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Abstract

Large scale interdomain rearrangements are essential to protein function, governing the activity
of large enzymes and molecular machineries. Yet obtaining an atomic-resolution understanding

of how the relative domain positioning is affected by external stimuli is a hard task in modern
structural biology. Here we show that combining structural modeling by AlphaFold2 with coarse-
grained molecular dynamics simulations and NMR residual dipolar coupling data is sufficient to
characterize the spatial domain organization of bacterial enzyme I (El), a ~130 kDa multidomain
oligomeric protein that undergoes large scale conformational changes during its catalytic cycle. In
particular, we solve conformational ensembles for El at two different experimental temperatures
and demonstrate that a lower temperature favors sampling of the catalytically competent closed
state of the enzyme. These results suggest a role for conformational entropy in activation of EI and
demonstrate the ability of our protocol to detect and characterize the effect of external stimuli
(such as mutations, ligand binding, and post-translational modifications) on the interdomain
organization of multidomain proteins. We expect the ensemble refinement protocol described here
to be easily transferrable to the investigation of the structure and dynamics of other uncharted
multidomain systems, and have assembled a Google Colab page (https://potoyangroup.qgithub.io/
Seg2Ensemble/) to facilitate implementation of the presented methodology elsewhere.
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Introduction

Protein function depends on orchestrated rearrangements of protein domains mediated by
external perturbations such as ligand binding,1~3 post-translational modifications,* changes
in ionic strength,® salt concentration, and temperature.® Therefore, studying how the relative
positioning of protein domains is affected by such external stimuli in solution is a grand
challenge in modern structural biology. Recently, structure prediction algorithms have

made stunning breakthroughs, and, with the development of the DeepMind AlphaFold2
(AF2)” and the RoseTTAFold8 systems, the atomic-resolution structures of almost the entire
human proteome have been predicted and made available.® Although several studies have
appeared in the literature demonstrating the ability of such predicting tools to accurately
capture tertiary and quaternary folds in relatively complex proteins and assemblies,10-13 the
interdomain architecture is often misrepresented by AF2 and RoseTTAFold, especially when
modeling dynamic systems that function via large-scale structural rearrangements.13-14

In this manuscript we explore the possibility of combining AF2 predictions with coarse
grained molecular dynamics (cgMD) simulations, and sparse Residual Dipolar Coupling
(RDC) NMR data to obtain an accurate description of the interdomain organization in El
from Thermoanaerobacter tengcongensis, a large, multidomain protein whose enzymatic
cycle is finely tuned by large-scale interdomain rearrangements mediated by substrate and
cofactor binding.15-16 El is a ~130 kDa homodimer comprising two functionally distinct
domains (Figure 1). The C-terminal domain (EIC, residue 261-573) is the dimerization
domain and contains the binding site for the substrate phosphoenolpyruvate (PEP).1>: 17 The
N-terminal domain (EIN, residues 1-230) is divided in two subdomains, the EIN? (residues
33-143) and EIN“P (residues 1-20 and 148-230), that contain the phosphorylation site (His
189 on EIN®P) and the binding site for the phosphocarrier protein HPr (on EIN®).15. 18
EIN and EIN®P are connected by two flexible loops.1> EIN®P and EIC are connected by
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a 30-residue long helical linker.1> Although the structure of the 7. tengcongensis El is still
unsolved, structural studies on the Escherichia colihomologue have shown that the enzyme
undergoes large interdomain rearrangements upon substrate binding.2 19-21 In particular,
apo El adopts an open conformation that exposes the active site to the incoming substrate.
Holo El adopts a closed conformation that presents the side chain of His 189 to PEP and
shields the active site from water (Figure 1).

Here, we use AF2 to predict the structure of the full-length thermophilic EI from

primary sequence. Using NMR RDC data, we show that AF2 returns accurate predictions
for the structures of the individual EI domains but largely misrepresents their spatial
organization within the full-length enzyme. We then combine cgMD simulations with the
experimental RDCs to refine the AF2 model into a conformational ensemble that satisfies
the experimental data. Our results demonstrate that apo EI does not adopt a rigid fold in
solution but is rather in equilibrium among multiple conformations with diverse interdomain
orientations. Interestingly, we find that the interdomain organization of El is extremely
sensitive to the experimental temperature, with low temperatures favoring the sampling

of closed states similar to the catalytically competent holo structure. The fact that our
protocol is capable of detecting and characterizing the temperature-induced conformational
changes in El indicates that combining AF2 predictions with cgMD simulations and RDCs
is a promising approach to study the effect of external perturbations, such as mutations,
ligand binding, and post-translational modifications, on the structure of large and dynamic
multidomain proteins.

