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f protein–ligand binding modes
using fast multi-dimensional NMR with
hyperpolarization†

Yunyi Wang, Jihyun Kim and Christian Hilty *

Elucidation of small molecule–protein interactions provides essential information for understanding

biological processes such as cellular signaling, as well as for rational drug development. Here, multi-

dimensional NMR with sensitivity enhancement by dissolution dynamic nuclear polarization (D-DNP) is

shown to allow the determination of the binding epitope of folic acid when complexed with the target

dihydrofolate reductase. Protein signals are selectively enhanced by polarization transfer from the

hyperpolarized ligand. A pseudo three-dimensional data acquisition with ligand-side Hadamard encoding

results in protein-side [13C, 1H] chemical shift correlations that contain intermolecular nuclear

Overhauser effect (NOE) information. A scoring function based on this data is used to select pre-docked

ligand poses. The top five poses are within 0.76 Å root-mean-square deviation from a reference

structure for the encoded five protons, showing improvements compared with the poses selected by an

energy-based scoring function without experimental inputs. The sensitivity enhancement provided by

the D-DNP combined with multi-dimensional NMR increases the speed and potentially the selectivity of

structure elucidation of ligand binding epitopes.
Introduction

Interactions of small molecules and proteins are the key
components involved in many essential biological processes,
including enzymatic catalysis, cellular signaling pathways, and
regulation of protein functions.1–4 A comprehensive under-
standing of the structure and dynamics pertaining to these
interactions is required to not only reveal the molecular
mechanisms in biological processes, but also to provide the
knowledge to develop synthetic small-molecule drugs that can
alter the functions of the target proteins. Nuclear magnetic
resonance (NMR) spectroscopy enables the non-invasive inves-
tigation of the intermolecular interactions in aqueous solu-
tion,5,6 and recent advances in live cell NMR7 has allowed to
monitor molecular interactions directly in cellular
environments.8–11

Observing magnetization transfer through the nuclear
Overhauser effect (NOE) is a powerful NMR-based method to
probe molecular structure, and has been widely applied for
studying the water–protein12,13 or ligand–protein interactions.14

Dissolution dynamic nuclear polarization (D-DNP) is a hyper-
polarization technique, which can boost the sensitivity of NMR
signals by several orders of magnitude.15 The nuclear spin
ersity, 3255 TAMU, College Station, TX

tion (ESI) available. See DOI:

f Chemistry 2020
hyperpolarization, i.e. an enhanced, non-equilibrium pop-
ulation difference of nuclear Zeeman levels, is rst generated by
DNP in the solid state at low temperature. For this purpose, the
analyte, in this case the ligand, is mixed with a free radical.
Microwave irradiation of an electron spin transition through
coupling to nuclear spins re-populates the nuclear energy levels.
Subsequently, hyperpolarized aliquotes are rapidly dissolved
with hot solvent and injected into an NMR spectrometer for
liquid state measurement. Using the D-DNP to generate
hyperpolarized spins serving as the NOE source, the efficiency
of the NOESY measurement can be signicantly improved. As
a versatile technique, DNP is capable of hyperpolarizing a wide
range of small molecules, including water and typical ligand
molecules. In addition to accelerating an NMR experiment
owing to the sensitivity gain, hyperpolarization of small mole-
cules also provides a natural contrast for exclusively observing
signals originating from the small molecule of interest.

Several applications have been demonstrated, where 1H
spins of small molecules are hyperpolarized by dissolution
DNP, and subsequently participate in polarization transfer to
the protein or other small molecules through intermolecular
NOEs. Interactions between water and protein can be directly
studied by observing polarization transfer from hyperpolarized
water to the protein. Hyperpolarization can be transferred to
amide protons on the protein through proton exchange, and
further spread within the protein through intramolecular
NOE.16 By the same mechanisms, water molecules can serve as
an agent to introduce hyperpolarization to the protein spins for
Chem. Sci., 2020, 11, 5935–5943 | 5935
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Fig. 1 (a) 2D SOFAST-HMQC spectra showing the methyl chemical
shift region of 0.34 mM DHFR measured after admixing of 5.3 mM
hyperpolarized folic acid (blue). A spectrum of the same sample after
decay of the hyperpolarization is underlaid in gray. The spectra are
recorded with 40 points in the indirect dimension. The 1D traces at the
top are positive sum projections of the 2D spectra. (b) 1D slices
extracted at several 13C chemical shifts, as indicated by the dashed
lines, from both the hyperpolarized and non-hyperpolarized 2D
spectra.
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subsequent use. This method has been applied to obtain high-
resolution NMR spectra of intrinsically disordered proteins
(IDPs),17 as well as folded proteins, using fast two-dimensional
(2D) measurements.18 Further, our group has recently demon-
strated the application of this method to measure protein
signals during the folding process, which can provide insight
into the structure and dynamics in protein folding.19

