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ABSTRACT

Traditional protein structure determination by magic angle spinning (MAS) solid-state NMR
spectroscopy primarily relies on interatomic distances up to 8 A, extracted from '3C-, "°N-, and
"H-based dipolar-based correlation experiments. Here, we show that '°F fast (60 kHz) MAS NMR
spectroscopy can supply additional, longer distances. Using 4F-Trp,U-C,">N crystalline
Oscillatoria agardhii agglutinin (OAA), we demonstrate that judiciously designed 2D and 3D '°F-
based dipolar correlation experiments such as (H)CF, (H)CHF, and FF, can yield interatomic
distances in the 8-16 A range. Incorporation of fluorine-based restraints into structure calculation
improved the precision of Trp side chain conformations as well as regions in the protein around
the fluorine containing residues, with notable improvements observed for residues in proximity to
the Trp pairs (W10/W17 and W77/W84) in the carbohydrate-binding loops, which lacked sufficient
long-range "*C-"3C distance restraints. Our work highlights the use of fluorine and '°F fast MAS

NMR spectroscopy as a powerful structural biology tool.



INTRODUCTION

Protein structure determination by magic angle spinning (MAS) NMR spectroscopy relies
primarily on 3C-, ®N-, and "H-based distance restraints. While this approach has proven effective
for solving structures of compact single-chain proteins,’ the local nature of distance restraints
derived from experiments involving these nuclei, with the upper limit being 6-8 A, poses
challenges in structural studies of large complex systems. For instance, when proteins are
composed of multiple domains, possess quaternary structure or form supramolecular assemblies,
the relative subunit orientations and intermolecular interfaces need to be defined.?® This
information can be obtained by integrating data from MAS NMR and other methods, such as cryo
electron microscopy (cryo-EM),*® small-angle X-ray scattering (SAXS),’® X-ray
crystallography,®'° electron paramagnetic resonance (EPR)," and computation,'>'® or a
combination thereof.” In addition, it would be desirable to also have access to distances greater
than 8 A, which, in principle, can be experimentally obtained via 'H-"H dipolar correlations, given
the high proton gyromagnetic ratio.' However, dipolar truncation and relayed transfer
phenomena present in molecules with dense 'H networks make the measurement of long-range
'H-based distances difficult,’® except in extensively deuterated systems. Therefore, alternative
NMR reporter nuclei possessing suitable magnetic properties that can be exploited for extracting
longer interatomic distances are desirable.

Such a nucleus is the 100% abundant spin -%: '°F isotope. Due to its high gyromagnetic
ratio, its sensitivity is 83% of 'H, the chemical shifts cover a range larger than 300 ppm, and, most
importantly, fluorine is virtually absent from most biological systems.'® Furthermore, fluorine can
readily be incorporated into proteins, without inducing major structural perturbations.'”'® Given
these favorable properties of fluorine, ®F MAS NMR has emerged as a versatile and unique
method for studying proteins, providing interatomic distances of up to 23 A and 15 A from "°F-1F
and ""F-'H correlation experiments, respectively.?%?" Notably, high MAS frequencies of 40-111
kHz have proven advantageous for applications to a broad range of systems investigated to date,
ranging from small-molecule pharmaceuticals to biological assemblies.?’?® These fast MAS
conditions offer large gains in resolution and sensitivity, permitting in-depth characterization of
nanomole quantities of sample through 2D and 3D fluorine-based homonuclear and heteronuclear
("®F-"C and "°F-"H) correlations.?°2"27-%0 |n addition, large, over 100-fold signal enhancements
are observed in '°F dynamic nuclear polarization (DNP) MAS NMR experiments®'*2 and "°F-13C
correlations corresponding to distances of up to 12 A could be readily observed, as reported for

HIV-1 CA capsid protein assemblies.?’



While the above studies demonstrated the suitability of '°F fast MAS NMR for atomic-level
characterization of biological systems, fluorine-based distance restraints have not been
implemented in protein structure calculation protocols to date. Here, we report on the
incorporation of '°F-'9F and '3C-"°F distance restraints obtained from MAS NMR experiments into
protein structure calculation, using as a model system the 132-residue protein, Oscillatoria
agardhii agglutinin (OAA) that has been extensively structurally characterized by X-ray
crystallography, solution and MAS NMR spectroscopy.®*3¢ OAA exhibits a unique B-barrel
structure (Figure 1a) and two carbohydrate-binding sites.3* The amino acid sequence comprises
six Trp residues (Figure 1a), four close to each carbohydrate binding site, W10/W17 (loop1) and
W77/W84 (loop 2), and two in the B-barrel core (W23/W90). We incorporated fluorine atoms at
the 4-, 5-, or 7- positions of each Trp and structurally characterized 4F-Trp,U-'3C,"*N-labeled OAA
by MAS NMR. 123 fluorine-based correlations were observed in dipolar-based 2D (H)CF
HETCOR and 3D (H)CHF HETCOR spectra, and were converted into F-C distances of up to 16.7
A. The inclusion of these fluorine-based distances resulted in an overall notable improvement in
the accuracy and precision of the ensemble, specifically for Trp residues and for residues in
proximity to the Trp pairs (W10/W17 and W77/\WW84) in the carbohydrate-binding loops, which
lacked sufficient long-range '3C-'3C distance restraints. Our results establish the proof of concept
for '°F fast MAS NMR based protein structure determination. The methodology introduced herein

is envisioned to be particularly beneficial to large proteins and protein assemblies.