AlphaFold modeling of full-length EL.

While the atomic-resolution structures of the isolated EIN?2 and EIC dimer?3 from 7.
tengcongensis were determined by solution NMR and crystallography, respectively, the
overall fold of the full-length enzyme remains unsolved. Here, we report three structural
models of the full-length EI predicted using the DeepMind AF2 algorithm. The generated
models are essentially identical (heavy atom root mean square deviation, r.m.s.d., = 1.6 A)
and predicted with an average predicted local distance difference test (pLDDT) of 88 + 12
% (Supplementary Figure S1). The top-ranked AF2 model is in very good agreement with
the experimental tertiary fold of the isolated El domains (Ca r.m.s.d. of 0.6, 1.6, and 0.4
A for the EIN?, EIN®P, and EIC, respectively), as well as with the quaternary structure

of the EIC dimer (Ca r.m.s.d. of 0.4 A) (Supplementary Figure S2). On the other hand,
the predicted structure does not recapitulate the interdomain organization displayed by the
experimental structures of the open,1® closed,20 and partially close?! full-length EI from
E. coli (Supplementary Figure S2), nor does it agree with any of the atomic resolution
structures of El from different bacterial sources.

To test the accuracy of the AF2 prediction, we measured backbone amide RDC (1Dp)
data for well resolved TH-1°N NMR cross-peaks on samples of weakly aligned El in a
dilute liquid crystalline medium of phage pf72 at 40 and 70 °C. The <Dy data inform
on the orientation of the N-H bond vectors with respect to an external alignment tensor.25
Therefore, RDCs are fine reporters of protein tertiary and quaternary fold, and have been
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often employed to validate and refine structural models.28 In total, we have measured 145
and 223 LDy, values for El at 40 and 70 °C, respectively. However, to avoid structural

noise from flexible regions, only the backbone amides from secondary structure elements
were included in the following analysis (43, 25, and 47 RDCs at 40 °C, and 60, 44, and

76 RDCs at 70 °C for EIN®, EIN®P, and EIC, respectively) (Supplementary Figure S3

and Supplementary Table S1). Singular value decomposition (SVD) fitting of the RDCs
measured for EINY, EIN®P, and EIC against the coordinates of the isolated domains
extracted from the AF2 model returns R-factors < 36% (Figure 2). The agreement between
experimental and back-calculated data confirms that the AF2 model recapitulates the tertiary
fold of the EINY, EIN®B, and EIC domains in solution, as well as the quaternary fold of

the EIC dimer. By way of contrast, SVD fitting of the full 2Dy, dataset to the structural
model of full-length EI results in R-factors > 50% (Figure 2), indicating that El must adopt a
conformation or ensemble of conformations that differ substantially from the AF2 model.

Finally, it is also worth noticing that the SVD fits of the 40 °C data yield larger R-factors
than the corresponding fits of the 70 °C RDCs (Figure 2). This finding is likely the result
of the slower molecular tumbling of El at low temperature that negatively impacts the
signal-to-noise ratio of the NMR spectra (Supplementary Table S4) and translates into an
increased experimental error.

15N NMR relaxation.

To investigate the cause of the inconsistency of the RDC data with the AF2 structural

model we have measured the 15N longitudinal (/;) and transverse (R.) relaxation rates

on samples of 2H,15N-labeled full-length EI. The backbone amide 1°N-R4R; values are
directly proportional to the rotational tumbling of the amide bond vectors.2” Therefore,

if El has a rigid solution structure in which the individual domains are held in position

by strong interdomain interactions, a plot of the relaxation data versus the residue index
will return a constant distribution around a 1°N- R4/ R; value proportional to the rotational
correlation time (z,) of the protein. On the other hand, if the EIN®, EIN®P, and EIC domains
tumble independently or semi-independently (i.e., the domain-domain contacts are not
strong enough to keep the domains in a fixed relative orientation) the relaxation data of

the backbone amides belonging to different structural domains will cluster around different
I5N-RJR; values, each proportional to the 7, of a specific domain. Analysis of the 1°N-

