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ABSTRACT

We demonstrate a host-guest molecular recognition approach to advance double electron-electron
resonance (DEER) distance measurements of spin-labeled proteins. We synthesized an
iodoacetamide (IA) derivative of 2,6-diazaadamantane nitroxide (DZD) spin label that could be
doubly incorporated into T4 Lysozyme (T4L) by site-directed spin labeling (SDSL) with
efficiency up to 50% per cysteine. The rigidity of the fused ring structure and absence of mobile
methyl groups increase the spin echo dephasing time (71) at temperatures above 80 K. This enables
DEER measurements of distances >4 nm in DZD labeled-T4L in glycerol/water at temperatures
up to 150 K, with increased sensitivity compared to common spin label such as MTSL. Addition
of B-cyclodextrin (B-CD) reduces the rotational correlation time of the label, slightly increases Tm,
and most importantly, narrows (and slightly lengthens) the inter-spin distance distributions. The
distance distributions are in good agreement with simulated distance distributions obtained by
rotamer libraries. These results provide a foundation for developing supramolecular recognition to

facilitate long-distance DEER measurements at near physiological temperatures.
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Introduction

Nitroxide spin labels are useful probes for investigation of biomolecules.! SDSL-DEER has the
advantages of high sensitivity, large distance range, and absolute distance distributions.!® The
most widely used spin label for SDSL-DEER is methane thiosulfonate pyrolline nitroxide (MTSL,
Figure 1), which selectively reacts with cysteine that can be introduced at selected locations by
site directed mutagenesis.!” The gem-dimethyl groups in MTSL limit the temperatures at which
these measurements can be made, because the 7w, the major factor limiting sensitivity and the
range of distances, is shortened by the dynamic averaging effects associated with the methyl group
rotation at > 80 K.® Recently, distance measurements at room temperature were demonstrated
using a new generation of nitroxide spin labels devoid of methyl groups, iodoacetamide
spirocyclohexyl pyrimidine nitroxide (IA-Spiro, Figure 1).° T4 Lysozyme (T4L) doubly spin-
labeled with Spiro nitroxide possesses sufficiently long 7m at Q-band, to allow measurement of
4-nm distances at 160 K in glycerol/water and 3-nm distances at room temperature in a trehalose

matrix.”?
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Figure 1. Structures of nitroxide radicals and spin labels.

Adamantane was pioneered as the framework for stable nitroxide radicals by Rassat.!” These
nitroxides have small molecular size and rigid structure, which are highly desirable in the design
of a spin label with long Tm. In addition, adamantane and its derivatives complex strongly to [-

cyclodextrin (B-CD), with large association constants, K, ~ 10° — 10° M™'.!! Bagryanskaya and



coworkers reported the measurement of electron spin relaxation time 7> = Tm = 1.2 us for triplet
excited state benzophenone encapsulated inside methylated 3-CD in water/glycerol at 30 K.
Notably, this Tm was longer by a factor of 3 — 4, compared to that of benzophenone in toluene.'?
We envision a novel supramolecular approach, taking advantage of host—guest molecular
recognition, to lengthen the 7w of spin-labeled proteins and decrease conformational mobility.
Binding of B-CD to spin labels at solvent exposed sites of a protein would increase Tm and this

may facilitate long-distance DEER measurements at near physiological temperatures.

Materials and Methods

X-ray crystallography. Crystals of 1 were obtained by slow evaporation from a
pentane/chloroform solvent mixture. Data were collected at 173 K using Mo Ko radiation and
integrated (SAINT).!3 Intensity data were corrected for absorption (SADABS).!* The structure was
solved with intrinsic methods (SHELXT)'>® and refined on F2 (SHELXL).!*® Crystal data for 1:
C10H14IN202, M;=321.13 g mol !, yellow block, 0.24 x 0.23 x 0.1 mm, orthorhombic, Pbca, a =
8.3415(4) A, b=10.1215(4) A, ¢ =25.9996(12) A, V'=2195.11(17) A3, Z =8, u(Mo Ka)) = 2.900
mm ', Omax = 30.04°, 20,397 reflections measured, 3216 independent (Rine= 0.0917), R1 =0.0172
[ > 20(I)], wR2 = 0.0694 (all data), residual density peaks: 0.694 to —0.859 e A=, Additional
crystal and structure refinement data for 1 are in the Supporting Information and the accompanying
file in CIF format.