When a ligand is present in the protein solution, hyperpo-
larization from water can be transferred to the ligand, and used
for the detection of binding.20 In addition, D-DNP can directly
generate hyperpolarization on ligand spins. Protein mediated
transfer of polarization from one hyperpolarized ligand to
another, competing ligand, has been detected in the presence of
the protein target, providing structural information about the
ligand binding epitope.21 Polarization transferred from
a hyperpolarized ligand can also be observed directly as selec-
tively enhanced protein signals, revealing structural informa-
tion related to the ligand–protein interaction.22,23

Knowledge of the protein–ligand complex structure provides
essential information to guide the ligand optimization process
in structure-based drug design (SBDD). Computational docking
is a rapid and inexpensive method for predicting the orientation
and conformation of the ligand when binding to the target
protein. The integration of NMR restraints into docking calcu-
lations can further improve the prediction reliability and has
emerged as a popular means in drug discovery.24,25 Ligand
binding modes can be determined by integrating molecular
docking with ligand-observed NMR measurements, including
data from transferred NOE (trNOE),26 protein-mediated inter-
ligand NOE (INPHARMA),27 saturation transfer difference
(STD),28 or a combination thereof.29 Molecular docking can also
be combined with NMR experiments based on protein obser-
vation, including measurements of protein–ligand intermolec-
ular NOEs30 or ligand-induced chemical shi perturbation
(CSP).31,32 A common strategy for integrating docking with the
above types of measurements consists of the generation of a set
of possible ligand binding modes in silico, which are then
ranked using the experimental data. In a further renement of
these methods, data-driven docking directly integrates experi-
mental data into the docking algorithm.33–36

Protein–ligand intermolecular NOEs can provide specic
atom-to-atom contacts, and hence even sparse information
allows structure determination of the ligand–protein complex
in the binding site through computational docking.37,38 A data-
driven approach is the high ambiguity driven biomolecular
docking method,39,40 where experimental intermolecular NOEs
can be converted into ambiguous interaction restraints, which
are used to guide the docking processes.37,41 Recently, a highly
automated approach using intra-ligand NOEs and ambiguous
intermolecular NOEs without protein chemical shi assign-
ments, was shown to enable the determination of the ligand
binding mode in a receptor binding pocket.42,43

Recently, we developed a method for the determination of
ligand binding epitope structures by a combination of molec-
ular docking and intermolecular NOEs obtained from a set of
1D hyperpolarized 1H NMR spectra.44 The sensitivity improve-
ment provided by hyperpolarization thereby overcomes the long
5936 | Chem. Sci., 2020, 11, 5935–5943
measurement time required for conventional NOE experiments.
Here, we demonstrate that the efficiency of the NOE measure-
ment is signicantly improved by multi-dimensional NMR
spectroscopy, which includes a 2D correlation of protein spins
combined with Hadamard encoding of ligand signals in a third
dimension. In the Hadamard spectroscopy,45 discrete chemical
shis are encoded in a small number of scans, making it suit-
able for use with hyperpolarization. The reconstructed pseudo-
3D spectrum contains a similar level of information as would be
available from conventional NMR spectra with longer acquisi-
tion time. The spectra are used to calculate the binding epitope
structure of a ligand for the dihydrofolate reductase (DHFR)
protein.
Results and discussion

