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SUMMARY

Incorporating metal cofactors into computationally designed protein scaffolds provides a versatile route to
novel protein functions, including the potential for new-to-nature enzyme catalysis. However, a major chal-
lenge in protein design is to understand how the scaffold architecture influences conformational dynamics.
Here, we characterized structure and dynamics of a modular de novo scaffold with flexible inter-domain
linkers. Three rationally engineered variants with different metal specificity were studied by combining
X-ray crystallography, NMR spectroscopy, and molecular dynamics simulations. The lanthanide-binding
variant was initially trapped in an inactive conformational state, which impaired efficient metal coordination
and cerium-dependent photocatalytic activity. Stabilization of the active conformation by Al-guided
sequence optimization using ProteinMPNN led to accelerated lanthanide binding and a 10-fold increase in
keat/Km for a photoenzymatic model reaction. Our results suggest that modular scaffold architectures provide
an attractive starting point for de novo metalloenzyme engineering and that ProteinMPNN-based sequence
redesign can stabilize desired conformational states.

INTRODUCTION

The field of protein design has witnessed major breakthroughs in
recent years."? Building on the foundation of physics-based
methods,® the transition to artificial intelligence (Al)-powered ap-
proaches has greatly increased the accessibility and accuracy of
both protein structure prediction and de novo design.”~"" Deep
learning algorithms, trained on the large amount of publicly avail-
able protein sequences and structures, can generate robust and
functional de novo proteins for a wide range of applications.
However, while functions related to tight and specific binding
have been implemented successfully,’®'® the generation of
highly active de novo enzymes remains challenging.'*'®
Enzymes with new-to-nature activities can be obtained by
integrating metal cofactors into de novo proteins,'® 2" with
pioneering work in metalloprotein design dating back more
than three decades.®® Highlights of artificial metalloenzymes
based on computationally designed protein scaffolds include
hydrolases,”®?* carbene transferases,”>?® oxygen-activating

enzymes,”’ and Diels-Alderases.?® However, their catalytic effi-
ciency usually had to be optimized by directed evolution, which
utilizes iterative cycles of mutagenesis and screening or selec-
tion.? The current limitations can have different reasons, such
as inefficient substrate recognition and product release, subop-
timal active-site preorganization and catalytic residue pK,
values, but also the lack of conformational dynamics at relevant
timescales, which drive catalysis but are rarely considered in the
enzyme design process.*°>? While the functional dynamics of
many natural and re-engineered proteins have been studied in
detail, often using NMR spectroscopy and molecular dynamics
(MD) simulations,**™! our knowledge of de novo proteins re-
mains limited in this context.

The TIM-ferredoxin dimer (TFD) scaffold is a de novo protein
originally designed in a physics-based approach.*>** We previ-
ously reported a scaffold variant that binds lanthanide ions with
femtomolar affinity (TFD-EE)*>** and further optimized it for
cerium photoredox catalysis.*® The protein scaffold comprises
two homodimeric domains: a split de novo TIM barrel, which
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carries the metal binding site in its dimer interface, and a de novo
ferredoxin (FD) fold that serves as a lid covering the active site
(Figures 1A and 1B). The domains are connected by two pairs
of tri-glycine linkers. While most de novo protein scaffolds are
hyperstable and rigid building blocks with limited conformational
flexibility, TFD’s modular architecture may enable inter-domain
motions while maintaining crucial interactions between the do-
mains. Here, we aimed to test this hypothesis, thereby evaluating
the suitability as a starting scaffold for de novo metalloenzyme
design. We started by rationally engineering TFD’s metal binding
preference, moving from lanthanides to first-row transition metal
ions, and then studied the associated changes in protein struc-
ture and dynamics in an integrated approach using X-ray crystal-
lography, NMR spectroscopy, MD simulations, and other bio-
physical methods. We identified an unfavorable conformational
equilibrium as a functional bottleneck in this protein scaffold
and applied Al-guided sequence redesign to overcome this
limitation.

RESULTS

Point mutations modulate TFD’s metal specificity and
overall structure

Metal ions differ in their coordination preferences. In the dimeric
TFD-EE scaffold, the metal binding site consists of two pairs of
glutamate residues (E31 and E154). It is ideally suited to bind
trivalent lanthanide ions, as they are oxophilic, hard Lewis acids
that prefer high coordination numbers (Figures 1C and 1D).** To
alter the metal specificity of our de novo scaffold, we rationally
introduced the mutation E154H and named that variant TFD-
EH. We hypothesized that the resulting binding site with two glu-
tamates and two histidines inside the central cavity of the split
TIM barrel would favor divalent first-row transition metal ions.
A crystal structure of metal-free TFD-EH, determined at 1.6 A
resolution (PDB code: 9QUC), revealed that the single mutation
substantially influenced the overall scaffold structure. Compared
to TFD-EE (PDB code: 62V9),"° the TIM barrel geometry is more
oval-shaped and slightly distorted, the C-terminal helices point
outward, and the FD domain is rotated (Figure 1C). In the
absence of metal ions, the coordinating residues form stabilizing
hydrogen bonds with each other (Figure 1E). A predicted pKa =
9.4 for the histidine (calculated with PROPKA3),“® even suggests
ionic interactions at neutral pH. This is in agreement with a pre-
viously determined structure of a related variant, TFD-HE (PDB
code: 6WX0),*® in which E31 was mutated instead.

While TFD-HE did not exhibit specific metal binding, TFD-EH
formed complexes with Cu" and Ni", and crystal structures
were obtained at 1.9 A and 2.1 A resolution, respectively (PDB
codes: 9QUD and 9QUI). To our surprise, anomalous diffraction
data clearly revealed a dinuclear metal binding site with two tran-
sition metal ions 5.5 A apart (Figures 1F and S1). Each metal is
coordinated by one glutamate and one histidine. Electron den-
sity at the free coordination sites was modeled with imidazole,
a common ligand that was present in the crystallization condi-
tions. Apart from local rearrangements in the coordinating resi-
dues, the overall structure closely resembles that of metal-free
TFD-EH. However, compared to Tb" in TFD-EE, the transition
metal ions are located 4 A higher above the TIM barrel core
(Figure 1C). To further stabilize this dinuclear binding mode, we
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introduced an additional coordinating residue per monomer
(T87E), projecting down from the FD domain. The crystal struc-
tures of TFD-EH T87E in complex with Zn" and Co" (PDB codes:
9QUL and 9QUO, both at 1.9 A resolution) confirmed that the
newly introduced glutamate indeed interacts with the bound
metal ions (Figures 1G and S1). Notably, the TFD scaffold can
support different coordination geometries: Zn" shows tetrahe-
dral geometry in TFD-EH T87E, while Cu" coordination in the
original TFD-EH is planar.

