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ABSTRACT: Dynamic nuclear polarization is an emerging technique for sensitizing solid-state NMR experiments by
transferring polarization from electrons to nuclei. Stable biradicals, the polarization source for the cross effect mechanism, are
typically codissolved at millimolar concentrations with proteins of interest. Here we describe the high-affinity biradical tag TMP-
T, created by covalently linking trimethoprim, a nanomolar affinity ligand of dihydrofolate reductase (DHFR), to the biradical
polarizing agent TOTAPOL. With TMP-T bound to DHFR, large enhancements of the protein spectrum are observed,
comparable to when TOTAPOL is codissolved with the protein. In contrast to TOTAPOL, the tight binding TMP-T can be
added stoichiometrically at radical concentrations orders of magnitude lower than in previously described preparations. Benefits
of the reduced radical concentration include reduced spectral bleaching, reduced chemical perturbation of the sample, and the
ability to selectively enhance signals for the protein of interest.

Bound Biradicals (TMP-T)

H INTRODUCTION lead to NMR signal bleachin%, line broadening, and other
. . 0
paramagnetic relaxation effects.”™ These effects can be useful
structural probes,””> but can also lead to signal losses.
Moreover, free radicals can perturb cellular function at high
concentrations.””** Lastly, hydrophobic radicals, such as
TOTAPOL, may precipitate, aggregate, or bind proteins,M’zs’26
possibly at surface sites, which can provide a nonspecific way to

The recent past has seen a dramatic increase in the range of
methods and applicability for solid state NMR of biological
systems.' > Nevertheless, for complex systems or systems
available in limited quantity, detection sensitivity continues to
be an important challenge. Dynamic nuclear polarization

(DNP) experiments enhance NMR signals by transferring S t ’
electron polarization from paramagnetic compounds to nearby target biradicals. Recent attempts to control radical solubility

L - 2728 ..
nudei One particularly robust mechanism, the cross effe ct 58 and location include solubilization in surfactants, caging in

.29 . . . . . 30 .
uses nitroxide biradicals such as TOTAPOL cosolubilized with cyclodextrin,™ labeling peptides with biradicals,” radical tagged
9—11 livids. > “oluing” wi 33
- ipids, gluing” with trehalose,”™ use of endogenous

a system of interest, with measurements performed near ] 3
paramagnetic cofactors,””

. TP s 33 labeling with paramagnetic metal
100 K. DNP experiments with biradical polarizing agents have & p &

36 - . .
enabled studies of amyloidogenic peptides, bacteriorhodopsin, chelators,™ and the useé7of a biradical-tagged peptide that binds
acetylcholine receptors,’>~'* and many other systems.'6~" the protein of interest.”” Covalent attachment of the biradicals

, .

For DNP studies of heterogeneous biomolecular mixtures, TOTAPOL .and AMUPOL via cysteine-specific methanthiostlll—
the biradical is typically added at millimolar concentrations and fonate chemistry has also been reported as a method for matrix-

. 22,38
the distance between the radical and the protein of interest is free membrane protein enhancement.
not deliberately controlled. A number of adventitious effects of
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Scheme 1. Synthesis of TMP-T from TMP-COOH and TOTAPOL
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Here, we prepared a high affinity biradical-tagged ligand
specifically targeted to a protein of interest and investigated
how binding the biradical to the protein affects key parameters
in the DNP experiment. We adapted the TMP-DHFR tagging
approach,”~*' predicated on the high affinity and selectivity of
the inhibitor trimethoprim (TMP) for E. coli dihydrofolate
reductase (DHFR) (Ky ~ 15 nM**), whose binding mode is
known from crystallography.*’ TMP has been derivatized with
fluorophores for in vivo imaging of DHFR fusion proteins in
mammalian cells, making the DHFR-based system a general-
izable biradical tagging approach through the use of fusion
proteins. We derivatized trimethoprim with the popular
nitroxide biradical TOTAPOL, yielding the tight-binding
biradical tag we dubbed TMP-T. We characterized TMP-T
and its complex with DHFR using high field DNP,
demonstrating the potential of a ligand-based tag to enable
novel DNP applications.

