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Abstract

Protein catalysis requires atomic-level orchestration of side chains, substrates, and
cofactors, yet the ability to design a small-molecule-binding protein entirely from first principles
with a precisely predetermined structure has not been demonstrated. We designed a novel
protein, PS1, which binds a highly electron-deficient, non-natural porphyrin at temperatures up
to 100 °C. The high-resolution structure of holo-PS1 is in sub-A agreement with the design.
The structure of apo-PS1 retains the remote core packing of the holo, predisposing a flexible
binding region for the desired ligand-binding geometry. Our results illustrate the unification of

core packing and binding site definition as a central principle of ligand-binding protein design.

Introduction
If we truly understand proteins, we should be able to design functional proteins

purposefully from scratch. While the de novo design of proteins has seen many successes'™'%, no
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small molecule ligand- or organic cofactor-binding protein has been designed entirely from first
principles to achieve 1) a unique structure and ii) a predetermined binding-site geometry with
sub-A accuracy. Such achievements are prerequisites for the design of proteins that control and
enable complex reaction trajectories, where the relative placements of cofactors, substrates, and
protein side chains must be established within the length scale of a chemical bond. Here, we
design a small molecule-binding protein based on the concept that the entire protein contributes
to establishing the binding geometry of a ligand'*'®. Numerous mutational studies of natural
ligand-binding proteins have highlighted the counter-intuitive importance of distant amino acids
(10-20 A from the binding site) on binding affinity, which work in concert with first-shell amino
acids surrounding the bound ligand'*™'®. We implement this concept for the first time in de novo
protein design. Hence, what are traditionally considered as separate sectors — the hydrophobic
core and ligand-binding site — we treat as an inseparable unit. We utilize flexible backbone
sequence design of a parametrically defined protein template to simultaneously pack the protein
interior both proximal to and remote from the ligand-binding site. Thus, tight interdigitation of
core side chains quite removed from the binding site structurally restrains the first- and second-
shell packing around the ligand. We apply this principle to the decades-old problem of structural
non-uniqueness in de novo-designed heme-binding proteins'’. We designed a novel protein,
PS1, which binds a highly electron-deficient, non-natural porphyrin at temperatures up to 100
°C. The high-resolution structure of holo-PS1 is in sub-A agreement with the design. The
structure of apo-PS1 retains the remote core packing of the holo, predisposing a flexible binding
region for the desired ligand-binding geometry. Our results illustrate the unification of core

packing and binding site definition as a fundamental principle of ligand-binding protein design.
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Recent successes in the field of de novo design of coiled coils™’ and metalloproteins**°

are encouraging, but so far have not translated to more complex cofactors. In fact, attempts at
computational design of novel small molecule ligand-binding proteins have been limited in
number and generally focused on changing only the binding site of natural proteins, leaving the
core of the protein intact'®". For example, the binding site of a natural scaffold was
computationally redesigned to bind a hydrophobic organic ligand but required multiple rounds of
mutagenesis and experimental selection using yeast display'®. At the other extreme, de novo
heme-binding helical bundle proteins have been designed entirely from first principles (reviewed
in refs. 17, 20), but these “maquettes” have evaded structural determination, largely due to
aggregation or their dynamical properties'*"*2. With the exception of short, covalently linked
peptide-heme complexes™, the only structure of a de novo heme-binding protein was solved for
an apo-protein, which showed a hydrophobically collapsed binding site with no space for binding
heme®'**. The lack of precise, predictive three-dimensional models of heme-binding maquettes,
coupled with the failure to determine high-resolution structures, has limited their utility, although
maquettes have elucidated electrostatic roles for tuning redox potentials of donors/acceptors in
electron-transfer reactions®. An iterative trial-and-error approach has been shown to
incrementally improve NMR spectra of maquette proteins®, and may ultimately lead to the
determination of three-dimensional structures; however, a robust computational method is
needed to deliver precisely predetermined structures with sub-A accuracy.

Our own work has focused on the development of computational design of cofactor-

2628 with atomic-level accuracy. We used a step-wise strategy in which we first

binding proteins
employed a mathematical parameterization of an antiparallel coiled coil to construct a rigid

binding site, then, in a separate calculation, introduced side chain packing constrained by this
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2628 This approach resulted in de novo porphyrin-binding proteins with the

rigid backbone
desired tertiary structure and ligand-binding stoichiometry, but not of sufficient conformational
uniqueness to yield a high-resolution structure.