Synthesis. Standard techniques for synthesis under inert atmosphere (argon or nitrogen), using
custom-made Schlenk glassware and custom-made double manifold high vacuum lines, were
employed. Chromatographic separations were carried out using normal phase neutral alumina or

silica gel.



Preparation of 3 (via intermediate 2): To a cooled suspension of N-chlorosuccinimide (NCS,
0.3393 g, 2.54 mmol) in Et;O (40 mL) was added endo-3-amino-9-methylazabicyclo
[3,3,1]nonane (0.200 g, 1.30 mmol) dropwise while stirring. After 5 minutes in an ice-bath,
trimethylamine (0.514 mg, 5.08 mmol) was added, the suspension was immediately irradiated with
mercury lamp (200 W) under nitrogen atmosphere for 3.5 h. The mixture was filtered, and the
white solid was collected (0.307 g). This crude mixture was used directly for preparation of 3.

To the solution of crude mixture containing amine 2 (100 mg) in dichloromethane (DCM, 2.2
mL) was added triethylamine (Et3N, 193.3 mg, 1.91 mmol) under a nitrogen atmosphere. The
mixture was cooled in an ice-bath and chloroacetyl chloride (84.71 mg, 0.75 mmol) in DCM (0.8
mL) was added dropwise to the stirred mixture at 0 °C; the solution became dark gradually within
5 min. The mixture was stirred overnight at room temperature. The brown suspension was
concentrated by reduced-pressure evaporation and diluted with 5 mL saturated NaHCOs. The
resulting mixture was extracted by DCM (3x5 mL). The combined extracts were dried over
Na»S0O4 and concentrated by vacuum. The residue was purified by silica gel chromatography using
10:1 ethyl acetate (EA)/Et3N to give a white solid. Rr 0.2 (silica, 9:1 EA/ Et;N). M.p. (dec) 70 °C,
measured under N3, forming dimer (see: SI). '"H NMR (400 MHz, CDCls): § 4.837 (br, 1H), 4.123
(br, 1H), 4.037 (s, 2H), 2.983 (br, 2H), 2.571 (s, 3H), 2.136 (¢, 4H), 1.774 (d, J =12.4 Hz), 1.653
(d,J=12.8 Hz). ®C NMR (CDCl3, 100 MHz): 5 163.7 (1 CO), 51.7 (2 CH), 49.3 (1 CH2Cl), 44.0
(1 CH3),41.25 (1 CH from the ring), 41.18 (1 CH from the ring), 32.3 (2 CH from the ring), 30.65
(2 CH> from the ring). IR (ZnSe, cm™): 2925, 1635, 1438, 1416, 1375, 1234, 1062, 780, 714.
LRMS-ESI (0.1% HCOOH in MeOH) m/z: [M + 1 H]" caled for C11HisCIN,O 229.1108, found

229.5. HRMS-ESI m/z: caled for C11H17CIN2O 228.1029, found 228.1027.



Preparation of amine hydrochloride 4. Chloro-acetamide amine 3 (53.4 mg, 0.23 mmol) was
transferred into Schlenk, dried under high vacuum line overnight and charged with N> gas before
adding another reagent. The solution of 1-chloroethyl chloroformate (ACE-CI, 36.47 mg, 0.25
mmol) in anhydrous 1,2-DCE (0.27 mL), which was prepared in a N> bag, was added dropwise
into Schlenk vessel under N> at 0 °C to give yellow suspension. The yellow suspension was stirred
for a further 30 min at 0 °C before it was warmed to room temperature. Once at room temperature,
the mixture was heated to 80 °C for 3 h. After cooling to room temperature, the yellow suspension
was concentrated by reduced-pressure evaporation and the residue was re-dissolved in MeOH
(0.14 mL) to give yellow solution and heated for additional 2 h at 80—85 °C. After cooling to room
temperature, the solvents were removed by rotavapor and the crude was dried under high vacuum
line overnight to give off-white solid (59.0 mg, 100%). '"H NMR (300 MHz, CDCls): & 5.006 (br,
1H), 4.295 (br, 1H), 4.062 (s, 2H), 3.945 (br, 2H), 2.542 (d, J = 12.9 Hz), 2.458 (d, J =12.9 Hz),
2.096 (d, J=13.5 Hz), 2.004 (d, J=13.2 Hz). *C NMR (176 MHz, CDCls): § 164.3, 5 47.0, 8 46.5,
541.6,840.7,832.3,5 31.5. IR (ZnSe, cm™): 3396, 2950, 1641, 1431, 1241, 1099. Mp 245-250
°C. LRMS-ESI (0.1% HCOOH in MeOH) m/z: [M + H]" calcd for C1oHi6sCIN,0O 215.0591, found
215.1. HRMS-ESI m/z: caled for C1oH15CIN20O 214.0873, found 214.0865