B MATERIALS AND METHODS

Synthesis of TMP-T (2-(4-((2,4-Diaminopyrimidin-5-
yl)methyl)-2,6-dimethoxyphenoxy)-N-(1-hydroxy-
2,2,6,6-tetramethylpiperidin-4-yl)-N-(2-hydroxy-3-((1-
hydroxy-2,2,6,6-tetramethylpiperidin-4-yl)oxy)propyl)-
acetamide). TOTAPOL (1-(2,2,6,6-Tetramethyl-1-oxy-4-
piperidinyl)oxy-3-(2,2,6,6- tetramethyl-1-oxy-4-piperidinyl)-
amino-propan-2-ol [1-(TEMPO-4- oxy)-3-(TEMPO-4-amino)-
propan-2-ol]) and TMP-COOH (2-(4-((2,4-diaminopyrimi-
din-S-yl)methyl)-2,6-dimethoxyphenoxy)acetic acid) were syn-
thesized according to literature procedures (see Scheme 1)1
To couple TOTAPOL and the TMP acid, TMP-COOH (20
mg, 0.05 mmol) was dissolved in DMF (2 mL) followed by the
addition of EDC-HCI (20 mg, 0.1 mmol). Then TOTAPOL
(20 mg, 0.05 mmol), HOAT (2 mg, 0.015 mmol), and
diisopropylethyleneamine (187 uL) were added sequentially.
The resulting red solution was stirred at room temperature
under nitrogen for 48 h. After TLC showed that TOTAPOL
was completely consumed, the reaction was quenched by
adding ethyl acetate (S mL). The solvents were removed under
vacuum and the resulting solid was subjected to flash column
chromatography with methylene chloride and methanol as the
mobile phase (first 6:1, then 1:1 v/v). The second fraction was
collected as the product (20 mg, yield 56%). The product was
characterized by LC-MS (ESI+) and FT-IR. The m/z calculated
for C;H,N,Og (M+H) is 716.43, and the observed mass is
716.56. Supporting Information Figure S1 shows ATR- FTIR
analysis of TMP-T.

Protein Expression and Labeling with TMP-T.
U-"C,N DHFR was prepared as in ref 39 with the
modification that E. coli cultures were grown in “C,"N-
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minimal media (see Figure $3).*’ The purified protein was
buffer exchanged into 98.5 + 1.0% *H-PBS, pH 7.4 and
concentrated at 4 °C using an Amicon Ultracel 10k centrifugal
concentrator at 4150 g. Protein concentration was measured by
UV/vis (&,50= 31,100 for DHFR) and dj-glycerol was promptly
added to 30% v/v to prevent precipitation. For non-
stoichiometric samples, concentrated DHFR stocks were
mixed with biradical stocks of known concentration, also
containing 30% v/v glycerol-dg, along with any additional
additives (e.g., *C-glucose, DMSO, TMP). The composition of
all samples is available in Table S1.

For samples with 1:1 TMP-T:DHFR stoichiometry, we
capitalized on the tight binding of DHFR and TMP-T in the
micromolar range. Approximately 0.3 mM DHEFR stocks were
incubated with an 8-fold excess of TMP-T. Unbound TMP-T
was removed by concentrating this mixture using a 10 kDa filter
and washing twice with deuterated PBS buffer. The final
concentration of free or excess TMP-T was assessed by EPR to
be <5 uM, orders of magnitude lower than the DHFR
concentration. Kickoff experiments (Results and Discussion
Section, Figure 1b) indicated that these samples had a 1:1
stoichiometry of TMP-T:DHFR.

For some samples, extra care was taken to achieve high
(>98%) deuteration levels (as indicated in “Other” column in
Table S1). This entailed minimizing atmosphere exposure to
under a few minutes, and using a stock solution of 10X
concentrated deuterated PBS to prepare fresh 1X buffer for
each sample so that 90% of the solution would be “new” buffer.
Solutions were adjusted to a pH of 7.4 using a 12 M NaOH
solution in H,O; protons introduced were calculated to be
<0.05%.