RESULTS AND DISCUSSION
9F NMR chemical shifts for 4F-Trp, 5F-Trp, and 7F-Trp labeled OAA

Incorporation of 4F-Trp, 5F-Trp, and 7F-Trp into OAA was assessed by mass
spectrometry (Figure S1, Supporting Information) and solution '°F NMR spectra as well as 'H-"°N
HSQC spectra of 4F-Trp,U-"3C,">N-OAA, 5F-Trp,U-"3C,">N-OAA, and 7F-Trp,U-"*C,"®N-OAA. The
F NMR spectra are well dispersed, exhibiting six resolved fluorine resonances for 7F-Trp,U-
13C,"SN-OAA, five for 4F-Trp,U-"3C,">N-OAA with double intensity for one of these, and four for
5F-Trp,U-"3C,"®N-OAA with two resonances exhibiting double intensity (Figure S2a, Supporting
Information). The 'H-"SN HSQC spectra of the three fluorotryptophan-containing OAA samples
exhibit noticeable chemical shift changes compared to the non-fluorinated protein and in all of
them the indole N resonances are missing (Figures S2b-d, Supporting Information), as expected,
since "N fluoroindoles were used for labeling the proteins. "H-'>N amide backbone assignments

were transferred from the WT OAA spectrum.® Overall, all NMR spectra are of excellent quality



indicating that fluorotryptophan incorporation at all six sites did not negatively impact the structure

of these proteins.

X-ray structure of 4F-Trp OAA

4F-Trp OAA crystalized in the P1 space group with two monomers in the asymmetric unit
and two bound CAPS molecules per monomer, one in each sugar binding site, similar to WT OAA,
whose X-ray crystal structure was determined by us previously. X-ray diffraction data for 4F-Trp
OAA crystals were collected to compare the structures of WT OAA and the fluorinated analog.
The structure of a single chain of 4F-Trp OAA is shown in Figure 1a. Complete statistics for X-ray
data collection, phasing, and refinement are provided in Table 1. The atomic RMSD between
chain A and chain B in the asymmetric unit is 0.1 A for backbone and 0.3 A for all heavy atoms.
Incorporation of 4F-Trp had no discernible effect on the structure, with backbone and heavy atom
RMSDs of 0.2 A and 0.5 A, respectively, between WT and 4F-Trp OAA for both molecules in the
asymmetric unit cell (Figure S3, Supporting Information). As shown in Figure 1b, the Trp side
chain conformations are also not altered from the WT conformations and the presence of the
fluorine atom at the 4 position is readily discerned from the increased electron density. The only
clear differences in the X-ray structure of 4F-Trp OAA are seen for the side chains of S14 and

D80 located in the more flexible carbohydrate binding loops.

Chemical shift assignments of microcrystalline 4F-Trp OAA

We devised and employed a protein batch crystallization protocol and produced samples
of homogenous microcrystalline WT U-"3C,"®N-OAA and 4F-Trp,U-"3C,"N-OAA for MAS NMR.
Excellent MAS NMR spectra with 3C line widths as narrow as 20 Hz (Figure S4, Supporting
Information) were obtained. Interestingly, the spectrum of the 4F-Trp,U-"3C,'>N-OAA appears to
exhibit better resolution, compared to that of WT U-"3C,">N-OAA (Figure 1c). Almost complete
13C, ™N, and "°F backbone and side chain chemical shift assignments were obtained from a total
of five 2D and three 3D '°F- and "*C- detected MAS NMR experiments and a representative
sequential backbone walk for residues T50-159 is shown in Figure 1d. '*C and '*N chemical shifts
were determined for all 132 amino acids, with complete shift assignments accomplished for 94
residues. This is a notable improvement over WT OAA, where C and "N resonance
assignments for a large number of residues remained ambiguous due to resonance overlap
associated with the sequence repeats.*® In general, chemical shift changes of ~1 ppm are
observed for *C and "°N resonances associated with amino acids in close proximity to '°F (Figure
1¢,d), alleviating chemical shift degeneracy and, in turn, permitting unambiguous assignment of

most '*C and "N resonances. Examples of the improved dispersion in the *C-'3C combined R-



symmetry spin diffusion (CORD)® spectra for several overlapping resonances of WT U-"3C,"®N-
OAA (gray) compared to two resolved resonances of 4F-Trp,U-'3C,"®N-OAA (purple) are provided
in Figure 1c; the full overlay of the aliphatic region of the CORD spectrum is shown in Figure S5,
Supporting Information. Notably, all spin systems (132) have been observed and sequentially
assigned in the 2D CORD spectra with 25-50 ms mixing times. Of these, 28 spin systems
associated with pairs of residues in the sequence repeats were assigned with 2-fold ambiguity.
Despite the improvement in resolution upon 4F-Trp incorporation, the stretches of residues V33-
T46 and V100-Y113 could not be unambiguously assigned and, therefore, the respective
chemical shifts were handled with 2-fold ambiguity (Figure S6, Supporting Information). Proton
chemical shifts for selected residues were assigned via a combination of 2D (H)NH and (H)CH
MAS NMR spectra at 60 kHz using the published solution chemical shifts as a guide (Figure S7,
Supporting Information).*”

The fluorine chemical shifts were assigned by a combination of heuristic knowledge taken
from the structure and '*F-detected 2D (H)CF and 3D (H)CHF experiments. As shown in Figure
2, numerous correlations were observed between '°F signals and *C and "H backbone and side
chain resonances, allowing for their unambiguous assignments. The 2D "°F-"°F radio frequency
driven recoupling (RFDR) spectrum recorded with the RFDR mixing time of 10 ms at 50 kHz MAS
frequency is shown in Figure 1e, with the 1D spectrum displayed on the top. Similar to the solution
F NMR spectrum, five distinct resonances are present, with the most shielded peak clearly
comprising two partially resolved resonances. The three Trp pairs could be readily distinguished
in the spectrum based on the three sets of strong cross peaks observed between the Trp residues
belonging to each pair and the much weaker (if present at all) cross peaks between Trp residues
of different pairs. The resonances at -42.3 ppm and -42.9 ppm were unequivocally assigned to
the core pair W23 and W90 on the basis of the high-intensity cross peaks consistent with the
corresponding interfluorine distance being the shortest amongst all pairs of Trp residues, 5.1 A.
By comparison, the other two pairs of cross peaks are approximately half as intense, as expected,
given that the interfluorine distance between the Trp residues within each carbohydrate loop pair
is considerably longer, 6.8 A (Figure S8, Supporting Information). Notably, cross peaks
corresponding to longer distances are also present in the 2D RFDR spectrum shown in Figure
1e: an intra-chain correlation (W17-W23,12.6 A, Table S1, Supporting Information) as well as
inter-chain correlations (W17-W84 and W10-W77, 16.9 and 22.9 A, respectively, Table S1,
Supporting Information). This result is consistent with our prior observations of '°F-'°F interatomic
distances of up to 23 A in 2D RFDR spectra.?' Finally, the '°F chemical shifts for each Trp residue
were assigned on the basis of '°F-detected 2D (H)CF and 3D (H)CHF experiments acquired at a



MAS frequency of 60 kHz. As shown in Figure 2, numerous correlations were observed between
'8F signals with '3C and 'H backbone and side chain resonances, allowing for their unambiguous
assignments. These 2D and 3D spectra were also used to determine "*C-'°F interatomic distance

restraints as discussed below.