R4 R;data measured at 40 and 70 °C indicates that EI undergoes substantial interdomain
dynamics at both experimental temperatures (Figure 3). Indeed, average 1°N-R4R; values of
51, 103, and 144 at 40 °C and of 44, 63, and 130 at 70 °C are obtained for EIN®, EIN°B,
and EIC, respectively, indicating that the EI domains tumble with different z.’s (Table 1).
Interestingly, the z.’s calculated for the EI domains from the relaxation data at 40 °C (17,
24, and 29 ns for EIN®, EIN®P, and EIC, respectively) and 70 °C (16, 19, and 28 ns for
EIN®, EIN®B, and EIC, respectively) are substantially larger than the . values predicted for
globular proteins of the size of EIN® (5 and 3 ns at 40 and 70 °C, respectively), EIN®P (5
and 3 ns at 40 and 70 °C, respectively), and the EIC dimer (29 and 27 ns at 40 and 70

°C, respectively), but substantially lower than the 7, predicted for the 127 kDa full-length

El dimer (53 and 30 ns at 40 and 70 °C, respectively) (Table 1). This observation indicates
that, although the presence of both peptide linkers and non-covalent interdomain interactions
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restrict the relative positioning of the EI domains, EIN®, EIN®®, and EIC do not tumble as a
rigid, single-body object in solution and, therefore, their RDC data cannot be simultaneously
accounted for by a single 3D structure.

As a final note, the experimental z, of EIC at 40 °C matches the , predicted for a 70 kDa
protein (Table 1), seemingly suggesting that at low temperature EIC tumbles in solution
without feeling the presence of the linker and of the EIN domain. This counterintuitive result
originates from the fact that truthful measurements of the relaxation rates were only possible
for the subset of EIC signals with 1°N-R, < 100 s~! (i.e. the NMR signals originating from
amides that experience local motions that reduce their transverse relaxation). Therefore, the
average 1°N-R4R; and corresponding experimental . reported for EIC at 40 °C need to be
considered as lower bound estimates of the actual values.

Conformational ensembles of El at low and high temperature.

The 15N relaxation data presented above demonstrate that El is a dynamic protein in which
the structural domains undergo semi-independent tumbling in solution (Figure 3). Therefore,
to determine a structural model that satisfies the experimental RDC data, we have turned to a
dynamic structural ensemble representation for E1.28-31 |n particular, preliminary ensembles
of physically feasible conformations were generated by running fifteen 108-step (equivalent
to ~100 microseconds of real time sampling) cgMD simulations32 at temperatures ranging
from 250 to 320 K starting from the AF2 model of the full-length EI dimer. It is important to
notice that, due to the large size of the investigated enzyme, we employed a coarse-grained
force field to ensure that the conformational space is exhaustively sampled by the MD
trajectory. However, when investigating lower molecular weight systems, other enhanced
sampling techniques coupled to all-atom force fields (i.e., accelerated MD, replica exchange,
metadynamics, etc.)33-34 might be a better option. The cgMD simulations were run using
the Associative Memory, Water Mediated, Structure and Energy Model (AWSEM), a
medium resolution coarse-grained force field designed for de novo prediction of protein
folding and allosteric motions in native states.3® The resulting trajectories were clustered

to produce ensembles of representative structures with a high degree of structural diversity
at each simulated temperature. The generated structure ensembles were used to fit the
experimental RDC data by using a previously reported protocol that optimizes the alignment
tensor and population of each ensemble member.36 The agreement between experimental
and back-calculated RDCs was evaluated in terms of R-factor. To evaluate the effect

of the ensemble size on the fit, the protocol was iterated by increasing the number of
clusters (i.e., the number of representative structures at each simulated temperature), and

the best-fit conformational ensemble was determined as the smallest-sized ensemble that
returns an R-factor equal to a target value (R-target) predetermined to avoid overfitting of
the experimental data.3” From the SVD analysis of the RDCs measured for full-length EI

at 40 and 70 °C against the structure of the isolated EI domains, R-target values of 32

and 27 % were determined for the low and high temperature conformational ensembles,
respectively (Equation 3).37 Our refinement protocol indicates that the 6-member ensemble
obtained from the 270 K cgMD and the12-member ensemble obtained from the 280 K
cgMD are the best-fit solutions for the 40 and 70 °C RDCs, respectively (Figure 4A-D

and Supplementary Figure S5A,B). It is also interesting to highlight that using a structure
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based cgMD model that relies on the AF2 initial structure for defining native contacts38
does not produce conformational ensembles consistent with the experimental RDC data
(Supplementary Figure S5C-F). This finding further corroborates that (i) using a force

field that accounts for non-native interactions is crucial for capturing large-scale dynamic
excursions beyond the native structure produced by AF2, and (ii) experimental RDC data are
well suited to assess the accuracy of simulated protein conformational ensembles.