For frozen solution DNP-SSNMR, approximately 25 uL of
sample was centrifuged into a 3.2 mm Bruker DNP sapphire
rotor using a custom-built centrifugal packing funnel and a
benchtop centrifuge. All samples were stored at —80 °C.

CW X-Band EPR and DNP Experiments. CW-EPR data
were acquired at room temperature using a Bruker EMX X-
band EPR spectrometer at a microwave frequency of 9.756
GHz, with a center field of 3480 G and sweep width of 100 G.
MW power and modulation amplitude were varied to ensure
that line shape and intensity were unchanged, and conditions
chosen to maximize S/N. Final EPR parameters were a
modulation frequency of 100 kHz, modulation amplitude of
1.00 G, conversion time of 164 s, and microwave power of 20.1
mW.

DNP-SSNMR experiments were performed on a 600 MHz
(14.1 T) Bruker AVANCE III-DNP system at the New York
Structural Biology Center (NYSBC), equipped with a 395 GHz
gyrotron, a HCN E-free probe and a 4-channel HCND probe.
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Figure 1. Room temperature 9.5 GHz EPR spectra of (a) 50 uM
TMP-T before (red) and after (black) addition of 100 yuM DHFR,
with the bound spectra expanded to show broadening. (b) 100 uM 1:1
TMP-T:DHFR complexes before (black) and after (red) addition of
20-fold excess trimethoprim to kick off TMP-T.

A 400 MHz (9.4 T) Bruker AVANCE-III-DNP system at
Bruker Biospin (Billerica, MA), equipped with 263 GHz
gyrotron and 3-channel HCN DNP probe, was used for
measurements at a lower magnetic field. MAS rates of 8 kHz
were used for all samples except the spectrum acquired at 400
MHz (9.4 T) (see Figure 3), which was acquired at 9 kHz.
Typical LTMAS temperatures were 98 K for variable-
temperature (VT) gas, ~ 105 K for bearing gas, and ~104 K
for drive gas. Prior to experiments, gyrotron parameters were
calibrated to yield a smooth power curve/enhancement profile,
and TOTAPOL enhancement was checked at the experimental
conditions using a U—"C,>N proline sample, yielding an
enhancement factor of 23 at 600 MHz. All spectra were
acquired with a recycle delay of 3 s. CP experiments were
performed with a 10% tangential ramp, a "H 90° pulse of 2.5 us
(100 kHz), and with proton decoupling field strength of 100
kHz.

B RESULTS AND DISCUSSION
EPR Characterization of TMP-T and Binding to DHFR.

Trimethoprim can be extensively derivatized while keeping the
K; in the nanomolar range.40‘42 We therefore chose it as a
scaffold for TOTAPOL derivatization and synthesized the high-
affinity biradical tag TMP-T (see Scheme 1). To characterize
TMP-T, we used EPR spectroscopy, which is exquisitely
sensitive to the nitroxide’s environment®™ and reflects
molecular structure as well as interactions with proteins or
other macromolecules.”” ™ We compared the experimental
CW X-band EPR spectra of aqueous TMP-T to that of
TOTAPOL (see Figure SS). Relative to TOTAPOL, TMP-T
has a slightly increased line width, likely indicating that the
trimethoprim derivatization leads to hindered rotation of the
nitroxides and intramolecular interactions with the hydrophobic
trimethoprim. When bound to DHFR, the EPR spectrum of
TMP-T undergoes both intensity and line width changes (see
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Figure la), indicative of a change in the nitroxide’s environ-
ment. We used these spectral changes to confirm that binding
of TMP-T to DHFR is indeed stoichiometric (i.e., greater than
95%) under our DNP sample preparation conditions by
preparing 100 yM 1:1 DHFR:TMP-T complexes that were
washed to remove unbound TMP-T (see Materials and
Methods Section). We then “kicked-off” the bound TMP-T
by adding a 20-fold excess of trimethoprim and recovered the
EPR spectrum of free TMP-T (see Figure 1b). The protein
concentration, as measured by UV/vis spectroscopy, and the
biradical concentration, as measured by EPR using a standard
curve, agree within error of the two methods (55 + S uM
protein concentration, 63 + 8 uM biradical concentration),
indicating that binding is essentially 1:1.