Rapid injection of the hyperpolarized ligand folic acid into the
DHFR protein solution leads to selective polarization transfer
from the ligand 1H spins to their nearby 1H spins on the
protein. Signals resulting from this polarization transfer can be
seen in the hyperpolarized 2D SOFAST-HMQC spectra shown in
Fig. 1a. A spectrum with hyperpolarized ligand (blue) is
compared to a spectrum acquired with the same sample and the
same SOFAST-HMQC pulse sequence aer hyperpolarization
has decayed (gray). The spectra are acquired with selective 1H
excitation of the side-chain methyl region only, to avoid
consumption of the polarization of the ligand spins (2 ppm to
8.7 ppm) other than through the inevitable relaxation. In the
spectrum with hyperpolarization, several strongly enhanced
peaks are visible. This observation is conrmed by comparing
the one-dimensional projections of the two spectra (Fig. 1a,
top). The extent of peak overlap in the projection however
illustrates the necessity for acquiring the 2D data. In Fig. 1b,
slices of the 2D spectra measured with and without DNP
This journal is © The Royal Society of Chemistry 2020
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hyperpolarization are compared, showing the signal enhance-
ments through transfer of hyperpolarization for single peaks.
These slices can also be compared with one-dimensional 1H
NMR traces acquired with a coherence lter to select the cor-
responding 13C chemical shi. Such spectra were previously
reported in Fig. 1b of ref. 44. They contain the same correla-
tions, albeit in narrow chemical shi ranges. The comparison
illustrates that the hyperpolarized 2D measurement signi-
cantly outperforms the 1D experiment in terms of information
content, with a single 2D spectrum covering a width of 24 ppm
in the 13C dimension.

Although polarization transfer through intermolecular NOE
leads to selective enhancement of protein signals in the 2D DNP
SOFAST-HMQC spectra, a correlation with the origin of polari-
zation on individual ligand protons needs to be established in
order to obtain atom-to-atom distance information. This
correlation information was obtained by applying Hadamard
encoding on ligand signals immediately aer the hyper-
polarized ligand was mixed with the protein preloaded in the
NMR magnet. Each of a total four DNP-NMR experiments
started with an inversion pulse on selected ligand resonances
according to a 4 � 4 Hadamard matrix, followed by a fast
[1H–13C]-HMQC (heteronuclear multi-quantum correlation)
acquisition of the enhanced signals from 13C labeled protein.

The hyperpolarized 1H NMR spectrum of the folic acid
ligand shows that the largest signals were observed for three
ligand peaks, H7, H20/H60 and H30/H50 (Fig. 2). Signal enhance-
ments compared to non-hyperpolarized NMR spectra at 400
MHz were 1160, 530, and 500, respectively. These signals are
also well-resolved and outside of the spectral range containing
the protein methyl resonances.
Fig. 2 (a) Structure of folic acid. (b) Hyperpolarized 1H spectrum of
folic acid with peak assignments labeled. DMSO designates the
dimethyl sulfoxide signal from the glassing matrix used for DNP
hyperpolarization.

This journal is © The Royal Society of Chemistry 2020
The chemical shi information for these three signals was
encoded in the spectra (1)–(4) using a Hadamard scheme, as
dened by a 4 � 4 matrix:

(1)

Each row of this matrix corresponds to one of 4 NMR
experiments. The rst three columns represent three encoded
ligand peaks; a: H7, b: H20/H60 and c: H30/H50, respectively, while
the fourth column represents the sum of all other ligand reso-
nances. Entries of�1 indicate that in the respective experiment,
the corresponding signal was inverted. According to this
scheme, no inversion was applied in the rst experiment,
whereas two frequencies out of the three selected ligand reso-
nances were selectively inverted using a dual-frequency pulse in
the other three experiments.

In the rst scan of each of the DNP experiments, the acquisi-
tion of a 1D NMR spectrum was integrated into the mixing time
between the inversion pulse and the 2D acquisition. The excita-
tion pulse for this spectrum consisted of a 1� hard pulse, which
was chosen to obtain a signal by consuming only an insignicant
amount of the initial spin polarization. The resulting spectra are
shown in Fig. 3a. They can be used to conrm the success of
ligand 1H encoding, and also to determine accurate enhancement
factors, which may vary between experiments. The results of the
corresponding four Hadamard-encoded 1H–13C SOFAST-HMQC
experiments are shown in Fig. 3b. Compared to the spectrum
with all (+1) encoding, a signal reduction for the methyl peaks can
be seen in each of the other three spectra with selective ligand
inversion. However, no peaks drop to the negative level. This
behavior is expected because of positive polarization build-up
during the mixing and stabilization period of about 0.65 s
before the selective p pulse is applied, in addition to the possi-
bility that other non-inverted ligand protons also contribute to the
polarization transferred to the same methyl peak.

