurements did not
provide signs. ¥ Measured three times to improve the precision. Averages
and standard deviations are shown. “ Measured once. Uncertainties were
estimated from the noise levels in the spectra. “The acceptor of the
hydrogen bond, which was identified in the long-range correlation
spectrum (Figure 3A), is shown in parentheses.

and the (3]N§C7,> values obtained from the MD ensemble is due to
the wide distribution of x4 angles observed in the MD ensemble,
which reflects extensive rotameric interconversions of this tor-
sion angle (Flgure 2D). Hence, the agreement between the
experimental ]N@Cy data and those predicted from the MD
trajectory strongly indicates that the lysine )4 dihedral angles in
ubiquitin are highly dynamic. This result is consistent with the
low values of the order parameters found for most of the lysine
CS_N§H3+ vectors in our recent N relaxation study.5

While it has been well-established that internal motions
changmg the bond torsion angles directly affect the relevant vicinal
*J-coupling constants, the derivation of quantitative dynamics
information from *J-coupling data i is not straightforward.'”'® By
far the easiest interpretation of *J-coupling data entails the
extraction of structural information on relatively static portions
of molecules. As demonstrated above, the combined use of a
long MD simulation and *J-coupling data permits a direct consistency
analysis of the torsion-angle dynamics of protein side chains.
Using our previous trajectory from a 1 us MD simulation at 300 K,°
we also examined the impact of the dynamics on the y;-related
*Jnc,-coupling constants (through N—Co—CS—Cy) for ubi-
qu1t1n using the experimental data at 303 K reported by Hu and
Bax.®® As shown in the SI, the experimental ]Ncy data for
arginine, lysine, glutamate, and glutamine residues exhibited far
better correlation with those calculated from the MD ensemble
than with those calculated from the crystal structure. This
suggests that the y; torsion angles of these solvent-exposed
hydrophilic side chains are highly dynamlc, as seen in the MD
simulation. It should be noted that the (*J) values from the MD
ensemble depend on the molecular mechanics force field used for
the simulation. Hence, the degree of the agreement between the
(*J) values from the MD simulation and the experimental *J-
coupling constants is expected to be directly useful for bench-
marking and improving future MD force fields using NMR data
for full-length proteins in their native environments.'®

In order to gain direct insight into hydrogen bonds involving
the lysme side chains, we also studied ""N—'°C *J-couplin
constants ]NCC’ across hydrogen bonds involving lysine NHj
groups of ubiquitin. Figure 3A shows the long-range correlatlon
spectrum recorded for lysine NH; " groups. Because of *C=0-
selective IBURP-2 pulses that do not affect aliphatic "*C nuclei,
only NH;" groups having sizable J-couplings with carbonyl or
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Figure 3. (A) Longrange correlations via h3jNgcr-coupling across
NH;" - - - O=C hydrogen bonds. This spectrum was recorded using the
pulse sequence shown in Figure 1A. (B) Spin- echo BN{BCc=0}
difference spectrum for the two subspectra recorded with '*C=0-selective
pulses at positions a and b in the pulse sequence shown in Figure 1B.

carboxyl "*C nuclei across a hydrogen bond can give signals in this
experiment. Signals for Lys29 and Lys33 NH; " groups were clearly
observed in the long-range correlation spectrum. The *C chemical
shifts for the signals observed for the Lys29 and Lys33 NH; " groups
are in excellent agreement with those of backbone C=0 groups of
Glul6 and Thrl4, respectively. In fact, these carbonyl groups are in
close proximity to the lysine NH; ™ groups in the crystal structure:
the distances between the donor N and acceptor O atoms are 2.7 A
for the Lys29—Glul6 pair and 3.5 A for the Lys33—Thr14 pair. In
the 1 us MD simulation, the overall occupancies of the hydrogen
bonds (NG—O distance < 3.5 A) were 80% for the Lys29—Glul6
pair and 51% for the Lys33 Thrl4 pair. The existence of the NMR
signals arising from " *Jnec-coupling provides direct evidence for at
least a part-time presence of these hydrogen bonds in solution.

To determine the values of Inec, we carrled out the spin-
echo *N{"*C=0} difference constant-time "H—"°N correlation
experiment for the lysine NH; " groups, as shown in Figure 1B.
The difference spectrum for the two subspectra a and b gives
signals only if intensity modulation by" *Jnzc evolution is sizable.
As expected from the result of the long-range correlation
experiment, only the NH; * groups of Lys29 and Lys33 exhibited
51gnals in the difference spectrum (Figure 3B). The values of

]N§C’ were determined to be 0.23 and 0.17 Hz for the Lys29—
Glu16 and Lys33—Thr14 hydrogen bonds, respectively (Table 1).
These values are relatively small in comparison with the "*Jyc
values for hydrogen bonds between backbone N—H and C=0
groups, which can reach 0.9 Hz."” Since a scalar coupling across a
hydrogen bond degends on the electronlc configuration, the
average geometry,  and 1nterna1 motlons, quantltatlve inter-
pretation of the observed " *Jnec values for the NH; " groups is
not possible at this point. Nonetheless, the observed " ]NCC"
couplings unequivocally indicate the part-time presence of
hydrogen bonds between the NH; ™ and C=0 groups. Dynamlc
hydrogen bonding displayed by lysine side-chain NH; " groups
arises from the highly mobile y, torsion angles combined with
rapid rotation about the C; symmetry axis along the N{—Ce
bond as depicted in Flgure 4 for Lys29 and Lys33. In our prev10us

"N relaxation study,” the order parameters for the NH;" groups
of the same amino acids indicated high mobility on the subnano-
second time scale (S% = 0.38 for Lys29 and 0.25 for Lys33).
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Figure 4. Dynamics of (A) Lys29—Glul6 and (B) Lys33—Thrl4
hydrogen bonds seen in a 1 ¢s MD simulation at 275 K. The acceptors
are backbone carbonyl groups. These hydrogen bonds were experimen-
tally confirmed by means of measured " ]NZ;C’ values (Figure 3). The
average lifetimes of the hydrogen bonds in the MD simulation were 45
and 30 ps for Lys29 and Lys33, respectively.

As shown in Figure 4, the MD simulation also showed a highly
dynamic hydrogen-bonding process involving the side-chain
NH3 groups of Lys29 and Lys33. Together with the detected

]NCC’ couplings for Lys29 and Lys33, these data collectively
suggest that the side-chain hydrogen bonds evidenced by de-
tectable " *Jnec-couplings are of a highly mobile nature.

In conclus1on, we have demonstrated the use of long-range
N—"C *J-coupling data for investigating the detailed dynamic
behavior of lysine side chains in a protein. In conjunction with an
extended MD simulation, the *J-coupling data provide insights into
the side-chain dynamics with regard to hydrogen bonding and
torsion angle rotations in a way that is highly complementary to
spin-relaxation-based dynamics studies. Taken together, this infor-
mation will be useful for understanding the relationship between the
function and dynamics of hydrogen bonding of lysine side chains,
which plays important roles in protein stability,”® biomolecular
interactions,”" and enzymatic active sites.”> The approach used here
can be adapted for studying the structural dynamics of other types of
side-chain groups taking part in hydrogen-bond formation and
electrostatic interactions (e.g, guanidino groups of arginine).
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9 Supporting Information. Effect of internal motions on
]Ncy-couphng constants reporting on sxde chain j; torsion angles
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