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Neutron crystallography is a highly effective method for visualizing hydrogen atoms in proteins. In our recent
study, we successfully determined the high-resolution (1.2 A) neutron structure of high-potential iron-sulfur
protein, refining the coordinates of some amide protons without any geometric restraints. Interestingly, we
observed that amide protons are deviated from the peptide plane due to electrostatic interactions. Moreover, the
difference in the position of the amide proton of Cys75 between reduced and oxidized states is possibly attributed
to the electron storage capacity of the iron-sulfur cluster. Additionally, we have discussed about the rigidity of the
iron-sulfur cluster based on the results of the hydrogen-deuterium exchange. Our research underscores the
significance of neutron crystallography in protein structure elucidation, enriching our understanding of protein
functions at an atomic resolution.
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e d Significance » N\

The planarity of peptide bonds including hydrogen atoms is not fully understood. From the high-resolution neutron
structure of high-potential iron-sulfur protein, we have determined the coordinates of hydrogen atoms without any
geometric restraints and observed the deviation of amide protons from the peptide plane. Additionally, we discuss
the rigidity around the iron-sulfur cluster from the result of the hydrogen-deuterium exchange ratio. The high
rigidity around iron-sulfur cluster is important for the high redox potential.

\ J

Introduction

Hydrogen atoms, constituting nearly half of all the atoms in proteins, play a pivotal role in substrate recognition and
catalytic reaction. However, due to their possession of only one electron, the determination of the coordinates using X-
ray crystallography is difficult. Neutron crystallography leverages the interactions between neutron beams and atomic
nuclei to determine the coordinates of hydrogen atoms with almost the same precision as those of other atoms such as
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carbon, nitrogen, and oxygen [1,2]. Moreover, in neutron crystallography, the hydrogen (protium)-deuterium (H/D)
exchange ratio can provide valuable information for understanding the conformational dynamics and exposure to water
[3—6]. In neutron data collection, the H/D exchange procedure with D,O solution is important to minimize background
noise caused by the incoherent scattering of protium. This necessitates the replacement of protium with deuterium, given
its significantly lower incoherent scattering properties. The exchange ratio can be determined by structure refinement
because protium has a negative neutron scattering length while deuterium has a positive scattering length.

High-potential iron-sulfur protein (HiPIP) functions as an electron carrier within bacterial photosynthesis. It acquires an
electron from the cytochrome bc| complex and transports it to light-harvesting antenna 1-reaction center complex (LH1-
RC). At the center of HiPIP is a Fes4S4 cluster, which transitions between two different states: [FesS4]*" in its oxidized
state, and [Fes4S4]*>" when reduced. The redox potential of HiPIP exceeds +300 mV, a high value attributable to the
hydrogen bonding and hydrophobic environment surrounding the iron-sulfur cluster. We have previously published our
works on the X-ray crystal structures of both the reduced (~0.48 A resolution) and oxidized (~0.80 A resolution) states of
HiPIP derived from a thermophilic purple bacterium, Thermochromatium tepidum [7-12]. Recently, we have collected
neutron diffraction data at 1.2 A resolution and X-ray diffraction data at 0.66 A resolution for the oxidized state of HiPIP
from T. tepidum, substantially high resolutions for protein structural research [13—15]. Generally, the coordinates of
hydrogen atoms are constrained to ensure that the bond distances and angles with the atoms to which they are bonded
maintain ideal geometries. This is known as the “riding model” [16,17]. Thanks to the high-resolution neutron diffraction
data, we determined the coordinates of the amide protons for the first time without any geometric restraints in protein
structure determination. As a result, we have experimentally demonstrated that peptide bonds, traditionally believed to
have a planar structure, are influenced by the electronic interaction, and the amide protons are deviated from the peptide
plane. In addition, the deviation of amide proton is correlated with the redox states of the iron-sulfur cluster. Furthermore,
we discuss the structural rigidity around the iron-sulfur cluster of HiPIP as an outcome of H/D exchange.