Next, we set out to compare the metal binding affinities of the
different scaffold variants. A knock-out mutant with two pairs of
glutamines (TFD-QQ) served as a negative control. The very tight
lanthanide binding to TFD-EE was quantified previously in
chelator-buffered titrations using tryptophan-enhanced Tb'"
luminescence as a specific spectroscopic binding readout.****
Here, a tryptophan (W6) in close proximity to the metal site
serves as an intrinsic antenna (Figure 1H). Expectedly, the affinity
for lanthanides dropped substantially due to the E154H muta-
tion. While TFD-EE showed femtomolar affinity,** TFD-EH binds
Tb" in the micromolar range (Kp = 20 pM) at pH 7.5 (Figure 1).
For TFD-EH T87E, we observed a biphasic binding curve, indi-
cating tight binding to one equivalent of Tb" (Kp < 500 nM)
and weaker binding to a second one (Kp = 10 pM).

Lanthanide luminescence also provides a readout for compet-
itive titrations, displacing Tb"' with another metal ion of choice
(Figure 1J). However, the ambiguity in lanthanide to protein stoi-
chiometry, together with the assumption that the second equiv-
alent of transition metal will not bind with the same affinity as the
first one, impaired an exact quantitative analysis. Still, relative
statements comparing the different metals and protein variants
are possible. We titrated a selection of divalent first-row transi-
tion metal ions to Tb"-bound protein and observed that the bind-
ing preference follows the Irving-Williams series,” with affinities
decreasing from Cu'" to Zn" to Ni" to Co'". While Tb" was fully dis-
placed in TFD-EH by sub-stoichiometric amounts of Zn", ca.
50% of the luminescence signal remained for TFD-EH T87E,
suggesting that only the weakly bound equivalent can be dis-
placed readily. Moreover, Cu" displays an additional quenching
of the lanthanide emission due to a photophysical process.*®

Overall, our crystal structures and metal titrations demonstrate
that this de novo scaffold has a high plasticity and can be ratio-
nally engineered to accept different metals in its central binding
site. Single mutations led to pronounced effects on overall struc-
ture and metal coordination.

Flexible inter-domain linkers confer conformational
dynamics

While natural enzymes typically exhibit conformational flexibility,
de novo proteins are often considered hyperstable and rigid, with
limited conformational dynamics. However, the TFD scaffold
contains tri-glycine linkers that connect its two domains. We hy-
pothesized that these linkers may provide flexibility and enable
inter-domain motions. To study protein dynamics in our system,
we combined NMR spectroscopy and MD simulations.

Due to the pronounced structural differences between TFD-EE
and TFD-EH, their 'H-"®N HSQC spectra differed so much that
the backbone chemical shifts were assigned using triple-reso-
nance NMR experiments (Figures S5 and S6). We next per-
formed metal titrations and analyzed the chemical shift
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Figure 1. Structure and metal specificity of engineered TFD variants

(A) Overall structure of the homodimeric TFD scaffold with TIM barrel domain in dark green, ferredoxin (FD) domain in light green, tri-glycine linkers in brown, and
positions of metal-coordinating residues as red spheres.

(B) Secondary structure diagram of a TFD monomer.

(C) Superposition of crystal structures obtained for TFD-EE + Tb"' and TFD-EH + Cu". For clarity, only one monomer with its two coordinating residues (31 + 154)
and the respective metal ion position (Tb"' in green, Cu' in pink) is shown. Note that these TFD variants differ by only one residue per monomer, namely E154H.
(D-G) Close-up views of the metal binding sites located in the dimer interface: TFD-EE + Tb" (D), metal-free TFD-EH (E), TFD-EH + Cu" (F), TFD-EH T87E + Zn" (G).
While TFD-EE binds one lanthanide ion per split TIM barrel dimer, each monomer of the TFD-EH variants coordinates one transition metal ion, generating a
dinuclear site in the dimer interface.

(H) Tryptophan-enhanced Tb'"' luminescence as a readout for metal binding titrations. Residue W6 is located in close proximity to the metal binding site and
serves as an intrinsic antenna.

() Direct titration of TbCl; to metal-free TFD-EH (orange), TFD-EH T87E (yellow), and TFD-QQ (gray). The latter represents a negative control. The dashed yellow
line is a separate fit for the binding of the second equivalent of metal. Measurements were done in triplicate, and their standard deviations are shown as error bars
in the plot.

(J) Displacement titrations: a saturated complex formed from 1.25 pM dimeric TFD-EH (orange) or TFD-EH T87E (yellow) and 100 uM TbCls was titrated with
Co0S0y4, NiSO4, ZnSO4, and CuCl,. Measurements were done in duplicate, and their standard deviations are shown as error bars in the plot.
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Figure 2. NMR chemical shift perturbation (CSP) and '°N relaxation data

(A) "H-"®N HSQC spectra of metal-free TFD-EE after pre-incubation at 40°C (black) and TFD-EE + 1 eq LaCls (blue). The inset shows residue G53. Residues with
CSP>0.075 upon metal binding are highlighted and plotted on one monomer of the crystal structure.

(B) "H-""N HSQC spectra of metal-free TFD-EH (gray) and TFD-EH + 2 eq ZnSO, (orange). The inset shows residue V102. Residues with CSP>0.035 upon metal
binding are highlighted and plotted on one monomer of the crystal structure.

(C) "N relaxation data (T4, T», and {'H}-"°N heteronuclear NOE) for TFD-EE after pre-incubation at 40°C (black) and TFD-EE + 1 eq LaCls (blue). Regions with
increased flexibility are marked in pink. Regions with significantly different values between metal-free and metal-bound states are marked in blue. Measurements
were done in triplicate, and their standard deviations are shown as error bars in the plot.

(D) "N relaxation data (T4, T, and {"H}-"°N heteronuclear NOE) for metal-free TFD-EH (gray) and TFD-EH + 2 eq ZnSQ, (orange). Regions with increased flexibility
are marked in pink. Residues experiencing significant line broadening are marked in mint. Measurements were done in triplicate, and their standard deviations are

shown as error bars in the plot.

perturbations (CSPs). Given that most lanthanide ions and Cu'"
are paramagnetic, we focused on the diamagnetic La" and zn"
for the NMR titrations (Figures 2A and 2B). When adding La"
to TFD-EE, we observed the most pronounced chemical shift
changes for residues in the p-strands of the TIM barrel, where
the metal binding site is located. Furthermore, the inner tri-
glycine linker (Linker 1) as well as the C-terminal helix (CT helix)
were strongly influenced. Similarly, Zn" binding to TFD-EH
induced distinct peak shifts, albeit with smaller amplitude. Imid-
azole, which was found as a ligand in the crystal structures, did
not cause notable spectral changes. TFD-QQ served as a nega-
tive control to account for nonspecific metal interactions on the
protein surface (Figure S7). TFD-EH T87E was also titrated
with La", where concentration-dependent chemical shift
changes support the proposed stoichiometry of two lanthanides
per dimer (Figure S8).

We next assessed backbone flexibility from >N NMR relaxa-
tion data (T, T, {'H}-"°N heteronuclear NOE) for TFD-EE and
TFD-EH in the presence and absence of metal (Figures 2C and
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2D). Both proteins showed remarkably similar relaxation profiles,
with and without metal. The tri-glycine linkers and the CT helix
showed high flexibility at fast, sub-nanosecond timescales, while
both domains are otherwise rigid units. Furthermore, residues
surrounding the metal-coordinating positions in TFD-EH ex-
hibited line broadening, which suggests conformational ex-
change at ps-ms timescales. Unfortunately, TFD-EH T87E
precipitated during extended NMR experiments, preventing us
from obtaining high-quality relaxation data for this variant.