Analysis of the best-fit conformational ensembles confirms that the EI domains adopt

rigid local folds that agree well with the AF2 prediction. Indeed, a comparison of the
conformations displayed by EIN®, EIN®P, and EIC in the 40 and 70 °C ensembles

reveals near-identical folds (Ca r.m.s.d. of 1.9, 1.0, and 2.3 A for EIN®, EIN“P, and EIC,
respectively) that align well with the structures of the individual domains in the predicted
structural model (Supplementary Figure S6). On the other hand, the refined ensembles
indicate that EI undergoes extensive interdomain dynamics at both 40 and 70 °C that are not
captured by AF2 modeling. Indeed, a high degree of interdomain fluctuations is observed
within the cgMD/RDC ensembles, but not within the ensemble of (3) structures predicted
by AlphaFold (Figure 4E-H). Of note, a plot of the root mean square fluctuations (r.m.s.f.)
values versus the residue index shows that EIN®, EIN®B, and EIC fluctuate with different
average r.m.s.f. in the cgMD/RDC conformational ensembles (average r.m.s.f. values of 16,
8,and 2 A at 40 °C and of 21, 15, and 2 A at 70 °C are obtained for EIN®, EIN?P, and EIC,
respectively) (Figure 4G,H), which is consistent with the 1°N-R4R; data indicating that the
EI domains undergo semi-independent tumbling in solution (Figure 3 and Table 1).

An open-to-closed transition induced by temperature.

Inspection of the conformational ensembles calculated at 40 and 70 °C indicates that El
samples a conformational space that goes from the open state observed in the AF2 model
to the closed state observed in the crystal structure of the activated EI from £. coli (Figure
4A,C). Of note, all conformations included in our ensembles are more closed than the
solution structure of the apo £. colienzyme (Figure 4A,C). Such result is the consequence
of extended electrostatic interactions established between EINP and EIC in the refined
ensembles (Supplementary Figures S7 and S8).

In order to discriminate between open and closed conformations, we have determined the
3D solvent exposure of the active site pocket in each member of the refined ensembles.

The calculation was done using the software SADIC3 by calculating the exposed volume
(eV) of a sphere of 15 A radius centered on the phosphorus atom of an hypothetical PEP
molecule bound in the active site (Figure 5A). The eV parameter is a better definition of
solvent accessibility than the exposed surface area as it allows better discrimination between
a surface atom located in a deep pocket and a surface atom localized at the tip of an exposed
loop.39 As expected, the eV/values calculated from the ensemble members are much smaller
than the one calculated from the NMR structure of the apo £.coli El, and cluster between the
eV'values calculated from the AF2 structure and the crystal structure of closed EI (Figure
5C). From a visual inspection of the EI structures, an eV/value of 5 % was taken as the
threshold to discriminate between closed (eV/< 5 %) and open (eV/> 5 %) states, since
structures with eVV< 5 % have a binding pocket that is completely occluded to solvent
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(Figure 5A). Interestingly, while the entire 70 °C ensemble is in the open form, three out of
six members of the 40 °C ensemble sample closed conformations (Figure 5C). Of note, the
EINB/EIC orientation in these closed conformations closely resembles the X-ray structure
of activated EI (Figure 5B,D), suggesting that lowering the temperature from 70 to 40 °C
induces an open-to-closed conformational change in the thermophilic El that is similar to the
open-to-closed conformational change induced by PEP binding on the £. co/ihomologue at
physiological temperature.

Seg2Ensmeble: An open-source computational pipeline for generating conformational
ensembles consistent with RDC NMR data from protein sequence alone.

The Seg2Ensemble pipeline used for generating the EI conformational ensembles presented
above consists of computational tools for turning the primary sequence of proteins into
conformational ensembles consistent with the NMR data. The pipeline starts by generating
a 3D structure from sequence via AF2 and following up by running high-throughput multi-
replica cgMD simulations at different temperatures and initial states for each temperature.
Simulation data is then subjected to iterative clustering and fitting to obtain conformational
ensembles consistent with the RDC data. Seq2Ensemble is open source and implements all
the tools inside Google Colab, allowing users to run the entire pipeline on research-grade
GPUs without installing any software. Our pipeline is partially based on ColabFold, an
implementation of AlphaFold on the Google Colab environment.#? Detailed instructions
and examples on how to run the Seq2Ensemble pipeline are provided in Methods and
Supplementary Files.