Reconstruction of the encoded information was performed
by adding or subtracting the spectra of Fig. 3b according to
a Hadamard transform.45 Before the reconstruction process,
each spectrum was scaled with a normalization factor due to
the variations in the nal sample concentration aer injection
and the hyperpolarization level gained for each DNP experi-
ment. A description of how the Hadamard transform generates
the pure correlated signals is given in the ESI.† The nal
reconstructed 2D spectra are shown in Fig. 4. Each of these
spectra contains the protein methyl group signals originating
from polarization of one of the three ligand protons a, b or c.
Simultaneous incorporation of 2D NMR and Hadamard
encoding with the dissolution DNP techniques allows fast
acquisition of intermolecular NOEs. The information is similar
to that from conventional 3D ltered NOESY experiments
shown in ref. 23, but is obtained in a fraction of the time with
hyperpolarization.
Chem. Sci., 2020, 11, 5935–5943 | 5937
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Fig. 3 (a) Hyperpolarized 1H spectra of folic acid in the presence of preloaded DHFR, measured as the first scan in the DNP experiment with 1�

excitation and encoded according to the Hadamard matrix in the text with selective inversion on resonances a–c. (b) The corresponding 2D
SOFAST-HMQC spectra of enhanced protein signals in the methyl region.
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In each of the three reconstructed spectra, distinct signal
patterns are observed, allowing the determination of the source
of polarization for each observable methyl group. With Hada-
mard encoding of the ligand side, a gain in signal-to-noise ratio is
expected, since each reconstructed spectrum contains informa-
tion from four individually acquired spectra. At the same time,
the protein signals that do not result from transfer of encoded
polarization are eliminated aer the reconstruction. As a result,
all observable signals in the reconstructed 2D spectra correspond
to protein spins, in contact with the ligand methyl groups.

In Fig. 4, each of the three reconstructed spectra is super-
imposed on a conventional 1H–13C HSQC spectrum. The
Fig. 4 Hadamard reconstructed SOFAST-HMQC spectra (blue) of theme
which polarization originated are indicated above each spectrum. Underl
and methyl group labels indicate all assignments overlapped with the o
peaks in the conventional spectrum are represented with black dots.

5938 | Chem. Sci., 2020, 11, 5935–5943
conventional spectrum shows the chemical shi assignments of
each methyl group. The same spectrum with the detailed
assignments of all methyl groups is further displayed in the ESI
(Fig. S1†). Based on these assignments, the signals in the hyper-
polarized 2D spectra can be identied for use in a scoring func-
tion for ranking the docked poses. The resolution of the
hyperpolarized spectra however does not allow an unambiguous
assignment in all cases. Therefore, all candidates that show
overlap with the peaks in the reconstructed DNP spectra were
considered as potentially part of the binding site and included in
the further calculation. In total, 16 methyl groups were identied
as potential assignments for the 9 observed NOE peaks in Fig. 4.
thyl group chemical shift region of the protein. The ligand protons from
aid in gray is the conventional HSQC spectrum of the protein. Red dots
bserved signals in the reconstructed DNP spectra. Additional assigned

This journal is © The Royal Society of Chemistry 2020
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A scoring function (NOE score) for quantifying the difference
between the simulated and experimental NOE signals was
dened to rank the 250 poses generated by the AutoDock
program. The target structure for docking was chosen as DHFR
co-crystallized with a different ligand, methotrexate (MTX).46

This choice reects a typical situation in drug discovery
projects, where structures of the target alone or in complex with
other ligands may be available. For each of the 250 folic acid
poses generated by the docking program, the polarization
transfer process that occurred during the D-DNP experiment
covering the whole process starting from the mixing of the
sample to the start of 2D acquisition for all ligand protons and
protein protons located within 6 Å of the ligand were simulated
based on the complete relaxation and conformational exchange
matrix analysis (CORCEMA).47 This strategy is similar to that
described in ref. 44, but results in a more accurate scoring
function because of the increased number of constraints from
the 2D spectra.