Preparation of nitroxide 5: Hydrochloride amine 4 was evenly divided into 5 vials, of which
each contained 23.6 mg. To the suspension of each aliquot of hydrochloride amine 4 (23.6 mg),
NaHCOs3 (29.7 mg) and NaWO4- 2H>0 (4.6 mg) in MeOH (830 pL), PhCN (116 puL) was added.
Vials were covered with aluminum foil and cooled to 0 °C. Subsequently, H>O> (35 wt. %, 165.2
uL) was added dropwise within 2 min at 0 °C, and then the reaction mixture was warmed to room
temperature. Following vigorous stirring at room temperature for 6.5 h, the solvents were removed

by N2 gas flow, to give a mixture of white and yellow solid. The combined crude mixture was



purified by neutral aluminum oxide chromatography using ethyl acetate to give yellow solid (77
mg, 72%). Rr 0.35 (neutral alumina, ethyl acetate). Mp (dec) 130-131 °C, measured under N
atmosphere. IR (ZnSe, cm™): 2952, 2912, 1646, 1436, 1072, 1029, 781. LRMS-ESI (0.1%
HCOOH in MeOH) m/z: [M + 2 H]" calcd for C1oH;6CIN20> 231.0900, found 231.3. HRMS-ESI
m/z: calcd for C1oH14CIN202 229.0744, found 229.0751.

Preparation of spin label 1: Nal (41 mg, 0.27 mmol) was dried under high vacuum line at 60
°C overnight. Nitroxide 5 (6.27 mg, 0.027 mmol) was transferred into Schlenk by dichloromethane
and dried under high vacuum line at 40 °C overnight. Nal was added into Schlenk in a N»-filled
bag, followed by anhydrous acetone (about 1 mL) via vacuum transfer, to give a yellow solution.
The Schlenk was covered with aluminum foil and was heated to 40 °C for 5-6 h. Because R¢-values
of 5 and 1 are identical on neutral alumina, the reaction was monitored by LR MS (ESI). Acetone
was removed by N2 gas flow, to give a mixture of white and yellow solid. The crude mixture was
purified by neutral aluminum oxide chromatography using ethyl acetate to give yellow solid (4.74
mg, 55%). Rr 0.35 (neutral aluminum oxide, ethyl acetate). Mp (dec) 101-102 °C, measured under
N, atmosphere. IR (ZnSe, cm™): 2952, 2921, 1650, 1441, 1415, 1086, 735. LRMS-ESI (0.1%
HCOOH in MeOH) m/z: [M + 2 H]" caled for C1oH6IN202 323.0256, found 323.6. HRMS-ESI
m/z: calcd for C1oH14IN202 321.0100, found 321.0096.

Spin labeling of T4L. Sample labeling was carried out as previously described.!®!” Briefly, T4L
mutants were expressed in K38 cells in Luria Broth (LB) and purified using cation exchange
chromatography. Labeling of the mutants was initiated by adding an excess of spin-label and
incubating for 2 hours at room temperature, a second addition of spin-label was made and the

samples incubated overnight at 4 °C. The samples were then desalted and concentrated.