Long-range distance restraints

3C-based distance restraints for microcrystalline 4F-Trp,U-"3C,"*N-OAA were determined
using 2D CORD spectra acquired with mixing times of 50, 100, 250 and 500 ms. Given the high
spectral resolution, a significant number of well-resolved cross peaks were uniquely assigned to
inter-residue correlations (Figure S9, Supporting Information), and the complete list of
experimental *C-'3C distance restraints, comprising 976 medium range (1<[i-j|<5) and 2632 (|i-
j|25) long-range distance restraints, including ambiguous restraints up to 4-fold is summarized in
Table 2. Using a fully protonated 4F-Trp,U-'3C,"®N-OAA sample, we experimentally determined
an average of 43.2 3C-'3C restraints per residue (56.7% completeness), with approximately 7.4
medium-range restraints per residue (61.6% completeness) and 19.8 long-restraints per residue
(43.2% completeness), including <4-fold ambiguous restraints. The total number of restraints per
residue (including '°F restraints discussed below) is plotted versus residue number in Figure S9,
Supporting Information.

Traditionally, protein structure determination by C, *N, and 'H MAS NMR involves
correlation-derived distance restraints, with the largest distances typically not exceeding 8 A. We
posited that fluorine-based distances would augment the number of long-range distances. We
therefore recorded heteronuclear '°F-detected 2D and 3D spectra at a MAS frequency of 60 kHz,
and 3C-'°F distance restraints were extracted from a 2D (H)CF HETCOR data set (Figure 2a).
Overall, a total of 118 ™C-'®F correlations were assigned, including 108 unambiguous
assignments and the rest of 2-fold ambiguity. About half of the observed correlations in the 2D
(H)CF HETCOR spectrum correspond to internuclear pairs separated by less than 5 A, such as
intra-residue 4F-Trp CP, C° and C’ correlations. Interestingly, in the 2D (H)CF HETCOR spectrum
we observed 37 cross peaks corresponding to internuclear '*C-'°F distances of 5 A<r<8A, as
well as 23 correlations corresponding to r = 8 A. Remarkably, three distinct correlations were
present that correspond to much longer distances: CY(L66)-F(W84) (14.7 A), C¥%(125)-F(W84)
(15.0 A), and L92 CY/L132 C¥-W17 4F (16.3/16.7 A).

In addition, we extracted *C-'°F distance restraints from a 3D (H)CHF HETCOR spectrum
(Figure 2b). To the best of our knowledge, this is the first report of a '®F-detected 3D (H)CHF
HETCOR experiment. The magnetization transfer pathway from *C to '°F through an additional

'H dimension employed in this experiment, was indispensable for extracting unique 'C-'°F



correlations. Remarkably, even with limited 'H resolution, as expected for spectra of a fully
protonated protein at 60 kHz MAS frequency, unambiguous assignments were obtained for 28
3C-'F correlations (plus two 2-fold ambiguous cross peaks), corresponding to interatomic
distances of up to 9 A. Moreover, 11 nonredundant cross peaks each, corresponding to
interatomic distances 5 A <r <8 A and r < 5 A were identified, together with F(W17)-CF(P16)-H%
(W10) and F(W17)-CP(A15)-H(A15) correlations in the 3D spectrum corresponding to cross peaks
arising from F and C atoms separated by 8 A and 9 A, respectively. Additionally, 5 cross peaks in
the 3D (H)CHF HETCOR spectrum gave rise to unique distance restraints inaccessible in other
spectra. Interestingly, inter-residue C-H-F correlations corresponding to C-F distances between
3.4-7.5 A are observed at several '°F frequencies. These correlations are primarily between
backbone C%or side chain CF/C¥?/C®" and aromatic 4F-Trp side chain protons (H¢', H"?, and H%)
to '°F of the 4F-Trp.

Overall, homonuclear ("®F-'°F) and heteronuclear ('*C-'°F, 'H-'F) '®F-detected
experiments together yielded a total of 126 distance restraints with no more than 2-fold ambiguity,
with 95 unambiguously assigned distances. The corresponding fluorine-based interatomic
distances range from 2.9 to 16.7 A, comprising both local restraints around the fluorine atoms of
the 4F-Trp side chains and additional invaluable long-range inter-residue restraints with distances

exceeding 8 A. A summary of all "F-based restraints is provided in Table 2.

Structure calculation

To include '®F-based distance restraints in protein structure calculation protocols, force
field parameters for 4F-Trp were incorporated into XPLOR-NIH.?® To this end, the recently
developed AMBER ff15igp protein force field parameters of fluorinated aromatic amino acids were
converted into a series of pseudo potentials.*>*' The structure of a single 4F-Trp,U-"3C,"SN-OAA
chain was calculated using all available distance and dihedral angle restraints (Table 2). A
superposition of the 10 lowest energy structures is provided in Figure 3a (colored purple). The
average pairwise backbone and heavy atom RMSD between individual members of this ensemble
and the 4F-Trp,U-"3C,"*N-OAA X-ray structure are 1.1+0.1 A and 1.420.1 A, respectively (PDB:
9AUQ and Figure 3a, colored blue). The average precision of the ensemble as measured by
pairwise RMSD, is 0.4+0.1 A and 0.9+0.1 A for backbone and heavy atoms, respectively.