The Hadamard transform was applied to the calculated
results for all methyl groups within the chemical shi range in
Fig. 4. The sum of the calculated signals for each of the methyl
groups with assignments overlapping with the observed peaks
in the reconstructed spectra represents the expected signal for
the observed NOE peak. For the remaining methyl groups, no
NOE signals are expected. As a result, the scoring function
includes information both for protons with and without NOE
signals.

The ve poses with the best NOE score are shown as blue
structures in Fig. 5a, with all methyl protons within 5 Å of these
poses also displayed. These methyl groups cover most of the
NOE signals observed in the reconstructed spectra in Fig. 4,
except for a weak NOE signal assigned to T35g2. It can be seen
that the agreement among the selected poses is high in
Fig. 5 Evaluation of ligand trial poses ranked by NOE score. (a) Overlay o
the crystal structure (red; PDB: 1RE7 (ref. 46)). For the overlay, the two p
Molecular Graphics System, Version 2.2, Schrödinger, LLC), and plotted us
as spheres in all of the poses. Protein methyl groups from the crystal stru
gray spheres. (b) Correlation plot of NOE score vs. RMSD between the tria
displayed in (a). The RMSD values in the three panels are calculated con
heavy atoms in the ligand structure excluding the glutamate portion (mi

This journal is © The Royal Society of Chemistry 2020
particular for the 5 encoded protons, and the entire pteroyl
moiety, where the encoded protons are located. The glutamate
tail in the part of the ligand without encoded protons shows
lower agreement in the 5 selected poses. The agreement among
the selected structures can be quantied by the averaged pair-
wise root-mean-square deviation (RMSD) values, which are
calculated as 0.88 Å for the 5 encoded protons, 0.68 Å for heavy
atoms in the pteryol group and 2.19 Å for heavy atoms in the
glutamate group. For comparison, a reference structure of
DHFR-folic acid complex (PDB: 1RE7 (ref. 46)) is underlaid in
red in Fig. 5a. High consistency is also observed between the 5
poses and the reference structure for the 5 encoded protons and
the pteroyl moiety, with lower agreement for the glutamate tail.
The averaged RMSD values for the 5 poses against the reference
structure are 0.76 Å when calculating the 5 protons, and 0.85 Å
for heavy atoms in the pteroyl moiety. Since the structure used
for docking purposefully was chosen to be the crystal structure
of DHFR in complex with a different ligand, an exact agreement
between the calculated structures and the crystal structure in
Fig. 5a is not expected. The results could possibly be further
improved if some protein exibility is allowed in the docking.

Similar conclusions can be drawn from the correlation plot
of the NOE score vs. structural RMSD values between the ligand
poses and the reference structure (Fig. 5b). The highest corre-
lation of these quantities is observed when considering only the
5 ligand protons that were encoded (le panel). This is followed
by considering exclusively the pteroyl moiety (central panel).
The entire ligand structure shows the lowest correlation (right
panel). This result is reasonable, considering that atoms in the
glutamate tail, without encoding, have no direct NOE correla-
tion information. Considering the RMSD values to the crystal
structure for the 5 encoded protons, the ve poses selected by
the NOE score rank 15, 1, 2, 4 and 3 among the 250 poses
f the five docked poses with the best NOE score (blue) and the ligand in
rotein structures were aligned on all atoms using PyMOL (The PyMOL
ing UCSF Chimera.48 The five encoded protons of the ligand are shown
cture that are within 5 Å of the five selected poses are represented with
l pose and the crystal structure. The blue circles represent the five poses
sidering the five ligand protons encoded with selective inversion (left),
ddle), and heavy atoms in the whole ligand structure (right).