Electron spin relaxation studies. Field-swept echo detected spectra and relaxation times were
recorded at X-band and Q-band on a Bruker E580 equipped with an Oxford ESR935 cryostat and
a Bruker X-band ER4118X-MSS5 split ring resonator or Q-band ER5107D2 resonator. The length
of a /2 pulse was 20 ns at X-band and 40 ns at Q-band. Field-swept echo-detected spectra were
obtained with a two-pulse ©/2-7-n- -echo sequence and 2-pulse phase cycling. The constant 7 was
180 ns at X-band and 200 ns at Q-band. 7m was measured by two-pulse echo-decay with a 7/2-7-
n-7-echo sequence and two-step phase cycling. 77 was measured by inversion recovery with a -
T-n/2-7-n-7-echo sequence with variable T and two-step phase cycling. The constant 7 in the
inversion recovery pulse sequence was 200 ns at X-band and 360 ns at Q-band. Echo decays and
inversion recovery curves were fitted with single exponentials.

DEER measurements and MMM simulations. The dipolar time evolution data was obtained
at 83 or 150 K using a standard DEER four-pulse protocol, (n/2)mw1—tl—(m)mw1—t1—(m)mw2—
12—(m)mw1-12—echo,'® on a Bruker 580 pulsed EPR spectrometer operating at Q-band frequency
(33.9 GHz). All pulses were square pulses with lengths of 12, 24, and 40 ns, for (n/2)mwl, (m)mwl,
and (m)mw2, respectively. Distance distributions were obtained from the time evolution data by
assuming that the distance distribution can be approximated by a sum of Gaussians,'®? including
Gaussian distance distributions with 95% confidence bands.?! Simulation of distance distributions
for the DZD-T4L were carried out on 2LZM in MMM2018 and for the DZD-T4L with B-CD in

MMM?2019.%%%3

Results and Discussion

2,6-Diazaadamantane (DZD) is a promising framework for a spin label, as it provides the

possibility of maintaining small molecular size with the required functionalization. The



construction of the adamantane framework requires laborious synthesis,'%**

and the synthesis of
adamantane nitroxide spin label is complicated by the substituent group required for SDSL.

With endo-3-amino-9-methyl-9-azabicyclo[3.3.1]nonane, as a starting material, modified
Hofmann-Loffler—Freytag (HLF) reaction with N-chlorosuccinimide (NCS)? and triethylamine
provides 2 in isolated yields of up to 87% (Scheme 1).2** Chloroacetyl chloride is added to the
crude mixture of 2 in the presence of triethylamine, to produce 3 in 21 — 50% isolated yields (for
two steps); the relatively low yield of 3 is ascribed to decomposition during purification.
Subsequent de-methylation of 3 with 1-chloroethyl chloroformate (ACE-CI) proceeds smoothly to
4 in >90% yield.?® Initial attempts to oxidize 4 to 5 using common reagents, such as meta-
chloroperbenzoic acid (m-CPBA) or H2O in the presence of catalytic amounts of NaxWOs, under
a wide range of conditions, fail to provide nitroxide radical. Application of the Rosen/Payne
method,?” which employs acetonitrile as co-reactant in combination with H>O,, Na;WOs, and
NaHCOs3 in methanol/water, provides 5 in low yields. We improved the yield of 5 up to about 70%
by the replacement of acetonitrile with benzonitrile, presumably because the electron withdrawing
phenyl group makes the key intermediate — peroxycarboximidic acid — more reactive. Finally, the

reaction of 5 with Nal in dry acetone gives the spin label 1 (IA-DZD).

Scheme 1. Synthesis of IA-DZD Spin Label.
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X-ray crystallography confirms the structure of 1 (Figure 2). In the crystal, the nitroxide has a

pyramidalization angle &p = 10.69° at the nitrogen atom, as determined by the POAV method.?®



P**  Pyramidalization angle (N1) 8- 10.694°
©1-N1 bond length: 1.2843(19) A
1o O1-N1 contact: 2.2397(19) A

4 ©O1-+01 contact: 2.5805(25) A
N1--N1 contact: 2.5831(28) A
N1-O1-N1 angle: 90.6°

N1-O1-N1 angle: 89.94°

Figure 2. Molecular structure and conformation of 1 at 173 K. a) Ortep plot for 1, with carbon,
nitrogen, oxygen, and iodine atoms depicted with thermal ellipsoids set at the 50% probability
level. b) Dimer structure of 1 with NO moieties emphasized as ball-and-stick and N-O distances

(A) within the dimer. See: SI, Tables S1 — S3, and Figs. S1 and S2, for details.