To explore conformational dynamics, we performed MD sim-
ulations. Replica simulations were combined to generate 3 us
trajectories for each scaffold variant, with and without bound
metal. The use of optimized parameters for Zn" and Cu" was
key to reliably model the metal coordination throughout the
simulation.*®*° We analyzed the RMSD values for individual re-
gions of the protein and observed distinct differences
(Figures 3A and S11). Representative MD trajectories are shown
in Videos S1, S2, and S3, with per-residue RMSD values mapped
on the structures and plotted against the sequence. This analysis
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Figure 3. Molecular dynamics (MD) simulations

(A) Violin plots of RMSD values obtained from 3 ps simulations of the metal-free (gray) and metal-bound (blue, orange, yellow) TFD variants for the full-length
proteins as well as separate regions as defined in Figure 1B. Here, TIM barrel* refers to the TIM barrel without the C-terminal helix, which was independently
analyzed as CT helix.
(B) RMSF values (left axis) of metal-free (gray) and metal-bound (blue, orange, yellow) TFD variants, as well as experimental B-factors of the respective crystal
structures (dashed black line, right axis), plotted against the amino acid sequence.

(C) Janin plots showing the distribution of side-chain dihedral angles x1 and x2 of the metal-coordinating glutamate E31 in the metal-free (gray) and metal-bound

(blue, orange, yellow) state.

(D) Structural models from representative frames of pseudo-trajectories extracted from a principal component analysis (PCA) of the MD simulations.

(see also Figure S12) is in agreement with NMR relaxation data
(Figures 2C and 2D), RMSF values and crystallographic
B-factors (Figure 3B), consistently showing that the tri-glycine
linkers and the C-terminal helix of the TIM barrel display high
mobility. Global dynamics were strongly affected in the TFD-
EH variants: metal binding decreased RMSD and RMSF values

across nearly all regions of the protein, with TFD-EH T87E exhib-
iting the lowest overall flexibility. We concluded that the addi-
tional glutamate in TFD-EH T87E serves as an anchor that stabi-
lizes the relative arrangement of the TIM barrel and FD domains
in the presence of metal. Examination of side-chain dihedral
angle distributions for the metal-coordinating residues showed
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a localized reduction in conformational dynamics upon metal
binding, most evident in the coordinating glutamates of TFD-
EE (Figures 3C and S14). The MD simulations thus indicate
that metal binding can modulate local and scaffold-wide protein
dynamics.

We then performed a principal component analysis (PCA) to
extract the key motions of the scaffold from the MD trajectories
(Figures 3D, S15, and S16). We identified inter-domain motions
mediated by the tri-glycine linkers and the flexible C-terminus,
which seem to act as hinge, suggesting that the modular archi-
tecture can indeed enable conformational flexibility in an other-
wise rigid de novo protein (Video S4). Furthermore, we measured
NMR pseudo-contact shifts (PCS) for TFD-EE to provide exper-
imental support for these conformational variations. Here, we ex-
ploited the paramagnetic properties of the lanthanides, which
are associated with long-range distance- and orientation-
dependent changes on the NMR chemical shifts.®’° As the
metal binding site is located in the TIM barrel, relative domain
motions will cause averaging of the PCS in the FD domain. We
explored a minimal ensemble of conformations extracted from
the MD simulations by calculating ensemble-averaged PCS de-
pending on the ensemble size and compared these with the
experimental PCS (Figure S10). This analysis showed that an
ensemble of three structures of representative MD frames from
the PCA analysis can reconcile the experimental PCS data.
The main structural differences between selected frames reside
in the relative position of the FD domain to the metal (Figure S10).
As the two domains are connected by four symmetrically spaced
linkers, the FD domain cannot move completely independently
and only modest differences in the respective PCS were thus ex-
pected. The combined analysis of NMR data and MD simulations
indicates that TFD is not a rigid protein scaffold. Its two-domain
architecture with flexible linkers enables dynamic motions,
which may be further tuned by mutagenesis to support catalysis.

TFD-EE is trapped in an undesired conformational state
We previously engineered the lanthanide-binding TFD-EE scaf-
fold for cerium photoredox catalysis and noticed that efficient
metal binding and photoenzymatic catalysis required a pre-
treatment of the protein at elevated temperature (T > 40°C).*
As this phenomenon may also be linked to conformational dy-
namics, we set out to investigate it further. While TFD-QQ,
TFD-EH, and TFD-EH T87E showed well-resolved 'H-'°N
HSQC spectra in the presence and absence of metal, strong
line broadening was observed for metal-free TFD-EE at 25°C
(Figure 4A). Single-peak analysis using the tryptophan side chain
resonances indicated a conformational equilibrium between two
states shifting slowly in response to heating or metal binding. The
metal-free protein had to be pre-incubated at 40°C to obtain
well-resolved resonances at 25°C (Figure 4B). Upon addition of
La" at 25°C, the peak intensities increased up to 5-fold, albeit
with very slow kinetics (Figure 4C).

To examine whether this phenomenon resulted from global
unfolding, we recorded circular dichroism (CD) spectra at 25°C
and 40°C, with and without metal, for each TFD variant. The
spectra were very similar in all cases (Figure S2), indicating
only minimal changes in the secondary structure. Still, local un-
folding or destabilization of metal-free TFD-EE was plausible,
as four negatively charged glutamates in the metal-binding site
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could repel each other in the absence of lanthanide. We thus
calculated the contributions of all interface residues to the free
energy of dimer formation based on the available MD simulations
(Figures 4D and S17). The two pairs of glutamates in the binding
site of TFD-EE add a strongly positive AG value in the absence of
metal. The E154H mutation in TFD-EH, however, inverts this de-
stabilizing effect. Analytical size-exclusion chromatography
(SEC) coupled with static light scattering (SLS) detection
confirmed these observations (Figures 4E and S4). Under all
tested conditions (25°C and 40°C, with and without metal),
TFD-QQ, TFD-EH, and TFD-EH T87E eluted primarily as a single
peak of the expected dimer size (~38 kDa). For TFD-EE, howev-
er, we observed a more complex elution profile. In addition to a
small fraction of oligomers, TFD-EE is present in an equilibrium of
two dimeric species with distinct elution volumes. The earlier
eluting dimer, suggesting a larger hydrodynamic radius, is pre-
sent at low temperatures and in the absence of metal, while
the latter dominates at high temperatures and in the presence
of metal.

To study the TIM barrel in isolation, we removed the FD
domain from the TFD-EE construct and directly closed the con-
necting loop from residues 54 to 130. This much smaller dimeric
protein, named TIM-EE, showed a very similar behavior. Only af-
ter a pre-heating step and the addition of La"', a well-resolved
HSQC was obtained (Figure S9). SEC-SLS data confirmed the
presence of two distinct dimeric species with variable distribu-
tion depending on temperature and lanthanide binding
(Figure 4F).