Discussion

Recent advancements in the algorithms for prediction of protein structures have made
possible to obtain atomic-resolution models of virtually any protein sequence in a matter of
few minutes.”=9 This ability to generate large, inexpensive databases of structural models
introduces the need for standardized methods for assessing the accuracy of the predicted
models and for their eventual refinement. To this end, independent works have appeared

in the literature form the Bax, Montelione, and Zweckstetter groups demonstrating that
NMR RDC data can be conveniently used to test the quality of AF2 predictions.11-13 More
recently, Adams and coworkers have shown that density maps from X-ray crystallography
and electron cryo-microscopy data can be used to improve the regions of the model

that are not accurately predicted by the neural network.#! However, even with the latest
methodological advancements, predicting the spatial relationship among protein domains
remains a challenge, which is exacerbated in dynamic systems that lack extended surfaces of
conserved interdomain contacts and/or well-defined experimental density maps.13-14

In principle, the interdomain accuracy problem could be alleviated by running extended

MD simulations starting from the modelled structure. During an MD simulation, the
time-dependence of each interdomain interaction is calculated and, where present, the
existence of multiple domain orientations revealed and characterized. When investigating
large, multidomain systems, obtaining sufficient sampling of the conformational space with
all-atom force fields can become too computationally expensive, and it is nowadays common
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to employ enhanced sampling techniques and coarse-grained models.33-34 Such, advanced
computational methods can speed up the calculation by several orders of magnitude and
generate exhaustive conformational ensembles that can be validated against experimental
data. Here, we have combined the ability of cgMD to produce a large pool of physically
feasible protein conformations with the ability of RDCs to provide an experimental
assessment of the generated structures to refine an AF2 model into a structure ensemble
that is consistent with the experimental data. The protocol was used to investigate the
temperature-induced conformational transitions in bacterial EI, a multidomain dynamic
protein that undergoes large scale interdomain rearrangements during its catalytic cycle
(Figure 1).

In particular, SVD fitting of the EI AF2 model against the backbone amide RDC data
showed that, while the structure of the individual protein domains is accurately reproduced
by AF2, the predicted spatial relationship among EINY, EIN®B, and EIC is inconsistent
with the experimental data (Figure 2). Coherent with this observation, refinement of the
AF2 model with our cgMD/RDC protocol revealed the presence of extensive interdomain
fluctuations in El that are not accounted for by AF2 modeling (Figure 4). Of note, the
interdomain motions captured by the cgMD/RDC ensemble are consistent with 1°N-R4R;
data indicating that the EI domains undergo semi-independent tumbling in solution (Figure
3). Overall these results highlight once again (i) that AF2 predictions are insufficient atomic-
resolution descriptions of multidomain and dynamic proteins and (ii) that RDC data are fine
experimental reporters of structure quality. In addition, the presented results demonstrate
the ability of our cgMD/RDC approach to refine an AF2 prediction into a conformational
ensemble that is consistent with the experimental data and that returns a more reliable
structural model for multidomain dynamic systems, such as El.

Analysis of the cgMD/RDC ensembles calculated for the apo El at 40 and 70 °C showed
that the enzyme adopts conformations that are more closed than the one predicted by AF2,
and that the thermodynamic balance between the open and closed states is dramatically
affected by the experimental temperature (Figures 4 and 5). Indeed, while the 70 °C
ensemble is entirely composed by open El conformations, 50 % of the 40 °C ensemble
samples closed conformations that closely resemble the crystallographic structure of the
catalytically competent state of the £. coli El (Figure 5). One possible explanation for this
change in balance is that the transition to the closed form of El reduces the entropy of the
system (i.e. it is coupled to a negative AS term and, therefore, it is more likely to occur at
low temperature), which is consistent with the hypothesis that substrate binding facilitates
transition to the closed form by reducing conformational disorder within EIC.2 Indeed, at
physiological conditions the entropic penalty required to transition to the closed form of El
cannot be offset by reducing the external temperature. On the other hand, the local reduction
in conformational disorder induced by PEP binding to the C-terminal domain would result in
a less negative AS associated with the transition from the (entropically favored) open to the
(entropically disfavored) closed form of holo EI compared to the apo enzyme, and shift the
conformational equilibrium toward the catalytically competent closed state (Figure 6).