The iodine is gauche with respect to nitrogen N2, with the corresponding torsion angle N2-C9-
C10-11 = -71.7(2)°. Notably, nitroxide 1 forms a head-to-tail NO n-dimer.?’ In the Ci-symmetric
dimer structure, two NO moieties form an exact parallelogram (an approximate rectangle) with the
N-O bond lengths of 1.284 A and O1...N1 contacts of 2.240 A (Figure 2). The O1...N1 contacts
in the dimer of 1 correspond to only 73% of the O—N van der Waals contact of 3.07 A,*® and to
our knowledge, are the shortest O...N contacts reported to date, thus implying very strong
antiferromagnetic coupling between nitroxides.*’

We carried out a density functional theory (DFT) study of 5, as it is computationally less
demanding than spin label 1.>! Geometry optimization of 5 at the UB3LYP/6-31G(d,p)+ZPVE
level gives the Cs-symmetric conformation with pyramidal NO moiety and with #rans orientation
of the NO and carbonyl (CO) oxygens as a global minimum on the potential energy surface (PES).

Another N-inverted, Cs-symmetric conformation with cis orientation of the NO and CO oxygens

10



is a local minimum that is about 0.2 kcal mol! higher in energy. These two minima are connected
by the transition state for inversion of configuration at the NO nitrogen; the barrier for the N-
inversion is ~1.3 kcal mol™ (Table S14). The degree of pyramidalization at the nitrogen of the NO
moiety is found to be similar to the X-ray determined geometry for the dimer of 1 and in all DFT-
optimized minima for monomeric 5; that is, inversion of configuration at the nitrogen of the NO
moiety may be relevant to nitroxide spin labeled proteins.

The potential of 1 as a spin label for SDSL may be preliminarily evaluated from its
hydrophobicity and molecular volume, based on the calculated partition coefficient and the
Connolly solvent excluded volume (Supporting Information, Table S4). Nitroxide spin label 1
should minimally perturb the system of study, and thus is suitable for SDSL-DEER.

We explore the host-guest complexation of amine 3 with B-CD in D,O by 'H NMR
spectroscopy, as described in detail in Supporting Information, Figs. S5-S12. The 1:1
stoichiometry of the complex is determined based on chemical shifts of the protons within the
chloromethyl (CICHz) moiety in 3, using the continuous variation method (Job plot).*? Significant
upfield shifts of H-3’ and H-5°, which are located at the inner surface of B-CD, confirm the
molecular complexation. In contrast, the chemical shift of H-6" at the narrow end of the cavity rim
is also slightly changed, whereas H-1°, H-2’ and H-4" on the outside of the cavity are almost
unaffected. The Benesi-Hildebrand plots provide the association constant, K, ~ 600 M at 311 K.*?
The 'H-"H ROESY spectrum of an equimolar mixture of 3 and B-CD shows cross-peaks that are
consistent with the structure, in which the CICH2 moiety on 3 orients toward the narrow end of j3-
CD. This orientation of amine 3 (Figure 3) is consistent with a typical orientation of amino-

adamantane guests inside the -CD cavity.!!
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Figure 3. a) Schematic structures of major host-guest complexes of 3 and nitroxide § with B-CD,
as determined by '"H NMR spectroscopy. b) UB3LYP/6-31G(d) geometry of 5 complexed to -

CD; H1’ — H6’ on the B-CD are labeled.

We investigate complexation of nitroxide 5 with f-CD by 'H NMR spectroscopy. Addition of
B-CD to 0.5 mM 5 in D,0 leads to broadening and shifting of the resonances for H-3’, H-6" and
H-5" of the B-CD, while the chemical shift of protons of the chloromethyl group for 5 is almost
unchanged (Fig. S13). This suggests that the chloromethyl group in 5 is closer to the wide end of
B-CD (Figure 3a). We postulate that the orientation of 5 with the NO moiety pointing toward the
narrow end of B-CD cavity may be facilitated by partial cancellation of dipole moments of 5 and
B-CD;!'* UB3LYP/6-31(d)-computed dipole moments for 5, B-CD, and the complex are 2.53 2.28,
1.31 D (Figure 3, Fig. S14 and Table S14). The association constants (K,) with B-CD at 298 K in
water are determined by isothermal titration calorimetry (ITC) as K, = 1090 + 8 M! for 1 and K,
=755+ 7 M for 5. In 0.11 M phosphate buffer, a comparable K, = 980 + 20 M! is obtained for
1 (Table S8, Figs. S15-S17).