An extensive body of work with natural proteins'*"'® has shown that side chain packing
quite distant from the binding site can propagate to significantly affect ligand binding, catalysis,
and allosteric regulation. Thus, the entire hydrophobic core — even residues 20 A away from the
binding site — should be considered as an essential extension of the primary and secondary shell
interactions with the ligand. We noted that, unlike natural proteins (Fig. 1a), previous de novo
designed cofactor-binding proteins lack an extensive, well-defined apolar core. Instead, their
interior packing is dominated by interactions with one or more porphyrins or multi-functional
cofactors that span the length of the bundle (Fig. 1b). Where a cofactor-free core was included’,
the core was not computationally designed, and high-resolution structures were not determined.
Here, we purposefully include a folded core remote from the ligand-binding site and optimize its
sequence and structure in concert with the binding site to ensure appropriate coupling (Fig. 1c).
As compared to earlier computational design of ligand-binding proteins'"*'® our approach differs
by: 1) beginning with a mathematically parameterized backbone rather than a natural protein; 2)
applying flexible backbone design to the entire backbone as well as sequence design to all
interior and substrate-binding sites rather than just the first and second-shell contacting residues;

3) not relying on screening of large numbers of designs or genetic selections to achieve the

desired outcome.

Results

Protein design
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The design of PS1 (Porphyrin-binding Sequence 1) began with the previously
parameterized backbone from the de novo designed protein SCRPZ-2%*, a protein that bound an
extended porphinato(metal)-polypyridyl(metal) cofactor (Fig. 1b). The backbone of SCRPZ-2

2630 \was designed with a simple equation defining a

and its di-porphyrin-binding predecessors
D,-symmetrical antiparallel coiled coil’'. The parameters were adjusted to position a single His
ligand to receive a second-shell hydrogen bond with Thr from a neighboring helix (see Fig. 2b).
Side chains in the vicinity of the binding site were computationally designed to stabilize the
asymmetric ligand environment while maintaining a rigid symmetrical backbone. Interhelical
loops were then chosen following previously defined geometric principles®®***2. Although

SCRPZ-2 bound to its desired cofactor, its NMR spectra was not as well dispersed as those for

natural heme-containing proteins, and it lacked a cooperatively folded core.

We used the parameterized backbone of SCRPZ-2 as a starting point for design of a
protein that binds a much smaller abiological porphyrin (CF3)4PZn ([5,10,15,20-
tetrakis(trifluoromethyl)porphinato]Zn®") (Fig. 2)*, a powerful photo-oxidant with an excited-
state reduction potential similar to the ground-state reduction potential of the oxidized special
pair of chlorophylls in photosystem II of green plants®*. The reduced size of the (CF3),PZn
cofactor provided space for a hydrophobic core in what was formerly occupied by the large,
bulky metal-polypyridyl group. We manually docked (CF3)4PZn in the porphyrin-binding site
(Fig. 2b) and used Backrub within Rosetta® to sample small structural changes of the
parameterized backbone; we then employed alternating loops of fixed backbone sequence design
and backbone/sidechain minimization (see Methods). The models were assessed for packing of
the porphyrin as well as the core. To isolate effects of introducing a well-defined hydrophobic

core, we allowed sequence changes only in the protein interior and cofactor-binding site, keeping
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the identities of most solvent-exposed and loop residues fixed from that of SCRPZ-2. The final
sequence of PS1 shares no similarity with any known natural protein (BLAST E value < 0.06
against the non-redundant protein sequence database nr). Although the final backbone model of
PS1 differed by only 1 A root mean square deviation (RMSD) from the initial parameterized
backbone of SCRPZ-2, fully 70% of the interior residues were changed from SCRPZ-2, and half

of those retained were predicted to adopt different rotamers (Fig. S1).