We concluded that TFD-EE is trapped in an undesired
conformational state (Figure 4G), which is still dimeric but asso-
ciated with a locally destabilized dimer interface that impairs
metal binding at low temperatures. Although heat treatment
partially resolved this problem and accelerated metal binding,
we wanted to overcome this limitation more generally by opti-
mizing the scaffold’s sequence while maintaining its modular
architecture.

Al-guided sequence redesign accelerates metal binding
and catalysis

The deep learning-based protein design tool ProteinMPNN has
previously been applied to rescue failed designs that would not
express or fold into the desired structure.” Here, we tested
whether sequence redesign by ProteinMPNN could also shift
a conformational equilibrium by stabilizing the desired metal
binding-competent state of the TFD scaffold. We used the
TFD-EE homodimer backbone as the input, but left functionally
critical elements unchanged: the tryptophan antenna (W6), the
metal-coordinating glutamates (E31, E154), and the tri-glycine
linkers (G53-55 and G129-131) (Figure 5A). The redesigns
were filtered for substrate pocket accessibility, low overall
negative surface charge, and high-confidence structure predic-
tion by AlphaFold. We also rationally modified selected surface
residues to minimize nonspecific lanthanide binding. The most
promising redesigned variant, TFD-EE MPNN, was tested
experimentally.

TFD-EE MPNN has 48.8% sequence identity to the original
TFD-EE (Figures 5A and S19). It expressed solubly, formed sta-
ble dimers, and had highly similar CD spectra compared to the
parent scaffold (Figure S3). We obtained well-diffracting crystals
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Figure 4. Conformational equilibria of TFD-EE

(A) "H-"5N HSQC spectra of TFD-EE, without (gray) and with (black) sample incubation at 40°C prior to measurement, and after the addition of 1 eq LaCls (blue). A
close-up view of the tryptophan side chain signals is shown below.

(B) The temperature dependence of the metal-free TFD-EE signal is shown in a "H chemical shift projection extracted from the 15 FID of "H-"®N HSQCs,
highlighting the initially very pronounced line broadening in the metal-free sample.

(C) Time course of the signal intensity of a reference peak, normalized to its highest value; from the 'H-®N HSQC spectra of TFD-EE after addition of LaCls and
with varying temperatures.

(D) Contributions of the interface residues to the free energy of dimer formation were calculated from the MD simulations of TFD-EE and plotted on the structure,
with AG>0 in red and AG<0 in blue.

(E) Size-exclusion chromatography with static light scattering detection (SEC-SLS) for TFD-EE in the absence (gray) and presence (blue) of TbCl; at 4°C and 25°C.
The TFD-QQ control shows the same elution profile under all conditions and is shown for comparison (black line). The molecular weight of the eluted species is
plotted on the right axis.

(F) SEC-SLS data of TIM-EE.

(G) Schematic energy landscape illustrating conformational equilibria of TFD-EE.

in complex with Tb", and determined its structure at 1.95 Ares-  tions of the MPNN redesign showed stable structures that main-
olution (PDB code: 9QUP). With an all-atom RMSD of 0.5 A the tained flexibility through their linker regions (Figures 5B, S11,
experimental structure is in excellent agreement with its respec-  S12, and S13, Video S5). Lanthanide binding was confirmed
tive AlphaFold3 prediction (Figure 5A). The main deviations relate  experimentally by tryptophan-enhanced Tb" luminescence. Ti-
to the conformation of the outer tri-glycine linkers. MD simula-  trations revealed a low nanomolar Kp value for Tb"' binding to
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Figure 5. Characterization of the TFD-EE redesign

Time [h]

Retention volume [mL]

(A) Sequence redesign using ProteinMPNN and superposition of the crystal structure and AF3 model of Tb"-bound TFD-EE MPNN.

(B) Comparative violin plots showing the overall RMSD distributions from MD simulations of metal-free (gray) and metal-bound (purple) TFD-EE MPNN.

(C) Tb" binding to TFD-EE MPNN (purple), with TFD-QQ (gray) as control. Titration curves obtained for 1.375 uM protein dimer were fitted with a quadratic
equation. Measurements were done in triplicate, and their standard deviations are shown as error bars in the plot.

(D) Kinetics of Tb" binding to TFD-EE MPNN (purple) in comparison to the original TFD-EE (gray and blue) at room temperature and 40°C (indicated by *),

respectively.

(E) SEC-SLS data of TFD-EE MPNN with TbCl; (light purple: 25°C, dark purple: 40°C) and without TbCl; (light gray: 25°C, dark gray: 40°C). The molecular weight

of the eluted species is plotted on the right axis.

TFD-EE MPNN (Figure 5C), and the lanthanide binding kinetics
were significantly accelerated (Figure 5D). Importantly, only a
single dimeric species was observed in SEC-SLS runs under
all conditions (Figure 5E). These findings confirmed that the Pro-
teinMPNN redesign indeed stabilized the desired scaffold
conformation.

To evaluate if the redesign’s improved conformational proper-
ties also resulted in more efficient catalysis, we measured its
photoenzymatic activity in comparison to the original TFD-EE.
To that end, we chose the cerium(lll/IV)-dependent radical C-C
bond cleavage of hydrobenzoin to benzaldehyde, a photocata-
lytic reaction that we recently reported for this lanthanide-bind-
ing protein.*® The diol cleavage proceeds upon visible-light irra-
diation, which triggers ligand-to-metal charge transfer followed
by alkoxy radical formation and p-scission (Figure S18). Michae-
lis Menten kinetics revealed a 10-fold improved catalytic effi-

8 Structure 34, 1-13, January 8, 2026

ciency of TFD-EE MPNN, originating from both higher k;,: and
lower Ky values compared to the original scaffold (Figure 6A).
To rationalize how the Al-guided sequence redesign enabled
such improvements, we further characterized and analyzed the
MPNN variant. Well-resolved 'H-'>N HSQC spectra at 25°C
were obtained in both metal-free and metal-bound states
(Figure 6B). The absence of any temperature-dependent line
broadening confirmed that the unfavorable conformational state
was no longer present. A detailed structural analysis of the dimer
interfaces showed additional stabilizing interactions that likely
compensate for the charge frustration caused by the four gluta-
mates in TFD-EE’s metal-binding site (Figure 6C). In TFD-EE
MPNN, enhanced hydrophobic packing in the TIM barrel core
is facilitated by inter-domain n—r stacking of W152. In the sol-
vent-exposed FD domain interface, residues R65, R69, K73,
D77, and E81 form a zigzag of alternating charges across
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Figure 6. Lanthanide-dependent photoenzymatic activity and dimer interface stabilization
(A) Michaelis-Menten kinetics of the radical diol cleavage of (R,R)-hydrobenzoin to benzaldehyde catalyzed by TFD-EE (blue) and TFD-EE MPNN (purple) in
complex with CeCl; upon visible-light irradiation. Measurements were done in triplicate, and their standard deviations are shown as error bars in the plot.

(B) 'H-

SN HSQC spectra of TFD-EE MPNN before (gray) and after the addition of 1 eq. of LaCls (purple).