Our preliminary assessment of 1 in anhydrous trehalose/sucrose (9:1) matrix indicated 7 for 1

to be as expected for a spin label devoid of methyl groups, however, between 80 and 293 K, T
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for 1 was similar in the presence and absence of B-CD.** In aqueous solution, the complexation of
1 with B-CD increased the rotational correlation time (7o) of 1 by about a factor of 10.3*

CW EPR spectra of mono spin labeled DZD-T4L 135 at room temperature are clearly affected
by the addition of B-CD, revealing the host-guest molecular recognition of DZD-nitroxide by -
CD; that is, 7ot of 1.1 ns increases to 2.5 ns and isotropic hyperfine coupling constant A('*N)
decreases slightly (Figs. S18-S20, Tables S9-S10).>>* The decrease in the isotropic hyperfine,
attributed to a decrease in the tensor component, 4,,, based on simulations of the echo-detected
spectra at 80 K, suggests a more hydrophobic environment for nitroxide inside B-CD. The increase
in 7ot Suggests restriction of the range of motion that is accessible to the protein-bound spin label
complexed with B-CD. Addition of B-CD to doubly spin labeled DZD-T4L 65/80 in 2:1 or 1:1
water/glycerol (w/g) in fluid solution caused broadening of CW EPR spectra, which suggests
decreased mobility of the nitroxides. Because small-molecule nitroxides are known to form
inclusion complexes with B-CD,* we carry out similar experiments using MTSL. Addition of B-
CD to MTSL-T4L 65/135 or 65/80 in 2:1 or 1:1 w/g leads to spectral broadening due to decreased
mobility of MTSL, presumably as a result of complexation with B-CD.

We obtain 7w and 77 to provide additional insight into the host—guest molecular recognition of
spin labeled T4L with B-CD (Table 1 and Figs. S21 and S22). In the presence of B-CD, at 80 and
160 K, 7w for IA-DZD in 1:1 w/g matrix increases by about 80%. For doubly labeled DZD-T4L
in 2:1 w/g matrix, the analogous increase in T is in the 6—-19% range, with the greatest increase
(>10%) at higher temperatures, 150 or 160 K. Small change in 71 upon binding of by B-CD does
not significantly change the S/N for the DEER experiments; values of 71 in 2:1 w/g are similar to

those in trehalose matrix (Fig. S22, SI).
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Table 1. Summary of 7w [us] and 77 [us] for IA-DZD and DZD-T4L at ~35 GHz (Q-band) in

Water/Glycerol (W/G) Matrix.*

ﬁ;ﬁix Sample 80 [K] 160° [K]
T T, Tn T
11 IA-DZD 2.7 580 2.0 89
IA-DZD+B-CD 4.8 610 3.6 92
DZD-T4L 65/80 2.4 520 1.9°  130°
21 DZD-TA4L 65/80+p-CD 2.6 420 2.2¢  110°
DZD-T4L 65/135 2.3 580 1.8 130

DZD-T4L 65/135+B-CD 2.4 530 2.0 110

 Relaxation times are at the maximum amplitude peak in the echo-detected field-sweep spectra
(Fig. S21, inset). Solutions contained 16 mM B-CD. Uncertainties are about 5% for T, and about
10% for Ti. ® Relaxation times at 160 K unless otherwise noted. ¢ Values at 150 K.