Chem. Sci., 2020, 11, 5935–5943 | 5939
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Fig. 6 Pulse sequence for the [1H–13C]-SOFAST-HMQC experiment with ligand resonances encoded by a Hadamard scheme. After the injection
(tinj. ¼ 375 ms) and sample stabilization (tstab. ¼ 385 ms), the NMR experiment was triggered. Repeated 20 ms EBURP p/2 pulses followed by
pulsed-field gradients Gx (44.8 G cm�1), Gy (38.6 G cm�1), Gz (33.5 G cm�1) were applied for water suppression. The two p/2 pulses on the 13C
channel were applied with gB1/2p¼ 11.4 kHz. A 12.7 ms dual Gaussian shaped pulse with flip angle of pwas applied simultaneously on two ligand
1H resonances followed by a pulsed field gradientGz (47.7 G cm�1). The first 1H scan was acquired after a hard pulse with a small flip angle (1�) for
enhancement determination of hyperpolarized ligand signals. In the following [1H–13C]-SOFAST-HMQC pulse sequence, a 2.8 ms PC9 shaped
pulse (flip angle 2p/3, �2 ppm bandwidth) and a 1.9 ms RSNOB shaped p-pulse were centered at 0 ppm for selective methyl proton excitation
and refocusing. The coherence transfer delay was set to 1/(2JCH) asD¼ 3.5 ms. A 13C GARP decoupling sequence (gB1/2p¼ 3.1 kHz) was applied
during the acquisition. Pulsed field gradients were applied with Gz,1 (7.5 G cm�1) andGz,2 (4.8 G cm�1). A total of 40� 1200 points were acquired
for the 13C and 1H dimensions, with t1,max ¼ 8.2 ms and t2,max ¼ 100 ms, respectively.
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(Fig. 5b). On the other hand, the energy-based AutoDock score
generated by the docking program ranks the ve selected poses
as 156, 114, 11, 35 and 8 among 250 poses. This comparison
illustrates the benet of including the experimental NOE
information. These ve poses are compared with the ve poses
with lowest calculated binding energy in Fig. S2.† The latter
structures, without experimental input, give average RMSD
values to the reference structure of 1.41 Å for the 5 encoded
protons and 1.27 Å for the pteroyl moiety, larger than the RMSD
values of 0.76 Å and 0.85 Å for the structures selected by the
NOE score function. Among the 5 structures selected by Auto-
Dock, one pose further gives an apparently wrong conformation
for the pteridine ring, which is ipped by approximately 180
degrees compared to the reference structure. The inclusion of
the experimental information therefore leads to a clear
improvement in the accuracy of ligand pose selection.

Hyperpolarization generates a deviation from equilibrium for
the NOE source spin, which is orders of magnitude larger than
the population inversion in conventional NOESY experiments.
The resulting sensitivity gain substantially accelerates the
measurement of intermolecular NOEs. Here, each of the 4
hyperpolarized experiments required an acquisition time of only
5 seconds, following a polarization build-up time of approxi-
mately 20 minutes. A conventional 3D NOESY experiment typi-
cally requires several days at a target concentration in the
submillimolar range.37 The short NMR acquisition time in the
DNP experiment can be especially useful for protein samples
that are not stable for extended periods. The polarization
transfer to protein allows identication of the protein spins in
the binding site in a single experiment. The hyperpolarization
thereby provides a natural selectivity based on signal strength for
protein spins that are located in the binding site against all other
5940 | Chem. Sci., 2020, 11, 5935–5943
non-hyperpolarized species. This selectivity is in addition to
isotope label based lters in the pulse sequences.

The large signal enhancement can also benet ligand-observed
NMR methods. Examples of combining D-DNP with the
INPHARMA21 and the WaterLOGSY20 experiments have been
demonstrated for obtaining structure-related information about
the protein–ligand binding. However, here, the protein side
observation enables the determination of the binding mode
directly from observing specic intermolecular contacts. As in
conventional protein-observed methods, limitations including
a target size limit of around 30 kDa and the need for isotopic
labeling of protein also exist in this hyperpolarized NOE
measurement. Also as in corresponding conventional experi-
ments, there is a requirement for knowledge of chemical shi
assignment information and of a protein structure model. The
method with hyperpolarization described here is in particular
suitable for rapid structural characterization of ligand–protein
binding for a series of different ligands with the same target. As
described previously, the simulation of the intermolecular NOEs
includes all methyl groups sharing similar 1H and 13C chemical
shis. Methyl groups that are not located in the binding site,
although included in the calculation, do not signicantly
contribute to the simulated NOE intensities for the correct ligand
poses if located at a large distance from the ligand spins. This
feature allows some ambiguity in the NOE assignment and might
provide the potential for extending the current method to an
assignment-free approach. Several methods have already been
described for determination of the structure of ligand–protein
interaction site based on NOE distance restraints, where no
protein resonance assignments are required. Constantine et al.
proposed to rescore the pre-docked ligand based onmatching the
observed and predicted patterns of intermolecular NOEs.30 In
This journal is © The Royal Society of Chemistry 2020
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a distance restraints-driven method by Orts et al., all possible
assignment combinations are screened, with ltering steps
included to reduce the total number of possibilities to be calcu-
lated.49 To apply these strategies with DNP-assisted intermolec-
ular NOE experiments, the resolution of the 2D measurement
should be improved to avoid peak overlapping. In addition, highly
efficient experiments with more ligand frequencies encoded can
be developed to collect a larger number of NOEs.