To evaluate the contribution of adding fluorine-based restraints to the calculated 4F-Trp,U-
13C,"SN-OAA structure, parallel calculations were performed without these restraints, and the
resulting 10 lowest energy structures are shown in Figure 3a (colored grey). Without the inclusion
of fluorine-based restraints, the average pairwise backbone and heavy atom RMSD between

individual members of this ensemble and the 4F-Trp,U-"SN-OAA X-ray structure are 1.1+0.1 A



and 2.120.1 A, respectively (PDB: 9AUQ). The average precision of the ensemble as measured
by pairwise RMSD, is 0.7+0.1 A and 1.3+0.2 A for backbone and heavy atoms, respectively.
The above results indicate that inclusion of fluorine-based restraints led to noticeably
reduced pairwise and target RMSDs (Table 2). Considerable improvements in local RMSD values
were observed in key regions of OAA outside of the tightly folded B-barrel core. As expected,
these improvements are associated with more restricted side chain conformations for all six Trp
residues (Figure 3b) as well as other residues throughout the protein (Figure S9, Supporting
Information). For example, in the carbohydrate-binding loops comprising residues N8-E19 and
N75-S86 few '*C-'3C inter-residue distance restraints were present, when compared to the B-
barrel core. As a consequence, in these regions the addition of fluorine-based distance restraints
leads to a marked improvement in RMSD values for several residues, especially around the Trp
residue pairs, W10/W17 and W77/W84 and more restricted side chain conformations (Figure S10,
Supporting Information). Specifically, the target backbone and heavy atom RMSD values for loop
1 (residues 8-19) of 4F-Trp,U-"3C,">N-OAA showed improvements from 0.6+0.3 A and 3.0+0.3 A
to 0.7+0.1 A and 1.0+0.1 A upon the addition of fluorine-based distance restraints, respectively.
Similarly, the average precision RMSD values for loop 1 improved from 0.6+0.3 A and 1.4+0.6 A
to 0.1+0.1 A and 0.4%0.2 A for backbone and heavy atoms, respectively. Similar improvements
were observed for loop 2 (residues 75-86) with target backbone and heavy atom RMSD values
changing from 0.620.2 A and 3.0£0.4 A to 0.7+0.1 A and 1.2+0.1 A upon the addition of fluorine-
based distance restraints, respectively, and average precision RMSD values improving from
0.4+0.1 A and 1.4£0.5 At0 0.3+0.1 A and 0.9+0.4 A for backbone and heavy atoms, respectively.
Furthermore, side chain conformations of residues N8, Q9, P16, 125, 136, F61, N75, Q76, and
F128 improved through the inclusion of "*C-'F restraints. Interestingly, several other residues
close to the carbohydrate-binding loops, such as V38, D42, and T131 also improved with respect
to target and pairwise RMSD values, upon restraining the side chain conformations of the above

set of residues.

Molecular dynamics

To further assess the structures calculated using fluorine-based pseudo potentials in
XPLOR-NIH, a secondary refinement of the 10 lowest energy 4F-Trp,U-"3C,">N-OAA models was
carried out applying the ff15ipq protein force field and its compatible 4F-Trp parameters*®#! in the
AMBER molecular dynamics (MD) simulation engine.*? Although a routine simulated annealing
protocol enforcing equivalent NMR-derived restraints did not improve the target RMSD values
beyond those already achieved by XPLOR-NIH, the AMBER refinement increased the frequency

of the secondary structure match to the target by 8+3% on average. Additionally, the models



gained 10+2.5 Ramachandran-allowed dihedrals, and the average clash score was reduced from
28.3+2.9 to zero, with the average MolProbity score**** improving from 3.2+0.1 to 2.0+0.1.
Importantly, the structural improvements in the carbohydrate binding loops in the initial structure
calculations (Figure 11, Supporting Information) were maintained. While secondary refinement
using a rigorously parameterized and fluorine-aware AMBER force field led to modest
improvements in the calculated models, the structures produced using XPLOR-NIH with newly
implemented fluorine pseudo potentials demonstrate excellent quality and satisfy high standards

of accuracy and precision relative to the crystallographic target.

CONCLUSIONS

We examined whether and how inclusion of fluorine-based distance restraints affects the
accuracy and precision of protein structures determined by MAS NMR using the microcrystalline
4F-Trp,U-"3C,"*N-labeled OAA as a benchmark protein. In the present work we provide a general
approach for "°F fast MAS NMR spectroscopy based on 2D and 3D homo- and heteronuclear
dipolar correlation experiments and introduce a new 3D (H)CHF HETCOR experiment. These "°F-
based experiments permitted unambiguous assignments of '°F chemical shifts and the extraction
of valuable fluorine-based long-distance restraints. The inclusion of such long-range fluorine-
based distances improved the accuracy and precision of the calculated structures, particularly for
residues in proximity to the Trp pairs (W10/W17 and W77/W84) in the carbohydrate-binding loops
and helped to define the local conformations in the carbohydrate binding loops, for which few
long-range ®C-'*C MAS NMR-derived restraints were available. Finally, the implementation of
specific parameterized force fields for aromatic fluorinated amino acids in XPLOR-NIH and
AMBER permitted the inclusion of 'F-based distance restraints in NMR protein structure
calculation and refinement protocols. This opens doors for the application of our approach to a
wide range of biological systems including protein assemblies, protein-ligand complexes and

signaling receptors.

EXPERIMENTAL
Protein expression

4F-Trp,U-"3C,"5N-OAA, 4F-Trp,U-""N-OAA, 5F-Trp,U-"3C,"®N-OAA, and 7F-Trp,U-"3C,"®N-
OAA were expressed and purified as reported previously with modifications.®3*¢ In brief,
transformed E. coli Rosetta2 (DE3) cells were cultured in 5-10 mL of Luria-Bertani (LB) medium
supplemented with 50 pg/mL kanamycin and 30 pg/mL chloramphenicol. The LB pre-culture was

incubated at 37 °C until the ODeoo reached 1.2-1.5 and 1 mL of this pre-culture was used to
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inoculate 50 mL of modified M9 medium, supplemented with 1 g/L "®*NH4Cl and 2 g/L "*Cs-glucose.
After overnight growth at 37 °C, the 50 mL culture was added to 1 L of isotope-containing modified
M9 medium, and grown at 37 °C up to an ODego of 0.7-0.75. At that point, the temperature was
lowered to 18 °C, 20 mg of 4-, 5-, 6- or 7-fluroindole was added, and cells were grown for ~1 hour.
After ~1 hour, protein expression was induced with isopropylthio-B-galactoside (IPTG), at a final
concentration of 500 uM. Cells were grown at 18 °C for 16-18 hours and harvested at 4000 x g
for 10 min at 4 °C. Cell pellets were resuspended in lysis buffer (20 mM Tris-HCI, 3 mM NaN3 pH
7.5) and stored at -80 °C until further use.