Finally, the results presented in this work demonstrated the effectiveness of coupling AF2
modeling with cgMD calculations and experimental RDC data to detect and structurally
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characterize the effect of a change in the experimental temperature on the spatial
interdomain organization of EI. We expect the approach presented here to be easily
transferrable to investigating the effect of other external perturbations (i.e., ligand binding,
mutations, post-translational modifications, etc.) on the structure and dynamics of other
multidomain and dynamic proteins. To facilitate implementation of our protocol in other
laboratories and research settings we have developed a Google Colab page that allows users
to (i) model any primary sequence using AF2, (ii) run cgMD simulations at the desired
temperatures, (iii) cluster the resulting trajectories, and (iv) check the consistency of the
generated ensembles with experimental RDC data within their local browser.

As a final note, it is important to highlight that our method differs from previously described
approaches that use the RDCs as structural restraints to directly bias the MD trajectory

and obtain conformational ensembles consistent with the experimental data.#2-43 However,
similarly with what reported for the latter approaches, the cgMD/RDC protocol described
here would benefit from the use of multiple orthogonal sets of RDC data measured with
different alignment media and/or for additional pairs of coupled spins. In the absence of
these additional data sets, part of the conformational dynamics could be absorbed by the
alignment tensor, and the calculated conformational ensemble could be an underestimation
on the conformational space sampled by the system.44

Materials and Methods

Preparation of NMR samples.

Uniformly 2H, N 7. tengcongensis El was expressed and purified as previously described.4?
NMR samples were prepared in 20 mM Tris-HCI (pH 7.4), 100 mM NaCl, 4 mM MgCl,,

1 mM ethylenediaminetetraacetic acid (EDTA), 2 mM dithiothreitol (DTT), 0.02 % (w/v)
NaN3, and 90 % H,0 / 10 % D,0 (v/v). Protein concentration was 0.5-1.0 mM. All NMR
spectra were acquired on a Bruker 800 MHz spectrometer equipped with Z-shielded gradient
triple resonance TCI cryoprobe. Spectra were processed and analyzed using the programs
NMRPipe*6 and POKY,*7 respectively. 1H-15N correlated spectra were assigned based on
previously deposited assignment (BioMagResBank entry 27762).4°

Backbone amide <Dy RDCs were measured at 40 and 70 °C by taking the difference

in Ly scalar couplings in aligned and isotropic media. The alignment media employed
was phage pfI (16 mg/ml; ASLA Biotech),24 and ZJx,, couplings were measured using the
ARTSY pulse scheme.*8 SVD analysis of RDCs was carried out using Xplor-NIH.49

15N-R; and R, experiments were carried out at 40 and 70 °C using heat-compensated pulse
schemes with a TROSY readout.50 The spin-lock field for the R, experiment was set to 1
kHz. Decay durations were 0, 80, 200, 320, 440, 560, 720, and 840 ms for R, and 0.2, 4.2,
7.2,15.0,23.4,32.4,42.0,52.2, and 60.0 ms for Rz, R;and Ry, values were determined
by fitting time-dependent exponential restoration of peak intensities at increasing relaxation
delays. R, values were extracted from the measured Rz and Ry, values.
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Ensemble calculation.

To generate structural ensembles of EI, 100,000,000-step cgMD simulations were run
starting from the AF2 model of the EI dimer using the AWSEM coarse-grained force
field implementation in the OpenMM molecular dynamics library.>! The energy function
of AWSEM combines knowledge-based and physics-based terms designed for de novo
prediction of 3D protein fold and dynamics. In AWSEM, each residue is coarse-grained
into three beads which allows for resolving detailed backbone stereochemistry, hydrogen
bonding, and water-mediated tertiary interactions using physics-based potentials.

As reported for other symmetric dimer systems,2? the sampling of the tertiary fold is
better evaluated from combined trajectories in which the trajectory of the one subunit

is appended at the end of the trajectory of the second subunit. Therefore, a 200,000,000-
step trajectory was generated by appending the 100,000,000-step trajectory of the second
subunit to the 100,000,000-step trajectory of the first subunit of the dimer. The combined
trajectory was then clustered using the r.m.s.d. based K-Means algorithm implemented in
the MDAnalysis python library.52 After specifying the maximum ensemble size “A’ to
generate, the clustering algorithm was iterated over the trajectory, producing from 1 to

N clusters with 10 initializations and 300 iterations each (see https://docs.mdanalysis.org/
stable/documentation_pages/analysis/encore/clustering.html for details). At each iteration
the centroids of each cluster were saved as PDB files. These centroids served as
representative structures of the cgMD (i.e. the members of the conformational ensembles)
with a high degree of structural diversity.