Biophysical characterization of PS1

PS1 is monomeric (Fig. S2) and binds the water-insoluble cofactor, (CF3)4PZn, forming
highly thermostable complexes (extrapolated T, > 120 °C, Fig. 3¢ and Fig. S3) that are stable for
over a year. The complex forms within seconds of adding (CF3)4PZn from organic solution to
aqueous PS1, suggesting a small kinetic barrier for assembly (Fig. 3a). A tight dissociation
constant of binding, Kp =45 nM, was measured under conditions where the water-insoluble
porphyrin was solubilized with 1% w/v octylglucopyranoside detergent (Fig. 3b). PS1 also binds
the ferrous iron-derivative of the porphyrin, (CF3)4sPFe (Fig. S4), despite the abysmal solubility
in water of this cofactor. Loading of PS1 with (CF3)4PFe suggests that the protein could also be
used as a platform for engineering ground-state redox chemistry, as (CF3)4PFe is an electron-
deficient (porphinato)metal complex capable of molecular oxygen activation for alkane

hydroxylation and alkene epoxidation’®.

Time-resolved transient absorption spectroscopy showed that protein/(CF3)4PZn
interactions are preserved even at near-boiling temperatures where the protein retains its native
structure (Fig. 3d). The excited-state spectra and dynamics of (CF3)4sPZn within holo-PS1 at 21
and 100 °C are indistinguishable, which indicates that the protein does not detectably perturb the

porphyrin molecular framework—intersystem crossing rates of electronically excited porphyrins
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are known to be sensitive to temperature and environment®’. Furthermore, these data indicate
that encapsulation of (CF3)4PZn in the binding site of PS1 shields the porphyrin from
nucleophilic attack that would otherwise occur in water, especially at high temperatures, i.e. the
protein safeguards the porphyrin against a wasteful, degradative, photochemical side reaction.
Thus, PS1 effectively stabilizes an extraordinarily insoluble cofactor in aqueous solution, even at

temperatures considered extreme for hyperthermophiles.

We also examined another high-scoring sequence (named PS2) of the design process,
with a hydrophobic core unique from PS1, which was expressed, purified, and tested for binding
to (CF3)4PZn (see Methods and supplementary information). Electronic absorption spectra of
holo-PS2 shows narrow absorption bands similar to those evinced by holo-PS1 (Fig. S5),
strongly suggesting that these designs analogously enfold the porphyrin in a unique binding

environment, although structural characterization of PS2 has not yet been pursued.
Structural characterization of holo-PS1

An exceptionally well-resolved NMR structural ensemble of holo-PS1 (Figs. 4 and 5)
was computed using 19 nuclear Overhauser effects (NOEs) per residue and nearly complete
'Dw residual dipolar coupling restraints. The backbone is in excellent agreement with the design
(0.8 £ 0.1 A helical backbone RMSD), and core residues each populate a single rotamer state,
almost all in agreement with the design (Fig. 4a,d,e). While the PS1 design was selected based
in part on its featuring an abundance of high-probability rotamer states of core residues, two low-
probability rotamers were present in the designed core of PS1: one, Leu98, in the first-shell of
the binding site, and the other, Leul9, in the remote folded core. Binding of the porphyrin forces
Leu98 to adopt this low-probability rotamer, which is not present in the apo-protein (see below,

Fig. 5e), whereas Leul9 adopts a more probable rotamer in both the holo- and apo-proteins.
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Trp68, fit snuggly between two CF; groups of the porphyrin, can also be seen to adopt its
predicted rotamer upon binding of the porphyrin, driving a unique conformation of the cofactor

within the binding site.

The location and orientation of the porphyrin within PS1 was determined by an
exceptional number of porphyrin-protein NOEs (26 porphyrin-protein NOEs were used in the
structural refinement, Fig. 4b). Most importantly, the observed orientation of the cofactor is
exactly as designed, within the precision of the NMR structure (Fig. 4c). (CF3)4PZn was only
displaced in its binding site relative to its predetermined orientation by an average translation
(0.4 A) half the size of a covalent C-H bond, and by a small average rotation (11°) within the

porphyrin plane.
Ab initio folding predictions and NMR structure of apo-PS1

We wondered how the folded core of PS1 might contribute to favorable binding
dynamics, as the ligand binding must compete with precipitation of the water-insoluble ligand.
AD initio folding®® simulations of the apo-PS1 sequence predict a bipartite structure with a
conformationally unique folded core, which closely resembles the core of holo-PS1, and a more
flexible cofactor-binding region (Fig. 2c). Significantly, hydrophobic collapse in the binding
region is avoided, because it contains a polar His and also is rich in small Ala and Gly side
chains (Fig. 4d) to specifically associate with the face of the porphyrin ring, rather than the large
hydrophobic residues used to stabilize hemes in maquettes. Thus, “negative design” in PS1 is
implicitly achieved through the construction of a relatively polar cofactor-binding site, which

creates a cofactor-shaped void in the apo-protein.