Protein purification

Cells were ruptured by sonication (Branson Digital Sonifier 450) at 70% power for 2
minutes (10 s pulse on and 50 s pulse off) on ice. The cellular lysate was clarified by centrifugation
at 14,000 x g for 1 hour at 4 °C, and the supernatant was buffer exchanged overnight into 20 mM
Tris-HCI, NaNs (pH 7.5) and subsequently loaded onto an anion exchange column (HiTrap Q FF
5 mL, GE Healthcare). Proteins were eluted using a 0-1 M NaCl gradient in 20 mM Tris-HCI (pH
7.5) and protein-containing fractions were pooled and concentrated (2-3 mL) prior to additional
purification by size-exclusion chromatography (HiLoad 26/600 Superdex 75 prep grade, GE
Healthcare) in 20 mM NaOAc buffer, 100 mM NaCl, 3 mM NaNs (pH 5.0). For X-ray diffraction
and solid-state NMR, purified protein was buffer exchanged into 20 mM Tris-HCI, 100 mM NacCl
(pH 8.0) and concentrated up to 30 mg/mL for crystallization. For solution NMR studies, proteins
were buffer exchanged into 20 mM NaOAc buffer, 20 mM NaCl, 3 mM NaNs (pH 6.0).

Crystallization of 4F-Trp OAA

Small-scale crystallization was carried out at room temperature (~20 °C) using sitting drop
vapor diffusion. 2 uL of 4F-Trp,U-">N-OAA in 20 mM Tris-HCI, 100 mM NaCl, pH 8.0 were mixed
with 2 pL of 1.2 M NaH2P04/0.8 M K;HPO4 (pH 5.5), 0.2 M Li»SOs, and 0.1 M CAPS (pH 10.5),
according to a previously published crystallization condition.33:6

Batch crystallization of 4F-Trp,U-13C,>N-OAA for MAS NMR experiments was performed
by a large scale sitting drop method using volumetric proportions of 500 pL sitting drop
crystallization wells, as previously reported.*> A series of pre-sterilized Petri dishes were used to
generate a concentric sitting drop vessel with a 25-75 mL reservoir and three droplet wells with
an optimal volume of 300-1000 uL. The sitting drop vessel was sealed using vacuum grease and
left undisturbed at 20 °C for 7-9 days. Once crystallization was complete, protein crystals were
harvested and packed into Bruker 3.2 and 1.3 mm rotors by centrifugation at 4 °C at 7-10,000 x
g and 10-15,000 x g, respectively.

11



Diffraction data collection and structure determination

X-ray diffraction data were collected in the X-ray crystallography facility of the Department
of Structural Biology, University of Pittsburgh, on 4F-Trp,U-">°N-OAA crystals grown in 1.2 mM
NaH2P0O./0.8 mM KoHPO4 (pH 5.5), 0.2 mM Li2SO4, and 0.1 mM CAPS (pH 10.5), pH 6.3. Data
were collected up to 2.37 A resolution on flash-cooled crystals (-180°C) using a Rigaku FR-E
generator with a R-AXIS IV image plate detector at a wavelength corresponding to the copper
edge (1.54 A). All diffraction data were processed, integrated, and scaled using d*TREK
software*, and eventually converted to mtz format using the CCP4 package.*’ The crystal
contained two polypeptide chains per asymmetric unit. Phases were determined by molecular
replacement using the structure of WT OAA (PDB:30OBL), comprising residues 2—-133 as the
structural probe. All pertinent statistics are summarized in Table 1. The unit-cell dimensions of
the P, crystals were a =42.48 A, b =47.30 A, and ¢ = 47.28 A with an estimated solvent content
of ~29.0% (Vm = 1.94 A3%/Da). Modeling of the processed MTZ maps was carried out in PHENIX*®

to automatically generate the initial structure. The generated models were refined using Coot.*°

Solution NMR spectroscopy
2D 'H-">N HSQC and 1D 'F solution NMR spectra were collected at 25 °C for 4F-, 5F-,
and 7F-Trp,U-"3C,"SN-OAA on a 14.1 T Bruker AVIIl spectrometer equipped with a triple-

resonance inverse detection (TXI) probe; the "H Larmor frequency was 600.1 MHz.

MAS NMR spectroscopy

For MAS NMR experiments, 30 mg of microcrystalline 4F-Trp,U-"3C,"®*N-OAA were
packed into a 3.2 mm thin-wall Bruker rotor, and 2.6 mg of protein were center-packed into a 1.3
mm Bruker rotor using silicone spacers.

2D CORD, NCACX, and NCOCX MAS NMR spectra were recorded on a Bruker 20.0 T
AVIII spectrometer, outfitted with a 3.2 mm E-free HCN probe. The MAS frequency was 14 kHz
controlled to within £10 Hz. The actual sample temperature was calibrated using KBr as an
external temperature sensor (by recording the "°Br T4 relaxation time)®® and was maintained at
4+1 °C. The Larmor frequencies were 850.4 MHz ('H), 213.8 MHz ('3C), and 86.2 MHz (°N). The
typical 90° pulse lengths were 2.7 us ('H), 4.3 us ("*C), and 4.5 ys (**N). For 'H-'3C and 'H-"°N
cross-polarization (CP) a 20% linear amplitude ramp was applied on 'H, with the center of the
ramp matched to the Hartmann—Hahn condition at the first spinning sideband, and contact times
of 0.9-1.1 ms. The radio frequency (rf) fields during 'H-"3C and "H-">N CP were 65 kHz ('H), 53
kHz ('*C), and 48 kHz ('°N). Band-selective '>N-'*C SPECIFIC-CP employed a 20% tangent

amplitude ramp on "N, the center of the ramp was matched to the Hartmann-Hahn condition at
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the first spinning sideband, and the contact time was 5.0-6.0 ms. 90 kHz SPINAL-645%" decoupling
was applied during the evolution (t) and acquisition (t2) times. The rf fields were 32/34 kHz (3C)
and 21/49 kHz (**N) for NCA/NCO transfers, respectively. The CORD mixing time was 50 ms.38