(C) Structural analysis highlighting intermolecular protein-protein interactions in TFD-EE (blue) and TFD-EE MPNN (purple). Insets show close-up views of the
homodimer interface. Color-coding: hydrophobic clusters (yellow), salt bridges (red and cyan), and =—r stacking (green). Protein interactions were calculated with

Protinter®® and ProteinTools.®*

subunits, creating additional stabilizing salt bridges. These inter-
face interactions were consistent across the design model, crys-
tal structure, and MD simulations. Overall, our results show that
Al-guided sequence redesign can alleviate conformational con-
straints in this de novo enzyme by providing additional stabilizing
interactions.

DISCUSSION

There is a high demand for robust and efficient enzymes to
catalyze synthetically challenging reactions and fulfill sustain-
ability goals in industrial processes.”® Artificial metalloenzymes
based on de novo protein scaffolds have great potential for ad-
dressing these needs, but further development is crucial.”’
Here, we used the TFD scaffold as a model system to show
that both rational and Al-guided redesign can tune metal bind-
ing properties, conformational landscapes, and catalytic pa-
rameters in modular de novo proteins. We propose that such
multi-domain scaffold architectures with flexible linker regions

enable conformational dynamics in otherwise hyperstable de
novo proteins. While these motions have not been explicitly tar-
geted in the original design, they can likely be tailored by muta-
genesis. One of the primary aims for future de novo enzyme
development should be to incorporate protein dynamics early
in the design process.’"°° Deep learning tools currently being
extended to predict®®°” and control®®=®° different conforma-
tional states in proteins represent exciting milestones toward
this goal.

ProteinMPNN, a deep learning-based tool for sequence
design,” has already been shown to enhance expression, stabil-
ity, and function of natural proteins, including a TEV protease
variant with higher activity.® Here, we demonstrated that Pro-
teinMPNN can also optimize an unfavorable conformational
equilibrium in the well-expressed, folded, and highly stable
TFD scaffold. The redesigned sequence encodes additional sta-
bilizing interactions that counterbalance the charge frustration
caused by the designed metal binding site in the homodimer
interface. This stabilization of a desired, functional conformation
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had a positive impact on metal binding kinetics and ultimately
catalysis. It can be speculated that similar mutations could
also arise through laboratory evolution, albeit at much higher
experimental costs. Our results thus illustrate how Al-guided
redesign could serve as a corrective strategy for conformational
limitations in de novo designed enzymes with multi-domain
architecture.
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STARxMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

LaCls Sigma-Aldrich Cat. # 262072
TbCls Sigma-Aldrich Cat. # 212903
CeCl3 Sigma-Aldrich Cat. # 228931
YbClj Sigma-Aldrich Cat. # 337927
CoSO, ROTH Cat. # T889.2
NiSO,4 Sigma-Aldrich Cat. # 227676
ZnSO, Sigma-Aldrich Cat. # 793523
CuCl, Sigma-Aldrich Cat. # 467847
(R,R)-hydrobenzoin Sigma-Aldrich Cat. # 256277

Critical commercial assays

PCR Purification Kit

Jena Bioscience GmbH

Cat. # PP-201L

PureYield™ Plasmid Miniprep System Promega Cat. # A1223
Monarch DNA Gel Extraction Kit New England Biolabs GmbH Cat. # T1020
Deposited data

TFD-EE with terbium(lll) structure Caldwell et al.*® 2020 PDB: 6ZV9
TFD-EH apo structure This paper PDB: 9QUC
TFD-EH with copper(ll) structure This paper PDB: 9QUD
TFD-EH with nickel(ll) structure This paper PDB: 9QUI
TFD-EH T87E with zinc(ll) structure This paper PDB: 9QUL
TFD-EH T87E with cobalt(ll) structure This paper PDB: 9QUO
TFD-EE MPNN with terbium(lll) structure This paper PDB: 9QUP
Backbone resonance assignments of This paper BMRB: 53123
TFD-EE with lanthanum(lll)

Backbone resonance assignments This paper BMRB: 53124
of TFD-EH apo

15N relaxation data for TFD-EE and This paper https://doi.org/10.14459/2025mp1798728
TFD-EH with and without metal

Other raw and analyzed data This paper https://doi.org/10.14459/2025mp1798728
Oligonucleotides

Primers for mutagenesis, This paper N/A

see Table S3; Sigma-Aldrich

Recombinant DNA

Synthetic plasmids, see Section This paper N/A

Methods S1; TWIST Bioscience

Software and algorithms

NMRpipe
CCPNMR 2.4

paramagpy
MODELLER software

Python version 2.7
MDTraj

Janin plots, part of the MDAnalysis package

Delaglio et al.** 1995
Vranken et al.®® 200

Orton et al.®® 2020

Webb & Sali®” 2016

Python Software Foundation
McGibbon et al.®® 2015

Gowers et al., 2019;
Michaud-Agrawal et al., 2011;
Janin et al., 1978°%°""
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https://www.ibbr.umd.edu/nmrpipe/install.html
http://www.ccpn.ac.uk/v2-software
https://github.com/henryorton/paramagpy
https://salilab.org/modeller
https://www.python.org

https://www.mdtraj.org/1.9.8.dev0/
installation.html

https://docs.mdanalysis.org/2.0.0/
documentation_pages/analysis/dihedrals.html

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
AMBER software package Salomon-Ferrer et al., 2013; https://ambermd.org

AMBER force field parameters
for protein (ff19SB)

AMBER force field parameters for

OPC water model and metal ion
parameters LJ1264

AMBER force field default LJ1264

parameters for terbium (1)
AMBER force field modified
LJ1264 parameters for copper
(1) and zinc (1)

AmberTools

CCPTRAJ

VMD

PyMOL
MDAnalysis
GROMACS MMPBSA

Protinter
ProteinTools
XDS
AlphaFold 3
REFMAC5
Coot

MolProbity online tool

Case et al., 20237%7°
Tian et al.”* 202

Li et al.”® 2021

Li et al.”® 2021

Jafari et al., 2024; Li et al., 2024%°°°

Case et al.”® 2023
McGibbon et al.®® 2015
Humphrey et al.”® 1996

Schrodinger, 2015.
Michaud-Agrawal et al.”® 2011
Valdés-Tresanco et al.”” 2021

Borry & Schmidt®® 2025
Ferruz et al.®® 2021
Kabsch’®"® 2010
Abramson et al.® 2024
Murshudov et al.?® 2004
Emsley et al.?’ 2010

Williams et al.?? 2010

https://ambermd.org

https://ambermd.org

https://ambermd.org

https://ambermd.org

https://ambermd.org/AmberTools.php
https://github.com/Amber-MD/cpptraj

https://www.ks.uiuc.edu/Development/
Download/download.cgi?PackageName=VMD

https://www.pymol.org
https://www.mdanalysis.org

https://valdes-tresanco-ms.github.io/
gmx_MMPBSA/dev/

https://github.com/maxibor/protinter/tree/master
https://proteintools.uni-bayreuth.de
http://xds.mpimf-heidelberg.mpg.de/
https://deepmind.google/science/alphafold/
http://www.ccp4.ac.uk/

https://www2.mrc-Imb.cam.ac.uk/
personal/pemsley/coot/

http://molprobity.biochem.duke.edu/

ProteinMPNN Dauparas et al.” 2022 https://github.com/dauparas/ProteinMPNN
BioMetAll Sanchez-Aparicio et al.®® 2021 https://github.com/insilichem/biometall
ChemDraw Professional 18.0 PerkinElmer https://www.perkinelmer.com/category/chemdraw
Other