In the 2D SOFAST-HMQC experiment, spin polarization of
the measured protein spins is consumed in each scan, so that
the success of multi-dimensional spectroscopy depends on
polarization continuously transferring from the ligand to the
protein. As a consequence, hyperpolarization loss due to T1
relaxation of ligand 1H spins limits the total experimental time
and the number of indirect points that can be measured.
Techniques that can slow down the ligand T1 relaxation,
including separating the radicals aer dissolution, increasing
the temperature, or using deuterated solvent, provide possible
ways to increase both the resolution and sensitivity of the
experiment.
Conclusions

In summary, the combination of hyperpolarized 2D NMR
spectroscopy for protein detection and Hadamard encoding
of ligand resonances results in pseudo 3D measurements of
specic intermolecular NOEs between protein methyl groups
and ligand proton spins. In DHFR, a total of four DNP-NMR
experiments identied 9 different NOE contacts, which
resulted in the selection of a ligand structure that shows
a good agreement with the reference structure for the part of
ligand containing the encoded protons, giving an average
root-mean-square value of 0.76 Å for the ve encoded protons.
The described method of using multi-dimensional NOE data
from hyperpolarized spins to score pre-docked ligand poses
can correctly solve the structure of protein–ligand complexes
in the binding site. Future applications may include acceler-
ation of ligand optimization in structure-based rational drug
design.
Experimental
Sample preparation

Uniformly 13C enriched DHFR was produced by expression from
the pET-duet-1 plasmid in E. coli BL21 (DE3) cells, cultured in
M9 minimum medium containing 3 g L�1 [U–13C]glucose. The
His-tagged protein was puried by a Ni2+-NTA column followed
by gel ltration chromatography as previously described.23

Puried DHFR was prepared as a 5 mM stock solution in 50 mM
phosphate buffer (pH 6.8) containing 1 mM EDTA, 1 mM DTT,
50 mM KCl. The concentration was determined by measuring
UV-Vis absorption at 280 nm.
NMR spectroscopy

For DNP hyperpolarization, samples of 350 mM folic acid
(Spectrum Chemicals, Gardena, CA) were prepared in D2O/
This journal is © The Royal Society of Chemistry 2020
DMSO-d6 (v/v 7 : 3) containing 15 mM 4-hydroxy-2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPOL; Sigma-Aldrich, St.
Louis, MO). 30 mL aliquots of the mixture were hyperpolarized
on 1H spins in a HyperSense DNP polarizer (Oxford Instru-
ments, Abingdon, UK) under 100 mW microwave irradiation at
a frequency of 94.005 GHz, and a temperature of 1.4 K. Aer
20 min, a frozen DNP sample was dissolved by 4 mL phosphate
buffer (50 mM, pH 6.8) preheated until reaching a vapor pres-
sure of 6 bar and then injected into a 5mmNMR tube. The NMR
tube was pre-installed in the 400 MHz NMR magnet (Bruker
Biospin, Billerica, MA). In the NMR tube, a total of 25 mL of
5 mM protein solution was preloaded, which mixed with the
hyperpolarized ligand during injection. The injection was ach-
ieved by applying N2 gas at a forward pressure of 1.81 MPa
against a back pressure of 1.03 Mpa. The middle of this injec-
tion period was considered as the point when themixing started
(a in Fig. 6, t ¼ 0 s). NMR measurements were programmed to
automatically start aer an additional period for sample stabi-
lization (b in Fig. 6, t ¼ 0.57 s). The nal sample concentrations
were determined individually for all the samples, resulting in
average values of 4.9 � 0.4 mM and 0.34 � 0.02 mM for the
ligand and protein, respectively.