Additional MAS NMR experiments were also carried out on a Magnex/Bruker 14.1 T AVIII
HD spectrometer. The Larmor frequencies were 599.8 MHz ('H), 150.8 MHz ('3C), and 60.8 MHz
("®N). The sample temperature was calibrated with KBr as described above and maintained at
37+1 °C. 'H detected 2D (H)NH and (H)CH HETCOR spectra were recorded using a 1.3 mm HCN
MAS probe at a MAS frequency of 60 kHz, controlled to within £5 Hz. The typical 90° pulse lengths
were 1.4 us ('H), 2.7 ys (**C), and 3.2 ps ("®N). For 'H-"*C and "H-'*N CP a linear 20% amplitude
ramp was applied on "H, with the center of the ramp matched to the Hartmann—Hahn condition at
the first spinning sideband, and "H-"°N and 'H-'3C CP contact times were 600 ps and 800 us,
respectively. The '*C-'H and "*N-'H CP contact times were 200 us. The rf fields were 150 kHz
("H) and 86 kHz (**C) during 'H-"*C CP, and 105 kHz ('H) and 45 kHz ('°N) during "H-"N CP. 2D
CORD spectra were recorded using a 3.2 mm E-free HCN probe at a MAS frequency of 14 kHz,
controlled to within £5 Hz. The CORD mixing times were 25 ms, 100 ms, 250 ms, and 500 ms.
Typical pulse lengths were similar to those for the experiments performed at 20.0 T (see above).

Heteronuclear '°F-detected 2D (H)CF and 3D (H)CHF HETCOR experiments on 4F-
Trp,U-"3C,"N-OAA crystals were performed on an 11.7 T wide-bore Bruker AVIII spectrometer
outfitted with a 1.3 mm HFX MAS probe. The Larmor frequencies were 500.1 MHz ('H), 470.6
MHz (*°F), and 125.8 MHz (3C). All MAS NMR spectra were acquired at a MAS frequency of 60
kHz, controlled to within £10 Hz. The sample temperature was calibrated with KBr as described
above and maintained at 37+1 °C. Typical pulse lengths were 2.3 us ('H), 2.4 ps ('°F), and 2.9
us (°C). For the 2D (H)CF HETCOR experiment, *C-'°F CP was performed with a 30% linear
amplitude ramp on ®C, with the center of the ramp Hartmann-Hahn-matched to the first spinning
sideband; the rf fields were 16 kHz (°F) and 42 kHz ('*C). Swept-frequency two-pulse phase
modulation (SWf-TPPM)%? 'H decoupling (15 kHz) was applied during acquisition. '°F decoupling
was performed with a rotor-synchronized tr-pulse during evolution in the *C dimension. The "3C-
F CP contact time was 3.0 ms. The recycle delay was 2 s. For the 3D (H)CHF HETCOR
experiment, 'H-'°F CP was carried out with a 20% linear amplitude ramp on 'H, with the center
of the ramp Hartmann-Hahn-matched to the first spinning sideband; the rf fields were 108 kHz
("H) and 49 kHz ('°F). 3C-'H and "H-'°F CP contact times were 1.0 ms and 1.5 ms, respectively.
10 kHz WALTZ-16° 3C decoupling was applied during the "H evolution and acquisition periods.
15 kHz SWf-TPPM "H decoupling was applied during the '*C evolution and acquisition periods.
The recycle delay was 1.4 s.
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The 2D "°F-'°F RFDR spectrum was recorded at Bruker Billerica, on a 11.7 T wide bore
Bruker AVIII spectrometer, outfitted with a 1.3 mm HFX MAS probe. The Larmor frequencies were
500.1 MHz ('H), 470.6 MHz ('°F), and 125.8 MHz ('*C). The MAS frequency was 50 kHz,
controlled to within £10 Hz. The sample temperature was calibrated with KBr as described above
and maintained at 24+1 °C. The '°F pulse length was 2.0 ys. RFDR (XY8)'s; phase cycle was
used; the RFDR mixing time was 10 ms. SWf{-TPPM®? 'H decoupling (15 kHz) was applied during
the acquisition.

Additional details on the experimental settings are summarized in Table S2, Supporting

Information.

Data processing

All MAS NMR data were processed using Bruker TopSpin and/or NMRPipe.>* 'H chemical
shifts were indirectly referenced to the external standard adamantane *C chemical shift.%® 3C
and 5N chemical shifts were referenced to the external standards adamantane® and ammonium
chloride,® respectively. '°F chemical shifts were referenced to trifluoroacetic acid (100 yuM
solution in 25 mM phosphate buffer, pH 6.5), used as an external standard (0 ppm). The 2D and
3D data sets were processed by applying 30°, 45°, 60°, and 90° shifted sine bell apodization,
followed by a Lorentzian-to-Gaussian transformation in both dimensions. 2D and 3D 'H-detected
data sets were processed with Gaussian and/or square sine window multiplication and quadrature

baseline correction.

Resonance assignments

All solution and MAS NMR spectra were analyzed using NMRFAM-Sparky®®*® and
CCPN.% 'H and "®N solution chemical shifts were assigned based on the published WT OAA
chemical shifts (BMRB:25306).3” '*C and 'SN chemical shift assignments of microcrystalline 4F-
Trp,U-3C,"® N-OAA were transferred from the chemical shifts of microcrystalline WT OAA
reported by us previously,*® and verified by de novo backbone and side chain assignments,
using 2D *C-"*C CORD (50 ms mixing time), 2D/3D NCACX (50 ms mixing time) and NCOCX
(25 ms mixing time) experiments. 'H backbone and side chain resonances were assigned using
'H-deteced 2D (H)NH HETCOR and (H)CH HETCOR spectra. '°F chemical shifts were
assigned based on '"®F-deteced 2D RFDR, (H)CF, and 3D (H)CHF spectra.