NiNTA resin Qiagen Cat. # 30210

Superdex 75 Increase 10/300 GL gel Sigma-Aldrich Cat. # GE29-1487-21

filtration column; Cytiva 29-1487-21

Vanquish System HPLC

Achiral Hypersil Gold C18 column

Varioskan LUX plate reader with

time-resolved fluorometry module
Viscotek TDA 305 triple array detector

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Malvern Instruments

N/A
Cat. # 25003-102130
Cat. # 15360777

N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

E. coli strains DH10B and BL21(DE3) were cultivated in LB broth supplemented with antibiotics while shaking at 37°C.

METHOD DETAILS

Molecular cloning, recombinant expression, and protein purification

Synthetic genes were ordered from Twist Bioscience and subcloned into pET-M11 or pET29b(+) expression vectors. The sequences
of all constructs, primers used to introduce point mutations, and the associated cloning protocols are available in the SI. The proteins
were produced recombinantly in E. coli BL21(DE3) grown either in LB medium or M9 minimal medium, which was prepared with H,O
or D,O and supplemented with ">NH,CI and "*C-glucose for isotope labeling. All constructs contained a cleavable N-terminal Hisg-
tag and were purified by Ni-NTA affinity chromatography (washing buffer: 25 mM HEPES pH 7.5, 25 mM imidazole, 300 mM
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NaCl; elution buffer: 25 mM HEPES pH 7.5, 300 mM imidazole, 300 mM NaCl) followed by TEV protease cleavage for affinity tag
removal (dialysis buffer: 25 mM HEPES pH 7.5, 0.5 mM EDTA, 0.5 mM DTT, 300 mM NacCl) and subsequent size-exclusion chroma-
tography (SEC) with a Superdex 75 column (SEC buffer: 25 mM HEPES pH 7.5, 100 mM NacCl). Residual metal ions bound to the
proteins were removed by incubation in EDTA-containing buffer or dialysis in the presence of Chelex100 resin. Purity and integrity
of all proteins were evaluated by SDS-PAGE, protein mass spectrometry, and CD spectroscopy. Protein concentrations were deter-
mined by absorption at 280 nm. Concentrated protein aliquots were flash-frozen and stored at -70°C in SEC buffer (25 mM HEPES pH
7.5, 100 mM NaCl). Detailed protocols are available in the Sl (section Methods S1).

Metal binding studies based on tryptophan-enhanced Tb"' luminescence

Measurements were performed in black 96-well microtiter plates using a Varioskan LUX plate reader (Thermo Fisher Scientific) in
time-resolved fluorescence mode (TRF settings: 75 ps delay time, 1 ms integration time, 250 ms measurement time). Upon excitation
at 280 nm, the tryptophan-enhanced Tb" luminescence signal was recorded at 545 nm emission wavelength.

Tb" binding to TFD and the MPNN variant was measured in direct titrations at 1.25 puM and 1.375 pM dimeric protein, respectively,
and TbCl; concentrations ranging from 0 to 70 pM in buffer containing 25 mM HEPES pH 7.0, 25 mM NaCl. Data points were recorded
in triplicate after 3 hours of incubation. Due to mostly low Kp values in the range of c(protein) or lower, a quadratic binding equation
was used for data fitting.

[A0}+[820]+KDAB - \/([AOH[BQOHKdAs) ~ Ao][Bo]

F = Fo + Fampi

[Ad]

Tb" binding kinetics were recorded at 10 pM dimeric protein and 10 pM TbCl; over the course of 10 hours.

Tb" displacement titrations were performed for TFD-EH and TFD-EH T87E to estimate the relative binding affinities of divalent tran-
sition metal ions (Cu", Zn", Ni"", Co"). To that end, 1.25 pM dimeric protein was incubated with an excess of 100 uM TbCl; and then
titrated with CoSQO,4, NiSO4, ZnSO,, or CuCl, in concentrations ranging from 0 to 400 pM. Data points were recorded in triplicate after
3 hours of incubation. A cubic binding equation®* was used for data fitting. However, the complexity of this particular metal displace-
ment with a change in metal-to-protein stoichiometry impaired a quantitative analysis based on the available data.

Analytical size exclusion chromatography with static light scattering detection (SEC-SLS)

Static light scattering measurements were performed using a Viscotek TDA 305 triple array detector (Malvern Instruments) attached
to an analytical size exclusion chromatography column. Protein samples were incubated overnight in the presence or absence of
metal at different temperatures (4, 25, and 40 °C) and then run over a Superdex 75 column at a flow rate of 0.5 mL/min. All experi-
ments were performed in SEC buffer (25 mM HEPES pH 7.0, 25 mM NaCl). The molecular masses of the eluted species were calcu-
lated from the refractive index and right-angle light scattering signals using the Omnisec software (Malvern Instruments). The SLS
detector was calibrated with a bovine serum albumin (BSA) solution at 4 mg/ml using 66.4 kDa for the BSA monomer and a dn/
dc value of 0.185 ml/g for all protein samples.

Circular dichroism spectroscopy

CD spectra over a wavelength range of 190-260 nm were recorded on a Chirascan-plus instrument (Applied Photophysics) or a Jasco
J-815 spectropolarimeter using a quartz cuvette with 1 mm path length, and the following settings: 1.0 nm bandwidth, 1.0 nm step
size, 0.5-1.0 s response time, and at least 3 accumulations. Protein samples were diluted to a concentration of 0.1 mg/mL in ddH,O
and measured at different temperatures. Metal-containing samples were incubated for 2 hours prior to measurement. The CD signals
were recorded in millidegrees (m°) and subsequently converted to mean residue molar ellipticity (MRE) values.