DEER distance measurements are carried out on the following doubly labeled DZD-T4L
mutants: 65/80, 65/135, 59/159, and 61/128 in 2:1 w/g matrix without and with 10 mM B-CD at
83 and 150 K (Figure 4a, Table 2, Figs. S25, S27-S30). The mutants were selected, with cysteines
at solvent accessible sites, to span Cg—Cp distances from 2.2 to 4.3 nm. Labeling of these mutants
with IA-DZD was effective with efficiency up to 50% per cysteine. While the origin of the low
labeling efficiency is unknown, it does not preclude our ability to accurately obtain distance
distributions from these samples (Figs. S28 and S29). The main consequence of the labeling
efficiency is the expected decrease in the depth of modulation. Selectivity of spin labeling is
demonstrated by reaction of IA-DZD with T4L mutant without cysteines (T4L-cysless). CW EPR
spectra show the spin-label to T4L-cysless ratio of 0.04, while the ratio for T4L 60/80 is 0.98 (0.49

per cysteine) (Fig. S26, SI); the low labeling of T4L-cysless is comparable with other spin-labels.
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65/80, 83 K 65/80, 150 K 65/135, 83 K 65/135, 150 K
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Figure 4. a) DEER distance measurements on doubly spin labeled DZD-T4L in 2:1 w/g matrix
without and with 10 mM B-CD at 83 and 150 K. Main plots: normalized echo vs. time with fits
where the distance distribution is a sum of Gaussians. Inset plots: distance distributions. b)
Visualization of DZD/B-CD rotamers at sites 65 (upper left) and 135 (lower right). The leading
rotamer at each site is shown as stick model and the N-O bond midpoint of all rotamers as red
spheres with volume proportional to rotamer population. ¢) Distance distributions for DZD-T4L:
MMM computed vs. measured by DEER at 150 K without and with 10 mM B-CD. For additional
details, see SI: Tables S11-S13, and Figs. S25-S40, including Gaussian distance distributions with

95% confidence bands.?!
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Upon addition of B-CD, the mean values of the DEER distance distributions shift to longer
distances for all mutants; notably, the distance distributions become narrower, as measured by the
standard deviation, ¢ (Table 2 and Figure 4a). For 65/80 and 65/135 mutants, we verify the
distance distributions using Tikhonov regularization, which gives similar results, compared to the
Gaussian fit (Table 2, Table S13, Figs. S33 and S34). Addition of B-CD to MTSL-T4L at 83 K
leads to slight narrowing of distance distributions for 65/80 mutant; for 65/135 mutant, slight
broadening of distance distributions with shift to longer distances are observed (Figs. S31 and
S32).

Notably, DEER measurements for DZD-T4L 65/135 possess significantly higher sensitivity,
compared to MTSL-T4L 65/135 (with and without B-CD), reflecting longer 7m for DZD-T4L

(Table S12, SI).

Table 2. DEER and MMM Distance Distributions in 2:1 W/G Matrix.

MMM* MMM?* DEER distances: mean (o) [nm]
T4L |Cp-Cs| DZD |DZD/B-CD|Temp. Gaussian fit Tikhonov regularization
mutant | {nm} | mean () | mean () | [K] |\ ppgy DZD |DZD/B-CD| DZD |DZD/B-CD
[nm] [nm]
83 [ 2.60(0.33) | 2.50 (0.30) | 2.64 (0.15) | 2.49 (0.30) | 2.62 (0.18)
65/80 | 2.23 |2.44 (0.40)|2.62 (0.38)
150 n/a 2.48 (0.30) | 2.48 (0.31) | 2.46 (0.26) | 2.53 (0.25)
83 | 4.55(0.31) | 4.52(0.52) | 4.87(0.16) | 4.53 (0.48) | 4.86 (0.35)
65/135 | 3.64 |4.87 (0.34)|4.80 (0.19)
150 n/a 4.50 (0.52) | 4.90 (0.21) | 4.47 (0.49) | 4.82 (0.38)
83 [4.19(0.27)"| 3.92 (0.51) | 4.06 (0.48) -
59/159 | 3.36 [4.40(0.36)|4.24 (0.30)
150 n/a 3.75 (0.50) | 4.04 (0.49) ]
83 |4.62(0.24)"| 4.94(0.70) | 5.16 (0.59) -
61/128 | 4.34 |5.24(0.36)|5.29 (0.30)
150 n/a 4.99 (1.04) | 5.24 (0.81) -