Parameterization of fluorinated amino acids in XPLOR-NIH
XPLOR-NIH structure calculations employed pseudo potentials for the fluorinated
amino acids. A total of 8 pseudo potentials were constructed, one for each of the fluorinated

amino acid variants from the AMBER ff15ipq_fl force field.*' Topology and parameters were
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taken from the AMBER force field and used to design the pseudo potentials. Bond lengths
were set to their equilibrium values, while bond angles and planar improper torsions were set
to their geometrically idealized values. For consistency with standard XPLOR-NIH calculations,
which do not use explicit electrostatic interactions, no realistic charge information was included

in the pseudo potentials.

Structure calculation

The complete set of experimental '3C-'3C distance restraints obtained from 2D C-3C
CORD spectra recorded with the mixing times of 100 ms, 250 ms, and 500 ms was cross checked
against the complete set of '*C-"°C distances up to 7 A generated from the 4F-Trp OAA X-ray
structure using scripts in Python 2.7 Biopython®' and Bio-PDB®2 modules. From this approach, a
final set of medium and long-range C-C distances was obtained with up to 4-fold ambiguity.'F-
F and "®F-'3C distance restraints were extracted from the following spectra: 2D RFDR (mixing
time of 10 ms), 2D (H)CF HETCOR ("3C-'°F contact time of 3.0 ms), and 3D (H)CHF HETCOR
(contact times of 1.0 ms ("*C-'H) and 1.5 ms ("H-"°F), respectively).

The final MAS NMR structure was calculated in XPLOR-NIH version 2.533%%6364 ysing 5671
distance restraints. Distances were supplemented with backbone phi (¢) and psi (@) dihedral
angles predicted by TALOS+% from experimental '*C and "®N chemical shifts. The sidechain
dihedral angle xi (x) was restrained to 90+20 degrees for each Trp residue based on solution
NMR chemical shifts.?® '3C-"3C distance restraints were set to 1.5-6.5 A (4.0+2.5 A) and 2.0-7.2
A (4.6£2.6 A) for intra- and inter-residue correlations, respectively.>**5 The minimum and
maximum XPLOR bounds for '®F-based distance restraints were set as follows: 4.0-8.0 A (6.0+2.0
A) for '°F-"°F inter-residue restraints, 2.0-4.2 A (3.1+1.1 A) to 2.0-8.0 A (5.0+3.0 A) for lower- and
upper-bound "*C-'°F intra-residue restraints, and 2.0-3.8 A (2.9+0.9 A) to 2.0-15.0 A (10.0£5.0 A)
for lower- and upper-bound C-'°F inter-residue restraints, respectively. The *C-'F distance
restraint bounds were estimated from Trp CP-F cross peak intensities used as a ruler (C-F
interatomic distance of 3.3 A), to set the initial values. The bounds for other restraints were then
estimated from the corresponding cross peak intensities and by taking into account the
approximate 1/r® dependence of intensity on interatomic distance. The lower bound was set to 2
A, while the upper bound was set to the estimated distance +1 A.

Single-chain calculations were seeded from an extended strand of the primary sequence
and 1000 structures were generated using torsion angle dynamics with two consecutive annealing
schedules and a final energy minimization in Cartesian space, as described previously.>3#® The
first annealing calculation was performed at 3500 K for 800 ps or 8000 steps, keeping the energy

constant. This was followed by a second phase of simulated annealing, applied to the 10 lowest
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energy structures, with lowering the temperature from 3000 K to 25 K'in 12.5 K steps. During the
initial simulated annealing force constraints for distance restraints were ramped from 10 to 50
kcal/mol/A?; in the second phase they were ramped from 2 to 30 kcal/mol/A2. Dihedral restraints
were excluded from high temperature dynamics run at 3500 K, and set to 200 kcal/mol/rad? during
simulated annealing. During both annealing schedules the force constant for the radius of gyration
was scaled from 0.002 to 1. Final structures were minimized using a Powell energy minimization

scheme and the 10 lowest energy structures were used for refinement.

Structure refinement with the ff15ipq force field

The 10 lowest energy structures obtained from XPLOR-NIH were refined using a simulated
annealing protocol, applying the ff15ipq and ff15ipq_fl force fields.***' The refinement was
performed using pmemd.cuda®” from the AMBER 22 package.*? Distance restraints used for
structure calculations in XPLOR-NIH were converted to AMBER readable format, such that an
identical restraint set was used in both programs. Structures were subjected to 10,000 steps of
energy minimization using the steepest descent algorithm for the first 1,000 steps, followed by
conjugate gradient minimization for the remainder. Simulated annealing was carried out in implicit
solvent®® with a time step of 1 fs. Non-bonded interactions were computed in direct space.
Temperature was controlled using the Berendsen thermostat with a coupling constant of 1 ps.
Structures were heated from 0 to 500 K over 250 ps, maintained at high temperature for 500 ps,
then cooled from 500 to 0 K over an additional 250 ps. The annealing protocol was run in triplicate
for each structure from the XPLOR-NIH ensemble, and the lowest energy structure out of three
was selected for the AMBER-refined ensemble. Secondary structure assignment used the
STRIDE®®" implementation in VMD 1.9.3.7" Structural quality statistics were calculated using
MolProbity.*

Structure analysis and visualization

The atomic RMSD values were calculated for each of 10 lowest energy structures for
backbone atoms (N, C¢ C’) and heavy atoms with respect to the X-ray crystal structure
(PDB:9AUQ) in XPLOR-NIH (version 2.53).396364 Rendering and visualization of the structures
was performed in PyMOL"2,
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Table 1 | X-ray data collection and refinement statistics

4F-Trp,U-">*N OAA

Data collection

Wavelength (A)

1.54

Space group

P1

Cell dimensions

a, b, c(A)

42.48, 47.30, 47.28

a, B,y ()