X-ray crystallography

Protein crystallization

Crystals for the TFD-EH scaffolds were obtained by hanging drop vapor diffusion. Samples were prepared by incubating the purified
proteins with 2-fold molar excess of the respective metal ion at 37°C overnight in 25 mM HEPES pH 7.0 and then concentrating to a
final protein concentration of ca. 9 mg/mL. Hanging drops were set up by mixing the protein solutions and reservoir solutions as spec-
ified in Table S5. Crystals grew after 48 h equilibration against 300 pplL of reservoir solution. In preparation for data collection, the
crystal of metal-free TFD-EH was cryoprotected by adding 5 pL of an 8:2 mixture of mother liquor and 100% (v/v) ethylene glycol.
All other crystals were cryoprotected by adding 5 pL of a 7:3 mixture of mother liquor and 100% (v/v) glycerol. Cryoprotected crystals
were vitrified in liquid nitrogen. TFD-EE MPNN was crystallized in sitting drop vapor diffusion experiments. Samples were prepared
by incubating the purified protein with equimolar amounts of TbCl; at room temperature for 2 h in 25 mM HEPES pH 7.5 and 25 mM
NaCl. The protein sample was concentrated to a final protein concentration of ca. 9 mg/mL, from which a volume of 0.2 pL was mixed
with 0.1 pL of reservoir solution, and the mixture was equilibrated against 50 pL of reservoir solution (0.2 M NaCl, 0.1 M Tris pH 8.5,
25% (w/v) PEG3350) at 20°C. Crystals were detected after 3 days and cryoprotected by adding 1 pL of 10:7:3 mixture of reservoir
solution, 100% (v/v) glycerol, and ddH,O.
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Data collection and structure determination

The native datasets were recorded with synchrotron radiation (A = 1.0 A or0.976 A) at the beamlines X06SA (Swiss Light Source,
Villigen, Switzerland) and P13 at the PETRA Il storage ring light source (Deutsches Elektronen-Synchrotron, Hamburg, Germany)
(Tables S6-S9). Anomalous datasets were recorded at 1.377 A (Cu), 1.6021 A (Co), 1.485 A (Ni), and 1.282 A (Zn) for crystals co-crys-
tallized with the respective metal ions. Reflection intensities were evaluated using the XDS software package.”®’° Data reductions
were carried out using XSCALE.”®"° Phasing of TFD-EH apo was achieved by molecular replacement. The deposited structure of
TFD-EE (PDB: 62V9) was utilized as a search model to generate an electron density map with phase information through Patterson
search calculations.®® The remaining TFD-EH and TFD-EH T87E structures were determined using the TFD-EH apo structure’s phase
information. For TFD-EE MPNN, the AlphaFold structure prediction was used as the search model for molecular replacement. The
models were built, refined, and completed in iterative rounds of restrained refinements using REFMAC5°° and model building with the
3D graphics program Coot®" and Main.®® Water molecules were positioned using ARP/WARP solvent.®” Restrained and TLS
(Translation/Liberation/Screw) refinements with REFMACS52° provided satisfactory Ryorc and Reee Values as well as RMSD, bond
length and angle values (Tables S6-S9). The resulting structures were validated using the MolProbity online tool,®” and deposited
in the RCSB Protein Data Bank (PDB entries: 9QUC, 9QUD, 9QUI, 9QUL, 9QUO, 9QUP).

NMR spectroscopy
Backbone resonance assignment
All NMR experiments were recorded on Bruker Avance Il spectrometers equipped with cryogenically cooled TCI probe heads, oper-
ating at magnetic field strengths corresponding to 'H Larmor frequencies of 600 to 1200 MHz. The sample temperature was set at
298 K for all experiments unless otherwise specified. All experiments were performed in 25 mM HEPES buffer, 25 mM NaCl, pH 7.0,
and 8% D,O. All data were processed using NMRpipe®* and analyzed in CCPNMR 2.4.%° The backbone assignment of all TFD-EE
with La™ and TFD-EH-apo was performed on '°N, °C, and random fractionally deuterated samples using standard 3D heteronuclear
experiments HNCACB, HNCA, HNCO, and HN(CA)CO.° Backbone assignments were deposited to the BMRB (ID 53123 and 53124).
The assignment of TFD-EE apo, TIM-EE, TFD-EH with metal, and TFD-EH T87E was done by titrations and spectra similarity.
'H-1>N HSQC temperature scans and metal titrations
All titrations were done on '®N-labeled samples, at 25°C, in 25 mM HEPES, 25 mM NaCl, pH 7.0, and 8% D,O. The titration of TFD-EE
was done on a sample pre-incubated at 40°C for 3h, concentrated to 700 pM dimer, and with the addition of 700 pM of LaCls. Titra-
tions of TFD-EH were done at 345 pM dimer with seven consecutive additions of ZnSOy,, up to 1380 uM, and at 240 uM dimer with
seven consecutive additions of LaCls up to 625 pM. The titration on TFD-EH T87E was done at 288 uM dimer with five consecutive
additions of LaCl3 up to 860 pM. The TFD-QQ spectra and CSPs were acquired with 550 pM of dimeric protein, with the addition of
550 uM LaCls. The spectra for the other metals were acquired at 362 pM dimer with equimolar metal addition. The TIM-EE spectra
were recorded at 300 pM dimer before and after the addition of 300 pM LaClz and incubation at 40°C for 7 h. Finally, the spectra for
TFD-EE MPNN were performed at 250 uM dimer with the addition of 250 pM LaCls. All metals were kept in a water stock solution with
concentrations ranging from 100-200 mM. All CSPs were calculated as a weighted average following the equations CSP = (A5'H)? +
(A8'°N*0.15)%)""2 for 'H, "°N spectra.®®

The temperature jump experiment was performed with '°N-labeled TFD-EE at 700 pM dimer and 700 uM LaCl; added to a cooled
sample. We recorded 20 x 1h "H-">N HSQCs per temperature point. For the figure, the intensity of an unassigned Asn/Gin resonance
was followed and normalized to the highest intensity peak (20 h at 25°C). The peak was selected to reduce noise, as it is one of the
most intense at 5°C. The points were plotted according to the time at the start of the experiment.
15N relaxation experiments
SN relaxation (T, and T, and {'H}-"°N heteronuclear NOE) was measured on samples at around 400 uM dimer. The metal-bound
states were prepared at saturation with centrifugation to avoid any aggregation. Data were recorded as described® in an interleaved
manner with a recycling time of 3.8 s and with eight relaxation delays for T, (between 200 and 3400 ms) and T, (between 17 and
119 ms). The heteronuclear NOE was recorded in the presence and absence of a 3.8 s 'H saturation sequence (120° 'H pulse train).
PCS measurements, analysis, and cross-validation with MD simulations
PCS were recorded at 1200 MHz and 25°C on TFD-EE concentrated to 700 uM dimer with 700 uM lanthanides. The assignment was
performed by comparing the shifts between the metals of different tensor strengths and directions. The tensor was calculated with
paramagpy®® using a fixed metal position, SVD grid search, and NLR gradient descent. The tensor was calculated using PCS from the
FL sequence (258 resonances) and quality factors (Q-factors) were calculated according to:

5| (Safar - a])]
5[ (Snla))’]

where PCS values are denoted a®® and a°@, the index m corresponds to the ensemble averaging of between models, and the index i
is the summation of all spins of the molecule. For cross-validation, we used 6 structures representative of the clusters extracted from
the PCA analysis of the MD trajectory of TFD-EE with Tb". The metal was placed in the models by aligning their TIM barrel to the
crystal structure of TFD-EE with Tb" (PDB code: 6ZV9). Tensors for all possible ensembles from these 7 models were manually calcu-
lated using the paramagpy ensemble fitting function.
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Molecular dynamics (MD) simulations

Structure modeling and preparation

Missing N- or C-terminal residues in the TFD-EH and TFD-EH T87E crystal structures were modeled using the MODELLER soft-
ware.®” The multi-chain model program in MODELLER was applied to the TFD-EE crystal structure to generate a symmetric dimer
model by using symmetry constraints. The almost perfectly symmetric crystal structure of TFD-EE MPNN was used directly without
symmetrization. The input structures were utilized for molecular dynamics (MD) simulations in apo (metal-free) form and holo (metal-
bound) form. For the holo simulations, metal coordinates were taken from the crystal structures by superimposing the modeled struc-
tures on the experimental ones.