The Deviation of Amide Proton from Peptide Plane

HiPIP was crystallized in a solution prepared with deuterated reagents and heavy water, yielding deuterium-substituted
crystals. Neutron diffraction data were collected using the IBARAKI biological crystal diffractometer (iBIX) at BLO3 of
the Materials and Life Science Experimental Facility (MLF) at Japan Proton Accelerator Research Complex (J-PARC).
X-ray diffraction data were also collected from the same crystal using an ADSC Q315r detector on BL5SA at Photon
Factory (PF). For structure refinement, we combined the neutron data (1.2 A) and the X-ray data (0.66 A). Initially, we
performed the structure refinement without hydrogen atoms using only X-ray data. Subsequently, we determined the
coordinates of hydrogen atoms using neutron data. Because the data-to-parameter ratio of the neutron data is enough to
refine the crystallographic parameters of amide protons, we refined the coordinates of amide protons without geometric
constraints for deuterium atoms with clear neutron scattering length density (nuclear density) and occupancy greater than
0.60, and protium atoms with occupancy greater than 0.75. The final Rwork and Rgee are 7.41% and 8.15% for the X-ray
data and 15.4% and 16.8% for the neutron data, respectively. Each atom position was resolved in the electron and nuclear
densities, and even the polarization of hydrogen atoms can be seen from the difference in the center of hydrogen atoms in
neutron and X-ray data (Figure 1).
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Figure 1 Electron and nuclear density of HiPIP [13]. (A) Electron and nuclear density maps around the peptide bond
between Prol12 and Thr13, and between Asn70 and Val71. (B) Difference between the center of electron density and
nuclear density of the indole ring of Trp78. (C) Close-up view of N¢i—Hg; and Cyp—Hy2 of Trp78.

A typical hydrogen bond comprises a single acceptor-donor pair. However, there are instances where a hydrogen-bond
pattern may include more than one donor or acceptor, forming what is known as a bifurcated hydrogen bond. In single-
acceptor hydrogen bonds, the refined angles between donor, hydrogen, and acceptor (£DH...A) typically exceed those
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found in the riding model, with the nuclei of the amide protons generally exhibiting a shift towards the acceptor atoms
(Figure 2). Conversely, in bifurcated hydrogen bonds, certain amide protons are displaced from the nearest acceptor atoms,
indicating that these hydrogen atoms subject to the pull of electrostatic forces from two directions (Figure 2A). The
planarity of the peptide bond has conventionally been evaluated using non-hydrogen atoms because little structural
information is available for the amide proton. However, with the experimental determination of the position of the amide
proton, we focused on the planar structure including the amide proton and defined the dihedral angle in the H—N—C;.
1=0;.1 plane, where i is the residue number, as @'. The planarity of a double bond, reflecting the ratio of sp? hybrid orbitals,
can be evaluated using the pyramidalization angle, 0 [18]. The pyramidalization angle for carbon (6¢) ranges from
approximately -5° to 5°, suggesting near-planar conformation (Figure 3A). In addition, it exhibits no correlation with ®'.
This stems from the robust maintenance of the sp? orbital of the carbon atoms by the C=0 double bond. On the other
hand, the pyramidalization angle for the amide nitrogen (6x) displays a broad range from -25° to 20° (Figure 3B) with 6x
exhibiting a strong correlation with @'. This indicates that the pyramidalization of amide nitrogens occurs when amide
protons are attracted to acceptors by electrostatic interactions, disrupting the planarity of H—N—C;.;/=0,.; comprising the
o' angle (Figure 3C).
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Figure 2 Difference between the refined model and riding model of amide protons. (A) Deviations of hydrogen atoms
from the peptide plane in single-acceptor hydrogen bond (left) and bifurcated hydrogen bond (right). The hydrogen omit
nuclear density map is shown in magenta. The amide hydrogen atoms of riding models are shown in green. The distance
between amide proton and oxygen atoms are shown in black. The angles of NH...O for experimentally determined
models and riding models are shown in magenta and green, respectively. (B) Histogram of the frequency of differences
in donor-hydrogen acceptor angles in single-acceptor hydrogen bonds between the experimentally refined model and the
riding model. (This figure is modified from ref. [13].)
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Figure 3 Deviation of amide protons [13]. (A) Scatter plot of 6¢ against o’-angle. (B) Scatter plot of Ox against ®'-
angle. Linear regression is shown as a solid line. (C) Side-view schematic of the peptide bond. The attraction of the
amide proton by the acceptor atom shifts the H—N—C,;.;=0;.; plane.
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Relationship between the Non-planarity of Peptide Bonds and Protein Function