Back-calculation of RDCs from conformational ensembles was done using the following
equation:

RDC, = ; Dk[(3cos2 0— 1) + %(sin2 0 cos 2¢>)] )

where 6 is the angle formed between the internuclear bond vector of the amide group of
residue i and the z axis of the alignment tensor, ¢ the angle between the xy plane projection
of the internuclear bond vector and the x axis, and D, is the magnitude of the alignment
tensor for ensemble member k multiplied by its fractional population in the ensemble.3”

A Matlab script to fit experimental RDC data to an ensemble is available for download at
http://group.chem.iastate.edu/Venditti/downloads.html.38 Alternatively, RDC fitting can be
performed using the Colab page https://potoyangroup.github.io/Seq2Ensemble/.

The consistency between experimental and back calculated was evaluated in terms of R-

factor:37,53
R = <Dahs — Dcalc>2 (2)
2(D.,)

where D,,, and D, are the observed and back calculated RDCs, respectively. A target
R-factor (R-target) for the calculation of conformational ensemble was determined using the
equation: ©

JAm Chem Soc. Author manuscript; available in PMC 2024 January 08.
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R —target = Z % 3)
i

where R, is the R-factor determined from SVD fitting against the AF2 model of the A
structural domain (EIN®, EIN®P, or EIC), and N; is the number of RDCs measured for the
1 structural domain, and N is the total number of experimental RDCs measured for the
multidomain protein.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures of E. coli EI.
(A) Solution structure of open El. (B) Crystal structure of phosphorylated El bound to

oxalate. The crystal structure corresponds to the activated closed form of EI bound to PEP.
Therefore, the phosphoryl group (covalently attached to His 189) and the oxalate molecule
are replaced by a PEP molecule in the figure. EIN®, EIN®B, and EIC are shown as blue,
cyan, and salmon ribbons, respectively. The His 189 phosphorylation site is shown as red
spheres. PEP is shown as green spheres.
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Figure 2. RDC analysis of the AF2 model.
Singular value decomposition fitting (SVD) of the RDC data against the AF2 model. The

first, second, and third panels from left to right show fits against the data of the EIN9,
EINB, and EIC, respectively. The forth panel (left to right) reports SVD against the full
RDC dataset. The middle and bottom rows correspond to fits against the 40 and 70 °C RDC
data, respectively. The data from EIN®, EIN®P, and EIC are colored blue, cyan, and red,
respectively. In the third and fourth panels (left to right), open and filled circles correspond
to fits using a single subunit or both subunits of the AF2 model of the EI dimer, respectively.
The top row shows the structure of EIN®, EIN®B, EIC, and the full-length El in the AF2
model. EIN®, EIN®B, and EIC are shown as blue, cyan, and salmon ribbons.
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Figure 3. 15N-R2/R1 analysis of the full-length ELI.
The 800MHz 1°N-R4 R; data of EI measured at 40 °C (A) and 70 °C (B) are plotted on

the AF2 model of El. Analyzed amides are shown as spheres. The relationship between the
sphere color and 15N-R4R; value is depicted by the color bar. EIN®, EIN®B, and EIC are
shown as blue, cyan, and salmon ribbons. In (C) and (D) the 1°N-R4R; data measured at
40 and 70 °C, respectively, are plotted versus the residue index. The blue, cyan, and salmon
boxes show the boundaries of EIN®, EIN®B, and EIC, respectively.
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Figure 4. Conformational ensembles of T. tengcongensisEl.
Atomic probability density maps®* showing the conformational space sampled by El in the

cgMD/RDC ensemble at (A) 40 °C and (C) 70 °C. The atomic probability maps are plotted
at a threshold ranging from 1 % (transparent gray) to 40 % (opaque blue, cyan, and salmon
for EINY, EINP, and EIC, respectively) of maximum. The solution structure of open £. coli
El, the X-ray structure of closed E. coli El, and the AF2 model of 7. tengcongensis El are
superimposed to the maps as black, yellow, and red cartoons, respectively. The ensembles
were calculated for a single subunit of the EI dimer (see Methods). The density maps

for the dimer were reconstructed by superimposing the EIC coordinates of each ensemble
member into the EIC coordinates of the AF2 model (note that this procedure is justified

by the fact that EI behaves as a symmetric dimer in solution and that the EIC RDC data