All hyperpolarized NMR spectra were acquired in a 5 mm
triple-resonance inverse detection (TXI) probe (Bruker Biospin,
Billerica, MA) at a temperature of 303 K. The NMR pulse
sequence consists of a selective dual-frequency inversion pulse
for ligand 1H encoding (c in Fig. 6, t ¼ 0.65 s), a small ip-angle
excitation (point d, t ¼ 0.68 s) and the subsequent 1H acquisi-
tion for determination of ligand 1H enhancement, and
a [1H–13C]-SOFAST-HMQC50 sequence for detection of 1H and
13C correlation for the protein methyl groups (point e, t ¼ 0.78
s). Two ligand resonances were chosen to be inverted simulta-
neously in each experiment according to the Hadamard matrix
(eqn (1)). Four consecutive DNP NMR experiments were con-
ducted for a complete encoding. The enhancement factors for
ligand protons in each experiment were determined by
comparing the peak integrals measured in the 1D DNP NMR
spectra with those obtained at thermal polarization. The nal
concentration of folic acid was measured using absorbance at
350 nm by UV-Vis spectroscopy aer each DNP experiment,
while the protein concentration was determined by comparing
the 1H NMR signals recorded under thermal polarization to
a known standard. Backbone and side-chain chemical shis
assignments of the DHFR complexed with folic acid were ob-
tained previously,23 by mapping reported values to the experi-
mental conditions used.51
Hadamard reconstruction

The four hyperpolarized SOFAST-HMQC spectra were rst
normalized by a factor, which is the product of the ligand signal
enhancement from the corresponding 1D NMR spectra and the
nal protein concentration in each sample (Table S1†). Spectra
were then further processed with the Hadamard transform
described in the ESI,† to generate reconstructed spectra con-
sisting of methyl NOE peaks corresponding to each of the three
encoded ligand resonances.
Chem. Sci., 2020, 11, 5935–5943 | 5941
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Docking and simulation

250 ligand trial poses were generated by docking folic acid into
the DHFR binding pocket using AutoDock 4.2 (ref. 52) as
previously described,44 and complete relaxation and confor-
mation exchange matrix analysis47 were applied in the same way
to simulate time-dependent polarization transfer for all
involved ligand and protein 1H spins. All equivalent protons,
including the methyl protons, were treated as individual
atoms.47 For the ligand and protein concentrations, the
enhancement factors for the hyperpolarized ligand and the
additional factors to account for incomplete inversion of the
ligand signals (Table S1†), the averaged values from 4 experi-
ments were used. Starting from the occurrence of mixing (point
a in Fig. 6, t ¼ 0 s), the band-selective inversion was applied as
inverting the corresponding two ligand signals at t ¼ 0.65 s
(point c). The simulated NMR signals in the four encoded
SOFAST-HMQC spectra were obtained for all methyl protons
involved in the calculation using the simulated magnetization
at the start of the 2D measurement of t ¼ 0.78 s (point e). The
Hadamard transform was applied and the potential methyl
peaks appearing at the position for the same NOE peaks were
grouped together to generate the simulated NOE signals cor-
responding to each encoded ligand resonance.

A scoring function, NOE score, was dened to represent the
deviation of the simulated results from the experimental data,
covering N methyl groups for observed NOE signals and M
methyl signals that are not observed in the 3 reconstructed

spectra, as NOE score ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i
ðSExp;i � SSim;iÞ2 þ

PM
i
SExp;i2

s
. Here,

Si represents the relative peak intensity dened as the ratio of
individual signal to the sum of intensities of all observed peaks
in a single reconstructed spectrum for both simulated and
experimental results. For the two indistinguishable Hd methyls
in leucine for L28, L36, L54 and L156 without stereospecic
assignment, all possible combinations were calculated and the
lowest NOE score was selected. The calculated NOE score was
used to rank the 250 poses.
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