78.44, 63.36, 63.37

Resolution range (A)

22.64 - 2.37 (2.455 - 2.37)

Completeness (%)

95.07 (87.24)

Wilson B-factor, A2 15.32
Refinement

Refinement program Coot
Resolution range (A) 29-2.37
No. reflections 11298
Rwork,/Rfree 1 68/235

No. of nonhydrogen atoms

Protein 1984

Ligand 56

Solvent (water) 100
B-factors

Protein 14.13

Ligand 17.80

Solvent (water) 15.30
r.m.s.d deviations

Bond lengths (A) 0.01

Bond angles (°) 1.20
PDB ID 9AUQ

*Values in parentheses are for highest-resolution shell.
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Table 2 | Summary of MAS NMR restraints and structure statistics

13C-13C MAS NMR distance restraints

*up to 4-fold ambiquity, # unambiguous indicated in ()

Intra-residue 673 (220)
Sequential (Ji-j|=1) 1264 (381)
Medium range (1<[i-j|<5) 976 (276)
Long range (Ji-j|=5) 2632 (681)
F-(13C, "°F) MAS NMR distance restraints Total F-F CF 2D CHF
*up to 2-fold ambiquity, # unambiguous indicated in () RFDR 3D
r<5A 58 (55) 0 ) 0
5A<sr<8A 44 (43) 3 (3) ) 4 (4)
rz8A 24 (18) 0 ) 1(1)
F Total 126 (95) 3(3) 8) 5(5
Total number of restraints assigned 5671
TALOS-derived dihedral angle restraints
O] 99
Y 99
X (for Trp) 6
Structure statistics for 10 lowest energy structures
Violations (mean + s.d.) w °F w/o "°F
Distance restraints (A) 0.2+0.1 0.2+0.1
Dihedral angle restraints (°) 6.0+3.6 6.0+3.5
Max. distance restraint violation (A) 0.9 1.0
Max. dihedral angle restraint violation (°) 28.9 27.6
Deviations from idealized geometry w °F w/o "°F
Bond lengths (A) 0.0+0.0 0.0+0.0
Bond angles (°) 0.8+0.0 0.7+£0.0
Impropers (°) 0.8+£0.0 0.7£0.0
Average pairwise r.m.s.d. (A) w 9F w/o °F
Backbone (N, C¢ C’) 0.4+0.1 0.7+0.1
Heavy 0.9+0.1 1.3+0.2
Average Target (X-ray structure) r.m.s.d. (A) w 9F w/o "°F
Backbone (N, C¢, C’) 1.1+0.1 1.1+£0.1
Heavy 14+0.1 2101
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Figure 1 | a) Cartoon representation of the X-ray structure (top) and amino acid sequence and secondary
structure (bottom) of 4F-Trp O. agardhii agglutinin (OAA). The 4F-Trp residues and bound CAPS molecules
are shown in stick representation and colored magenta and yellow, respectively. The fluorine atoms are
represented by green spheres. Amino acid sequence repeat 1 (residues 1-66) and repeat 2 (residues 70-
133) in the structure are colored in blue and gray, respectively; residues between the repeats (G67-N69)
are colored in green. In the sequence, conserved amino acids are in black type, non-conserved ones in
cyan, residues between the repeats (G67-N69) are in green, and the Trp residues are in magenta. b)
Electron density for the 4F-Trp and Trp side chains, contoured at 2.0 A (blue mesh) in 4F-Trp OAA (left)
and WT OAA (right). ¢) Superposition of representative regions in the 2D CORD spectra of crystalline WT
U-"3C,"5N-OAA (gray) and 4F-Trp,U-"3C,"®*N-OAA (purple). Cross peaks for residues that possess different
chemical shifts in WT U-"3C,"SN-OAA and 4F-Trp,U-"3C,">N-OAA are labeled by residue name, number and
atom type. d) Backbone walk for the residue stretch T50-159 in the 3D NCACX (purple) and 3D NCOCX
(blue) spectra of crystalline 4F-Trp,U-"3C,">N-OAA. e) 2D "°F-"°F RFDR spectrum of 4F-Trp,U-"3C,">SN-OAA
acquired with a mixing time of 10 ms and a MAS frequency of 50 kHz. The spectrum was processed with
linear prediction of 256 points in the t1 dimension, 60° and 90° squared sinebell apodization and zero filling
to 4096 and 512 points in t2 and t1 dimensions, respectively. The corresponding 1D '°F MAS spectrum is
shown on the top.
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Figure 2 | a) Aliphatic, aromatic, and carbonyl regions of a 2D (H)CF HETCOR spectrum of 4F-Trp,U-
8C,">N-OAA. Selected assignment labels are shown, full assignments are presented in Figure S11,
Supporting Information. b) Selected 2D 'H-'3C planes from a 3D (H)CHF spectrum of 4F-Trp,U-'3C,'*N-
OAA, with representative '3C-'°F interatomic distances extracted from 3D (H)CHF HETCOR spectra, shown
on the 3D structures below each spectrum. The planes are shown for W23 (Siso('°F)= -42.3 ppm, top left),
W90 (diso('°F)= -42.9 ppm, top right), W10 (Siso('°F)= -47.2 ppm, middle left), W17 (diso('°F)= -45.2 ppm,
middle right), W84 (Siso('°F)= -44.2 ppm, bottom left), and W77 (diso('°F)= -46.7 ppm, bottom right). A total
of 123 3C-"°F inter-residue correlations were experimentally determined for W23 (16 correlations), W90
(23 correlations), W84 (26 correlations), W17 (27 correlations), W77 (17 correlations), and W10 (14

correlations).
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Figure 3 | a) Superposition of 10 lowest energy MAS NMR structures of 4F-Trp OAA calculated without
(grey) and with (purple) the inclusion of '®F-based interatomic distance restraints, together with the X-ray
crystal structure (blue). b) Sidechain conformations of Trp residues in the 10 lowest energy MAS NMR
structures of 4F-Trp OAA calculated without (left panel) and with (middle panel) '°F-based interatomic
distance restraints, and in the X-ray structure (right panel).
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