To further quantify the binding affinity of TMP-T for DHFR,
we used a fluorescence polarization competition experiment
where a fluorescent analog of trimethoprim, TMP-TAMRA
(Figure S6) was competitively displaced with TMP-T, resulting
in changes in the measured fluorescence anisotropy (see SI and
Figure S7). These experiments showed that TMP-T binds
DHER tightly with a K of 165 + 7 nM.

Enhancements/Dilution. When stoichiometrically bound
to TMP-T, a frozen solution of U="3C,">N-DHFR in 30/70 v/
v dg-glycerol/D,0O was enhanced by DNP using a 395 GHz
gyrotron at 14.1 T (600 MHz 'H-field), and detected using
CPMAS "C NMR spectroscopy. We obtained excellent
enhancement factors & (defined as the ratio of carbonyl
intensity with gyrotron on to gyrotron off"®), comparable to
optimal conditions for TOTAPOL experiments (see Table S1).
In fact, 4.5 mM 1:1 TMP-T:DHFR complexes had the same
enhancement as a sample with 10 mM TOTAPOL and a
similar protein concentration (Table S1). To explore how
specific binding affects DNP parameters, we prepared samples
at a range of TMP-T/DHFR concentrations and ratios and
compared them to TOTAPOL samples collected under similar
conditions.

The dependence of enhancement on biradical concentration
for both TMP-T and TOTAPOL is shown in Figure 2. For
TOTAPOL, consistent with prior reports,48’49 optimal
enhancements were obtained at a radical concentration of 20
mM, with an enhancement of 28 (Figures 2 and S8 and Table
S1). Buildup times (Ty, measured according to pulse sequence
in Figure S4) were closely dependent on radical concentration,
decreasing from 5.0 to 2.3 s as the TOTAPOL concentration
increased from 4 to 20 mM (Table S1). When TOTAPOL was
diluted, the enhancement degraded dramatically, providing little
enhancement at 1 mM TOTAPOL:0.5 mM DHFR, with a
significantly lengthened Ty of ~27 s (Table S1). Moreover,
enhancement for 20—21 mM TOTAPOL was very similar even
when protein concentration differed by an order of magnitude
(6.5 mM vs 0.5 mM, see Table S1), indicating that, for
TOTAPOL, enhancement is dominated by biradical concen-
tration, regardless of analyte concentration.

In contrast, for TMP-T, enhancement and polarization
buildup times depended on the stoichiometry of TMP-T bound
to DHFR. For a stoichiometric and superstoichiometric sample
([TMP-T]/[DHEFR] = 4.5 mM/4.5 mM or 7.0 mM/3.0 mM),
€ = 23 and 26 respectively. As expected, for a substoichiometric
sample ([TMP-T]/[DHFR] 2.7 mM/5.9 mM), & was
considerably smaller at 14 (Table S1). Notably, as stoichio-
metric protein:biradical complexes were diluted to the low
micromolar regime ([TMP-T]/[DHFR] 0.05 mM/0.05
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Figure 2. Enhancement and bleaching as a function of biradical
concentration for TMP-T (top) and TOTAPOL (bottom) (Table S1).
For TMP-T, € is measured at a fixed 1:1 biradical:protein ratio, with
the exception of the 2:1 sample indicated by the green star. Bleaching
is defined as % integrated intensity relative to an identical sample
without biradicals present.

field; for comparison, at 400 MHz/263 GHz, ¢ = 42 for a
stoichiometric s.ample.18 With these enhancements, we
collected well-resolved 2D spectra of 1:1 DHFR:TMP-T
complexes at 0.5 mM (Figure 3), allowing characterization of
DHEFR with only ~15 nmol of protein.
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Figure 3. 2D “C—"C DARR spectrum of 0.5 mM 1:1 TMP-T
complexes. Spectrum was collected at 400 MHz 'H field with
continuous gyrotron irradiation at 263 GHz, with a 9 kHz MAS rate
and a sample temperature of 111 K. Spectrum was collected in 17 h
with 64 scans per row.

mM), samples retained high enhancements (£>15) and short
buildup times (Figures 2 and S8 and Table S1).