The NMR structure of apo-PS1 was also solved (Fig. 5), and the structural ensemble

shows a folded core highly similar to that of holo-PS1. This finding indicates that the folded core
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both predisposes and anchors the flexible binding region for productive binding of the ligand.
The binding region is more dynamic in apo-PS1, which contains two clusters of structures, open
and closed (Fig. S6). The open conformation likely facilitates binding of the large cofactor, but

there is room for water to penetrate into the unoccupied binding site in both conformations.
Dynamics and structural comparisons of apo- vs holo-PS1

Solvent hydrogen-deuterium exchange (HDX) experiments and molecular dynamics
simulations of apo-PS1 also show a gradient in conformational stability between the apolar core
and the binding site of apo-PS1 (Fig. 5c, Figs. S7 and S8). The backbone surrounding the apolar
core of both holo- and apo-PS1 is highly protected from exchange, an important characteristic of
cooperatively folded native proteins. The protected region extends into the porphyrin-binding
site in the holo-protein but not in the apo-structure (Fig. 5¢). The increased protection in the
binding site of holo-PS1 is seen at both solvent-exposed and interior positions, indicating

increased conformational stability rather than steric restriction from the bound cofactor alone.

In both the apo- and the holo-structures, the interior side chains stack into four layers,
beginning at the edge of the porphyrin-binding site and extending to the end of the bundle (Fig.
5, d-f). In the absence of cofactor to constrain and stabilize the tightly packed conformation of
the holo-protein, the layers closest to the binding site explore more conformations, accessing
rotamers not seen in holo-PS1 (Fig. 5e). By contrast, the packing of the more distal layers is
identical in the apo- and holo-structures (Fig. 5f). Thus, the third- and fourth-shell layers,
located up to 20 A away from the binding site, are precisely preorganized to stabilize the
conformation of the first-shell side chains when PS1 enfolds its cofactor. This finding is

13-16

consistent with numerous studies on natural proteins ~ °, which show that variation of residues
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involved in core packing distant from an active site can have profound influences on binding and

catalysis.
Discussion

The vast improvement in conformational specificity between PS1 and earlier designs
illuminates the importance of considering hydrophobic core packing and the construction of
ligand-binding sites as a joint optimization problem during computational design. Our previous
studies indicate that the use of rigid backbones optimized for ligand-protein interactions alone
are insufficient for conformational uniqueness without explicitly considering and designing a
backbone that can also accommodate a well-defined apolar core. Similarly, attempts to radically
change specificity of natural proteins by varying their binding sites, while treating the
surrounding protein matrix as a rigid unit of fixed sequence, has required subsequent
experimental optimization via extensive rounds of random mutagenesis and selection'®'**?. The
reliance on experimental methods such as directed evolution and genetic selections, while
currently useful in many practical applications', speaks to our incomplete understanding of
protein structure and function, and the need to test and refine this knowledge through design. It is
noteworthy that the first sequence designed and tested via our approach succeeded without need
for experimental screening. Furthermore, another high-scoring protein design also bound the
cofactor, suggesting a possible generality of the method within the helical bundle protein family.
Future work will apply this principle to other families of tertiary structures. These studies bring
chemists closer to the ultimate goal of the computational design of fully functional proteins with

properties unprecedented in nature.

Figures
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normalized emission spectrum of (CF3)4PZn upon electronic excitation at 405 nm (OD = 0.1 at
excitation wavelength); buffer = 100 mM NaCl, 50 mM NaPi, pH 7.5. b, Determination of Kp
by apo-PS1 titration into a buffer solution (100 mM NaCl, 50 mM NaPi, pH 7.5) of (CF3)4sPZn
with 1% w/v octyl-b-D-glucopyranoside. Inset shows spectral shifts upon porphyrin binding to
PS1. ¢, Circular dichroism (CD) spectra of apo- and holo-PS1 in 50 mM NaPi, 100 mM NacCl,
pH 7.5 as a function of temperature. The transitions appear reversible based on the fact that the
spectra are identical after cooling to room temperature. Units are in molar residue ellipticity.
Electronic absorbance spectra indicate holo-PS1 retains the porphyrin upon cooling. d, Pump-
probe transient absorption spectra of (CF3)4PZn bound in the interior of holo-PS1 at 21 °C and
100 °C. The black spectrum shows characteristic S;— Sy absorptions of (CF3)4sPZn, which
smoothly transitions into the gray spectrum showing characteristic T;—Ty absorptions of
(CF3)4PZn. Inset exemplifies identical transient dynamics (primarily intersystem crossing from
Sito T) at AAbs. = 482 nm (scaled). Experimental conditions: solvent = 50 mM NaPi, 100 mM
NaCl, pH 7.5; excitation wavelength = 600 + 5 nm; magic-angle polarization between pump and

probe pulses; pump-probe cross-correlation of ~250 fs.