The deviation of amide protons from the peptide plane has a strong correlation with the redox state of HiPIP. The FesS4
cluster can be divided into two subclusters based on the form of spin coupling between iron atoms. Subcluster 1, formed
by Fel-S4-Fe2-S3, plays a pivotal role in electron storage [10]. In the oxidized state of HiPIP, the amide protons of Cys75
are not oriented toward the S3 atom due to the distortion of the peptide bond near the Fe4S4 cluster, instead forming NH-
7 interactions with the indole ring of Trp74 (Figure 4). In contrast, in the reduced form (X-ray structure at 0.48 A resolution
[10]), the orientation of the N—H bond is nearly aligned with the peptide plane and interacts with the S3 atom. Since the
reduced form carries an extra electron compared to the oxidized form, the amide proton of Cys75 is attracted to the S3
atom in subcluster 1, stabilizing the [FesS4]** state. This implies that the orientation of a single amide proton interacting
with the FesS4 cluster may regulate electron transfer in HiPIP.

oxidized [Fe, S4]™" reduced [Fe,S,J*
" \v Figure 4 Difference of the amide
o 291 SAB proton of Cys75. (left) Position of the
gt amide proton of Cys75 in the
H 13-8:ntemﬁon oxidized state. (right) Positions of the
with Trp74 amide proton of Cys75 in the reduced

state (PDB ID: 5D8V). (This figure
is modified from ref. [13].)

Structural Rigidity around Iron-Sulfur Cluster of HiPIP

In this study, we collected neutron diffraction data from the crystal prepared with deuterated reagents and heavy water,
which provided information about the H/D exchange ratio of each exchangeable hydrogen atom. Most protium atoms of
surface residues were exchanged with deuterium atoms, while protium atoms around the iron-sulfur cluster did not
undergo H/D exchange (Figure 5A, B). Notably, the amide protons in the contiguous region around Cys61 and Cys75
remained their protium atoms. Moreover, the amide protons of residues 11-20, which interact with residues 72—76, were
not exchanged with deuterium atoms, while those in regions of residues 27-32 (forming a helical structure) and 49-58
(forming a B-sheet-like conformation) exchanged. These observations suggest that the hydrophobic core is highly rigid
and that solvent molecules cannot access the iron-sulfur cluster. The FesS4 cluster of HiPIP is entirely enclosed with
hydrophobic residues (Figure 5C). In contrast, the FesS4 cluster of bacterial-type ferredoxins is exposed to the solvent and
exhibits a substantially lower redox potential. The hydrophobicity of this region is strictly conserved among HiPIPs
(Figure 5D), and these conserved regions showed a strong correlation with the H/D exchange ratio (Figure 5A). These
findings suggest that the FesS4 cluster of HiPIP is firmly retained within a hydrophobic environment, and the high rigidity
of the hydrophobic core surrounding the cluster plays a crucial role in maintaining its high redox potential in solution.
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Figure 5 H/D exchange of HiPIP. (A) H/D exchange
ratio of amide proton of oxidized HiPIP. The regions
of sequence conserved residues are colored in green.
(B) Mapping of the H/D exchange ratio on the
structure. The gradations of color from white to blue
correspond to the ratio of protium atom from 0 to 1.
(C) Hydrophobic core around iron-sulfur cluster. The
hydrophobic and aromatic residues are colored in light
green and dark green, respectively. (D) Mapping of the
sequence conservation. The highly conserved and
moderately conserved residues are colored in red and
blue, respectively.
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