The TMP-T data indicates the importance of biradical-
protein proximity to achieving enhancement and presents a key
advantage of the biradical tagging approach. Namely, the
enhancement barely changes between 4.5 mM radical
(stoichiometric) and 7 mM radical samples, suggesting that
the bulk of the protein polarization comes from the bound,
proximal biradical. The stoichiometric data points in the
micromolar regime imply that as long as the biradical is bound
to the protein, it can effectively provide polarization, regardless
of absolute concentration. To support this interpretation, Ty
remained short at ~4—Ss throughout the concentration range,
as expected since the biradical-protein geometry was constant.
Although there is some concentration dependence to overall
enhancement for stoichiometric complexes (Figure 2), which
can be attributed to a decrease in overall biradical density,
excellent enhancement is retained even at 50-uM absolute
biradical concentration since all protein molecules are proximal
to at least one biradical.

To further underscore the benefit of biradical proximity to
DNP parameters, we measured enhancement for samples in
which TMP-T was competitively displaced with TMP. EPR
confirmed that TMP-T can be displaced by a large excess of
TMP (Figure 1b). Addition of ~10-fold excess TMP to the
substoichiometric TMP-T sample (2.3 mM TMP-T, 4 mM
DHFR) caused Ty to lengthen significantly to 12.5 s, and the
DNP enhancement to degrade (Table S1). For TOTAPOL
samples, Ty is inversely proportional to radical concentration;
these data are consistent with the expectation that TMP-T has
enhancement properties similar to free TOTAPOL when
displaced from DHFR.

The aforementioned enhancement factors were obtained at
600 MHz. DNP enhancements are generally higher at lower
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Bleaching. We saw little evidence of bulk signal loss
(paramagnetic bleaching) due to the bound biradical when
TMP-T was used at concentrations up to 7 mM (Figures 2 and
$9). In contrast, since TOTAPOL must be used at higher
absolute concentrations to achieve optimal enhancements,
bleaching was significant at 20 mM, as previously observed.”
Moreover, 2D 3C-3C, BN-3C, and 3D PN-3C-3C
spectra of 1:1 TMP-T: DHFR showed relatively well-resolved
peaks, with half widths of 1-1.5 ppm, comparable to prior
encouraging reports,'”*>>" and enabled site-specific NMR
assignments (Figure 4). On the other hand, when 10 mM
TOTAPOL was present, peaks due to (presumed solvent-
exposed) histidine, arginine, and lysine residues were partially
bleached (Figures S10 and S11). Our encouraging results are in
contrast to recent literature reports that indicate significant
bleaching with covalently attached biradicals.””** We attribute
this to the fact that TMP-T binds DHFR at a solvent-exposed
face of the protein (see SI Figure S2) and protrudes out into
the solvent, offering enhancement advantages without gener-
alized bleaching.

Additionally, we see no evidence for a strong MAS-
dependent depolarization effect that others have reported,>
despite the fact that the biradical is tightly tethered to the
protein (see Figure S12). We conclude that depolarization is
not a significant concern in the concentration range used in this
work. Furthermore, this lack of observed depolarization effects
allows us to assess the DNP enhancement simply as the ratio of
intensities, L on/Lw oy Since the microwaves off signal is not
significantly perturbed by depolarization, there is no need to
invoke more complex metrics to assess enhancement factors.

Preferential Enhancement. In relatively dilute samples,
DHFR’s NMR peaks can be enhanced preferentially over those
of cosolutes, such as glycerol (added for cryoprotection). For
example, for 1:1 DHFR:TMP-T complexes at 0.5 mM
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Figure 4. Slices from NCoCx (blue) and NCaCx (red) 3D spectra of
4.5 mM U(®C,5N) 1:1 TMP-T:DHFR complexes. (a) shows
assignment of T35/N34, (b) shows a slice at I82 resonance, and (c)
is a close-up of 182 crosspeaks in (b). Spectra were collected at 600
MHz with MAS frequency of 8 kHz, sample temperature of 106 + 1 K,
and continuous microwave irradiation. NCo/NCa DCP transfers were
followed by 25 ms of *C—'*C DARR mixing*’ to acquire Cx. 'H
decoupling was at 100 kHz, with CW during DCP and SPINAL-64
during acquisition. The NCoCx spectrum was collected in 41 h, with
16 transients per row. The NCaCx spectrum was collected in 42 h with
12 transients per row.