fit well to the AF2 structure, Figure 2). Panels (B) and (D) show the correlation between
the experimental RDCs and the RDCs back calculated from the 40 and 70 °C ensembles,
respectively. Filled blue, cyan, and red circles are the data originating from EIN?, EIN®B,
and EIC, respectively. Panels (E) and (F) show the overlay of the 6 and 12 members of

the 40 and 70 °C ensembles, respectively. Structures were aligned by superimposing the
coordinates of the EIC domain. EINY, EIN®P, and EIC are shown as blug, cyan, and salmon
cartoons, respectively. Panels (G) and (H) show the r.m.s.f. versus residue index calculated
from the 40 and 70 °C ensembles, respectively (black line). The ensemble members were
superimposed using the coordinate of the EIC domain to emphasized the semi-independent
motions of the EI domains. The r.m.s.f. calculated from the AF2 ensemble (Supplementary
Figure S1) is shown as a gray line for comparison. The blue, cyan, and salmon boxes show
the boundaries of EINY, EIN®B, and EIC, respectively.
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Figure 5. A temperature-induced open-to-closed switch.
(A) Three members of the calculated ensembles with different degrees of active site solvent

accessibility are shown. The sphere (15 A radius) used to calculate the exposed volume (eV)
of the active site is colored green. The EI structure is shown as spheres (EIN, EIN®P, and
EIC are blue, cyan, and salmon, respectively). The second subunit of the dimer from the
AF2 model is shown as orange surface. (B) The three ensemble members adopting closed
conformations (member 1, 5, and 6 of the 40 °C ensemble; EIN?, EIN?P, and EIC are blue,
cyan, and salmon, respectively) are superimposed on the crystal structure of closed El (black
ribbons). The second subunit of the EI dimer is shown as orange surface. The PEP molecule
is shown as green spheres. (C) eV/value versus ensemble member from the 40 (left) and 70
(right) °C ensembles. The eVvalues calculated from the solution structure of £. coli El, the
crystal structure of closed £. coli EIl, and the AF2 model of 7. tengcongensis El are shown
as dashed lines. The boundary between open and closed conformations is shown as a solid
red line. (D) Ca displacement of the members 1 (top), 5 (middle), and 6 (bottom) of the 40
°C ensemble from the X-ray structure of closed El is plotted versus the residue index. The
blue, cyan, and salmon boxes show the boundaries of EIN®, EIN®B, and EIC, respectively.
The position of the catalytic His 189 residue is highlighted by a vertical dashed line. The
horizontal dashed red line is drawn at a Ca displacement of 2 A.
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Figure 6. Model for conformational disorder in apo and holo EI.
In the absence of PEP transition to the catalytically competent closed state is coupled

to a large entropic penalty because it requires both ordering of EIC2 and a quenching

of interdomain dynamics (top). Local EIC disorder is quenched in the enzyme-substrate
complex.2 Therefore, PEP binding reduces the entropic cost to transition from the open to
the closed state of EI (bottom).
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Table 1.

Average 15N-R,/ R values and rotational correlation time

I5N-R,/R; 2 Exp. 7. (ns)°  Pred. 7, (ns)C
MW (kDa) 40°C 70°C 40°C 70°C 40°C 70°C

EIN® 12.6 51 44 17 16 5 3
EINaf 115 103 63 25 19 5 3
EIC dimer 69.7 144 130 29 28 29 17
El dimer 126.9 - - - - 53 30

Page 21

aAverage 15N—R2/R1 values calculated over residues from EIN® (first row), EINap (second row), EIC (third row), and full-length EI (forth row).

[ R
bExperimentaI 7,.’sare calculated from the average 15N-R2/R1 values using equation 7, = ﬁ 6# — 7, where v\ is the 15N resonance
N 1

frequency in Hz

cPredicted 7,'s are calculated from the molar weight (MW) by using http://nickanthis.com/tools/tau (empirical formula)

JAm Chem Soc. Author manuscript; available in PMC 2024 January 08.


http://nickanthis.com/tools/tau

	Abstract
	Graphical Abstract
	Introduction
	Results
	AlphaFold modeling of full-length EI.
	15N NMR relaxation.
	Conformational ensembles of EI at low and high temperature.
	An open-to-closed transition induced by temperature.
	Seq2Ensmeble: An open-source computational pipeline for generating conformational ensembles consistent with RDC NMR data from protein sequence alone.

	Discussion
	Materials and Methods
	Preparation of NMR samples.
	Ensemble calculation.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.