MD simulation procedure

The molecular dynamics simulations were performed using the AMBER software package.’*’® The latest AMBER force field param-
eters for protein (ff1 QSB),74 OPC water model, and metal ion parameters LJ1264 were used.”” For To", the default LJ1264 param-
eters were used, whereas for Cu" and Zn ", modified LJ1264 parameters were applied.**°° Charges on proteins were neutralized,
and the OPC water model was used to solvate the protein in a cubic box with a padding of 20 A Furthermore, additional Na* and
CI” were added to reach a 150 mM salt concentration.

Following the system preparation, gradual energy minimization was performed in 14 steps, applying restraints on the protein’s
heavy atoms, while no restraints were used on the water, ions, and hydrogen atoms. The restraints were gradually reduced, starting
from 1,000 kcal mol™ A to no restraints in the last step. The steepest descent followed by conjugate gradient algorithms was used
for energy minimization in each step. Heating simulations using NVT ensembles —constant number of particles (N), volume (V), and
temperature (T)- were performed by a gradual increase of temperature from 10 K to 300 K in the first 30 ps. The Langevin thermostat
algorithm was used to control bath temperature, keeping the collision frequency at 2.0 ps. The integration time was set to 1.0 fs, and
the SHAKE algorithm was used to constrain bonds involving hydrogen atoms. Periodic boundary conditions were applied. Heating
simulations were performed using weak constraints on heavy atoms (50 kcal/mol), which were gradually decreased. After heating the
equilibration simulation with constant pressure, the NPT ensemble —constant number of particles (P), pressure (P), and temperature
(T) was performed. Equilibration simulations of 5 ns with constraints of 5.0 kcal/mol were performed before running a 20 ns simulation
with no constraints. The pressure was maintained using the Berendsen barostat. The integration time was increased to 2.0 fs in the
second NPT simulation, and trajectory frames and restart files were saved every 100 ps. The final coordinates from the equilibration
simulation were taken to perform 3 replica simulations, each simulation was 1.0 ps, with new starting velocities.

MD simulation analysis

The MD trajectories were analyzed after combining the replica simulations in a long, concatenated trajectory. Different analysis
methods, including RMSD, RMSF, dihedral angle distributions, and principal component analysis (PCA), were used to extract the
dynamic motions of the TFD scaffolds and to understand differences in dynamics between different scaffolds, apo vs. holo, and sin-
gle point mutations. MD trajectories were analyzed using the MDAnalysis’® and CCPTRAJ®® programs. The trajectories and structure
files were further visualized using VMD’® and PyMOL (Schrodinger 2015).

Sequence redesign using ProteinMPNN

Sequence redesign was performed using ProteinMPNN’ via the Gradio Webapp (v0.3).°' The symmetrized TFD-EE backbone (PDB
ID: 6ZV9) served as the input structure. The protein was redesigned as a symmetric homodimer, with fixed positions being the tryp-
tophan antenna (W6), the metal-coordinating glutamates (E31, E154), and the tri-glycine linkers (G53-55 and G129-131). The vanilla-
v_48_020 model with a sampling temperature of 0.1 and a backbone noise of 0 was applied. A total of 85 new sequences were gener-
ated and filtered subsequently. The first selection criterion was the total amount of charged residues per dimer (set to max. 110),
resulting in 15 candidate sequences. Next, the AlphaFold2* implementation of ColabFold (v.1.5.5)°? and, later, a local installation
of AlphaFold3° were used for protein structure prediction. Designs with an average pLDDT>80 were accepted. The final filtering steps
were based on the scaffold’s cavity size and accessibility as determined with the PyVOL plug-in for PyMOL. We then analyzed the
protein surface of selected designs for potential metal binding sites using BioMetAll*® and rationally introduced point mutations to
break up clusters of negatively charged residues with the goal of suppressing unspecific lanthanide binding. Synthetic genes of
the two redesigns were ordered and tested experimentally (sequence alignment available in the Sl).

Protein intermolecular interaction analysis
Intermolecular interactions in the dimer interface of TFD-EE and TFD-EE MPNN were analyzed using Protinter®® and ProteinTools.®*
Since Protlnter calculates interactions for a single chain only, a multi-step protocol was developed to evaluate interactions within the
homodimer’s chains (chain A and chain B) as well as at their interface. First, the input PDB file was cleaned to remove crystallographic
ligands and metals, the chains were merged and renumbered, and exported as a single-chain molecule. Next, the residues corre-
sponding to chain A and chain B were exported separately. Protinter was then used to calculate the interactions for chain A, chain
B, and the combined chain A + chain B structure. To determine the interactions occurring at the interface, the interactions identified in
the individual chains (chain A and chain B) were subtracted from those calculated for the merged structure (chain A + chain B).
The types of interactions computed include hydrophobic interactions, ionic interactions, cation-n interactions, main chain-side
chain contacts, side chain-side chain contacts, and =n-n stacking. The resulting contact data are provided in the Sl (section
Methods S7, Tables S10-513). A custom script was developed to visualize these interactions in PyMOL.
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Photoenzymatic activity

The photoenzymatic diol cleavage was performed and analyzed as described previously.*> Samples were prepared by incubating the
dimeric protein with 1 equivalent of CeCl3 in 25 mM HEPES pH 8.5, 100 mM NaCl at 37°C for 2 hours. Michaelis-Menten kinetics were
measured for TFD-EE and TFD-EE MPNN. The reactions were irradiated in a custom-made photoreactor at 410-420 nm for 1 hour at
final concentrations of 5 uM dimeric protein, 5 M CeCl3, substrate concentrations ranging from 25 pM to 6.4 mM, and 10% aceto-
nitrile as co-solvent. After the reaction, the protein was precipitated with acetonitrile. After centrifugation and addition of trimethox-
ybenzene as an internal standard, samples were subjected to HPLC analysis to quantify the reaction product, benzaldehyde. The
initial velocities of product formation were calculated accordingly. Measurements were performed in triplicate. The kinetic parame-
ters k.ot and Ky, were determined by data fitting with the Michaelis-Menten equation:

oV ke Sl
e [Ely  Ku+[Sl

All HPLC analyses were performed on a Vanquish System (Thermo Fisher Scientific) equipped with an achiral Hypersil Gold C18
column (100 x 2.1 mm, 3 pm particle size, Thermo Fisher Scientific).

QUANTIFICATION AND STATISTICAL ANALYSIS
Metal binding studies and photoenzymatic activity measurements were performed in duplicate or triplicate. Given errors refer to the

calculated standard deviation and were plotted accordingly in the figures. X-ray crystallography data collection and refinement sta-
tistics are summarized in Tables S6, S7, S8, and S9.
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