2 Based on PDB structure 2LZM. ® DEER distances for MTSL-T4L 59/159 and 61/128 were
previously reported.’’

To compare the experimental inter-spin distance distributions with those expected from

conformational variability of the spin label sidechain in T4L, MMM software is used to attach in
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silico IA-DZD conformers from a rotamer library to the PDB structure of 2LZM T4L. The library
of 216 rotamers for IA-DZD is generated using the approach that is similar to those used for other
nitroxide- and Gd(III)-based spin labels:?*>?8 First, geometries for two minima of the DZD label
with Cys-stub are optimized at the UB3LYP/def2-SVP level using ORCA*’ — two minima
separated by 0.18 kcal mol™! are obtained, similar to nitroxide 5 at UB3LYP/6-31G(d,p) level (Fig.
S35 and Table S14); second, rotamers of the linker between the protein backbone and the nitroxide
fused ring structure are found by sampling conformation space at fixed bond lengths and angles
using the torsion and non-binding interaction potentials of the UFF force field.* The resultant two
108-rotamer sets are combined by taking into account the energy difference of the minima for
scaling populations according to Boltzmann distribution.

For DZD with B-CD, the rotamer library (Figure 4b) is generated from the UB3LYP/6-31G(d)-
optimized geometry of methyl-sulfide-acetamide-DZD/B-CD complex shown in SI, Fig. S14. To
generate the Cys-stub, the initial structure of the DZD library is superimposed on atoms C9, N2,
Cl, and C6 (see: Figure 2a) onto the DZD/B-CD structure (superposition rmsd 0.037 A).
Ensembles of 50,000 conformers are generated with forgive factors for van-der-Waals radii of 0.8,
0.85, 0.9, and 0.95 and libraries with 216 and 500 rotamers were generated for each forgive factor.
Differences in predicted mean variances vary by less than 0.4 nm for any measured distance
(typically 0.2 nm across all libraries). A forgive factor of 0.85 and 216 rotamers gives the best
agreement with experiment.

The rotamer libraries for IA-DZD without and with B-CD are implemented in the MMM?2018.1
and MMM2019.1 toolboxes.?>** We observe good agreement between simulated and experimental
mean distances in T4L when using IA-DZD with the rmsd between simulated and experimental

mean distances lying in the range similar to MTSL (Table 2), where various approaches reproduce
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mean distances with a standard deviation of 0.3 nm.* Notably, DZD/B-CD experimental results
show even better agreement with the DZD/B-CD library (Figure 4c). With the current rotamer
libraries in MMM, the four mean distances measured at 80 K are predicted with mean deviations

0t 0.24, 0.33, and 0.11 nm for MTSL, DZD, and DZD/B-CD, respectively.

Conclusion

We have synthesized diazaadamantane-based iodoacetamide spin label 1 (IA-DZD) that is
capable of host—guest molecular recognition with 3-CD. IA-DZD forms 1:1 complex with 3-CD
in water, with an association constant, K, = 10> M"!. The spin label could be doubly incorporated
into T4L by SDSL with efficiency up to 50% per cysteine. The rigidity of the fused DZD ring
structure and absence of mobile methyl groups decreases the temperature dependence of the spin
echo dephasing time (7m), which enables DEER distance measurement of distances >4 nm in DZD
labeled-T4L in glycerol/water mixtures at temperatures up to 150 K. After addition of B-CD, the
host—guest molecular recognition reduces the rotational correlation time of the label, slightly
increases Tm, significantly narrows, and slightly lengthens the inter-spin distance distributions.
DEER distance distributions, especially in the presence of B-CD, are in good agreement with
simulated inter-spin distance distributions obtained by rotamer libraries for all studied mutants of
DZD-T4L,; in particular, the four mean distances for studied Cys-mutants measured at 80 K are
predicted with mean deviation of 0.11 nm for DZD/B-CD vs. 0.24 nm for MTSL. The DEER data
and the MMM calculations support the hypothesis that binding of B-CD to the DZD label restricts

the range of accessible conformations of the label, which narrows the inter-spin distance
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distributions. These results provide a foundation for developing supramolecular recognition to

facilitate long-distance DEER measurements at near physiological temperatures.
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