14
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Figure 4 | The structure of holo-PS1 agrees closely with the design. a, The structure of holo-
PS1 (orange) superimposed on the design (gray), with mean helical backbone RMSD of 0.8 + 0.1
A. The holo-PS1 model shown is the centroid of the NMR structural ensemble. b, 26 porphyrin-
protein nuclear Overhauser effects (NOEs), drawn as purple sticks, experimentally determine the
orientation of the porphyrin within the binding site of PS1. ¢, compares observed (green) vs.
designed (gray) orientations. All hydrophobic and helical backbone heavy atoms within 4 A of
porphyrin heavy atoms in the design were used for alignment (0.9 + 0.1 A all-atom RMSD). d,e,
shows ~10 A slices of the holo-PS1 NMR centroid and design in the binding region and folded

core, respectively.
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HE2/NE2, Arg HE/NE and Trp HE1/NE1) are also labeled. The residues belonging to the
binding region and folded core are color-coded as in (b). Non-helical residues are labeled in

cyan font face. The inset in the HSQC spectrum of apo-PS1 shows the chemical shift of the
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indole proton of Trp68 near 10.2 ppm. A dashed box surrounds 90% of the backbone resonances
of apo-PS1 and is also placed at the same position in the holo-PS1 spectrum. Arrows point to
resonances of residues within the binding region that change dramatically upon binding of the
cofactor. b, Solution NMR structures of apo-PS1 (purple) and holo-PS1 (orange). The structures
were aligned to the backbone of the helical folded core of the lowest energy holo-PS1 model.
Terminal residues 1, 108, and 109 are not shown for clarity. ¢, Hydrogen-deuterium exchange
protection factors (PF) measured for apo- and holo-PS1, mapped onto the centroid structure of
holo-PS1. Backbone amide nitrogens of residues with determined PFs are shown as spheres.
Not shown: N of Trp68 indole sidec hain is protected in holo, but not apo. d-f, Backbone
alignment of the holo- and apo-centroids at the folded core shows, f, agreement of side chain
rotamer states far from the binding site and, e, differences in first-shell rotamers (e.g., Trp68,
Leu98) accompanied by changes in backbone of the binding region. Centroids are from NMR

structural ensembles clustered via RMSD of core side chain heavy atoms.

Methods

PS1 design process. Full methods and scripts regarding the design of PS1 can be found in the
supplementary information. Briefly, the entire core of the D,-symmetrical parameterized
backbone of SCRPZ-2 was redesigned to bind (CF3)4PZn via a customized Rosetta script for
flexible backbone sequence design. The flexible backbone design protocol was as follows:
Distance and angle constraints between His and Zn were loaded, the model was repacked
without mutations, the backbone was relaxed via Rosetta Backrub, three trials of a Monte Carlo
flexible backbone design sub-protocol (see supplement) were performed, and models with native

protein-like packing (i.e., a Rosetta PackStat score > 0.58) were output. 170 designs were output

17
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from 500 runs through the protocol (Fig. S1). We analyzed these 170 models for packing, radius
of gyration, energy, and rotamer state probability within Matlab to select PS1 for expression. The

design of PS2 proceeded in the same fashion.

Protein expression, purification, and biophysical characterization. Details regarding protein
expression, purification, and biophysical characterization can be found in the supplement.
Briefly, genes for the proteins were ordered from GenScript, cloned into a pET-11a plasmid, and
purified via a Ni column, followed by His-tag cleavage by TEV protease. The protein sequence
of expressed, purified PS1 after His-tag cleavage is:
SEFEKLRQTGDELVQAFQRLREIFDKGDDDSLEQVLEEIEELIQKHRQLFDNRQEAADTE
AAKQGDQWVQLFQRFREAIDKGDKDSLEQLLEELEQALQKIRELAEKKN. The sequence

for PS2 can be found in the supplement.