concentration, enhancement was ~19 for the protein but only 9
for the glycerol (Table S1). The buildup time for the glycerol
peak was also longer (T = 12 s for glycerol but 4 s for the
protein, Figure Sc). When the DHFR/TMP-T complexes were
further diluted to 0.05 mM, the glycerol resonances were
undetected while the protein signals had an enhancement factor
of 15 (Figure Sa and Table S1).

These selective enhancement experiments were carried out
using a solvent that was approximately 98% deuterated. When
the solvent contained 20% 'H, there was no selectivity, as
shown in Figures S and S13, and the buildup times were long
(>30 s) for both protein and glycerol. TOTAPOL exhibited
neither the potential for selectivity nor sensitivity to deuteration
levels (Figures S13 and S14), likely due to differences in
protein-biradical geometry between the two systems. These
data in aggregate support a picture in which ultralow proton
content is useful for “containing’” the polarization locally, or
defeating spin diffusion on the seconds time scale.

B CONCLUSIONS

We report the synthesis and characterization of the biradical tag
TMP-T, which, together with its protein target DHFR, presents
an excellent alternative to the use of high biradical
concentrations in DNP-enhanced SSNMR experiments.
TMP-T binds DHFR tightly, as indicated by fluorescence
polarization experiments, EPR data, and short DNP polar-
ization buildup times for protein molecules with a bound
biradical. When bound stoichiometrically to DHFR, TMP-T
provides sizable NMR signal enhancements that enable
multidimensional NMR characterization of DHFR. These
enhancements do not come at the expense of resolution or
global paramagnetic bleaching.
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Figure S. (a) Overlay of 0.5 mM (red) and 0.05 mM (blue) fully
deuterated TMP-T samples shows that dilution leads to selective
protein enhancement; the glycerol is unenhanced in the dilute limit.
(b) Comparison of >98% “H and 20% 'H solvents shows excellent
selectivity for the protein in the former but nonselective enhancements
in the latter. (c) Polarization buildup curves for TMP-T bound
samples at two protonation levels. When fit to saturation recovery
functions, Tg= 4.1 s for C’ and 12.1 s for glycerol at >98% °H;
however at 20% 'H, Ty= 32 s for C’ and 37 s for glycerol. Spectra were
acquired via CP from 'H at 8 kHz MAS frequency with 100 kHz
SPINAL decoupling during detection, 106 + 1 K, and continuous
microwave irradiation. Spectra in (a) and (b) were scaled to account
for differences in protein concentration and enhancement.

Moreover, with TMP-T stoichiometrically bound to DHFR,
we are able to lower protein and radical concentrations to 50
uM and still obtain enhancements of 15. These concentrations
correspond to a situation where it is difficult to express the
protein of interest in high yield (e.g, mammalian proteins) or
the in vivo expression level of many E. coli proteins.”>>* Under
these conditions, DHFR is selectively enhanced over cosolutes,
favorably implying that a ligand-based strategy can be used to
selectively pick out and study a protein of interest in an in vivo
setting. Even with a 50 yM sample, the enhancement provided
by TMP-T would deliver a ""N—'"*C—'3C 3D spectrum with
reasonable signal-to-noise ratio in 4 days, which is shorter than
typically required for such a spectrum using conventional
SSNMR.

The TMP-T/DHEFR approach is broadly applicable through
the use of DHFR fusion proteins, which are robust and
preserve TMP binding properties.” By synthesizing other
TMP-linked biradicals with higher enhancements, such as
AMUPOL,> specific enhancement can likely be increased to
factors of SO or higher. We anticipate that the TMP-T/DHFR
tagging system, as well as other biradical tag-based strategies,56
can be used to enhance proteins in whole cells or whole cell
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fractions, thereby enabling DNP SSNMR characterization of
sparingly expressed proteins in their native environments.
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