Porphyrin binding to apo-protein. A 2-fold excess of the cofactor (CF3)4PZn was added from
a 4 mM DMSO stock solution to a 50 mM NaPi, 100 mM NacCl, pH 7.5 buffer with apo-protein
(Note that final DMSO concentrations were kept < 1%.). Buffer solution of apo-PS1 protein was
heated for 5 minutes at 50 °C, (CF3)sPZn was then added from DMSO stock, the resultant
mixture was vortexed for 5 seconds, and placed back in the heat block at 50 °C for 15 minutes,
with vortexing every 3 minutes. The protein/cofactor solution was then spun at 14000 x g in a
Amicon Ultra-0.5 mL centrifuge filter for 10 min, three times, replacing the buffer to 0.5 mL
after each 10 min spin. Finally, the protein solution was spun for 4 min at 12000 x g in an
Amicon ultrafree-MC GV filter (UFC30GV0S). The holo-PS1 sample was then used for

spectroscopic experiments immediately afterward, and diluted to an appropriate concentration if

18
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necessary. Binding of (CF3)sPFe was carried out in the same fashion, with the exception that the

porphyrin was first dissolved in a stock of DMSO/CHCl;.

Nuclear magnetic resonance spectroscopy. NMR spectra were recorded at 298 K on a 900
MHz Bruker Avance II spectrometer equipped with cryogenic probe for the holo-protein or on a
Bruker 600 MHz spectrometer equipped with cryogenic probe for the apo-protein. Sequence
specific backbone ("HY, °N, *C* *CO) and "*C” resonance assignments were obtained by using
3D HNCACB / CBCA(CO)NH and 3D HNCO / CO(CA)NH along with the program
AUTOASSIGN *'. '"H® and "H” assignments were extended by 3D HAHB(CO)NH experiment
and more peripheral side chain chemical shifts were assigned with aliphatic 3D CCH-TOCSY
(mixing time: 75 ms) and simultaneous 3D "N/ CaiPhatie/13caromatic_poqolyved ['H, 'H]-

NOESY (mixing time: 120 ms). Overall assignments were obtained for 98.1% and 95.9% of the
backbone (excluding the N-terminal NH3") and "*CP, and for 97% and 94.6% of the side chain
chemical shifts (excluding Lys NH;", Arg NH,, OH, side chain *CO and aromatic *C") for the
holo- and apo-proteins, respectively. All spectra were processed and analyzed with the programs
NMRPIPE and XEASY, respectively***. '"H-"H upper distance limit constraints for structure
calculations were extracted from NOESY. In addition, backbone dihedral angle constraints were
derived from chemical shifts using the program TALOS for residues located in well-defined
secondary structure elements*. 2D constant-time [*C,"H]-HSQC spectra were recorded as was
described for the 5% fractionally '*C-labeled samples to obtain stereo-specific assignments for
isopropyl groups of Val and Leu®. The 'Dyy residual dipolar couplings (RDCs) were measured
with 2D '"H-">N IPAP-HSQC in samples aligned using Pfl phage (ASLA biotech). The program

CYANA was used to assign long-range NOEs and calculate the structure***’. Backbone 'Dny

19



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

RDCs were used as orientational constraints for the later stages of refinement with XPLOR-
NIH®. The final set of structures was further refined by restrained molecular dynamics in
explicit water”®. NMR structure quality was assessed with the Protein Structure Validation

Software Suite (PSVS)*’ (Table S4).

Hydrogen-deuterium exchange measurements. For the measurements of H/D exchange rates,
a series of 2D "N HSQC spectra were obtained on a 900 MHz Bruker Avance II spectrometer.
The first spectra were recorded 9 minutes after the dilution of 100 pl of a high concentration
sample in H>O (2 mM for apo and 1.2 mM for holo) into 200 pul D,O buffer. 15-min HSQC
spectra were recorded successively in the first 12 hours, a 15-min spectrum in every hour in the
second 12 hours, a 15-min spectrum in every two hours in the third 12 hours, and so on. The last
points were 2730.6 and 4903.5 min for apo and holo, respectively. For the H/D exchange rate
analysis, the peak height of each isolated peak was extracted by nmrDraw and fitted to one-phase

exponential decay.
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