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Compound I of cytochrome c peroxidase @100K

with hydrogen peroxide as previously reported
(19). Formation of compound I in CcP crystals
is established [e.g., (20, 21)] but was verified in
several ways. Single-crystal microspectropho-
tometry at 100 K on similar (smaller) crystals
showed the characteristic absorption peaks in
the visible region (530, 560, and 632 nm) (fig. S1A),
in agreement with the literature (22). Spectra of
these crystals were unchanged on storage over
20 days (fig. S1B). Single-crystal electron para-
magnetic resonance (EPR) on similar crystals
prepared and reacted in the same way (see sup-
plementary materials and methods) also showed
the appearance of the characteristic g = 2 signal
from the Trp191 radical (17) (fig. S2); in solution,
compound I of CcP is stable for hours at room
temperature (23) and indefinitely at 77 K (figs. S3
and S4).
We then used x-ray and neutron diffraction

data to determine the 2.5 Å resolution neutron
structure of compound I of CcP at 100 K (see
supplementary materials andmethods). Figure
2 shows nuclear scattering and electron den-
sity in the region of the heme and summarizes
the positions of all the hydrogen and deute-
rium atoms. Data and refinement statistics
are shown in table S2. Nuclear scattering and
electron density maps for individual active site

residues are shown in fig. S5. In comparison to
the ferric enzyme, most of the protonation
states are retained in the compound I struc-
ture, with the exception of His52, which is now
deuterated at both Nd and Ne (fig. S5D). We
observe that the Ne of the Trp

191 radical is deu-
terated, which identifies the radical species as
a (protonated) p-cation radical (24). Compared
to the ferric enzyme, Arg48 has moved into the
heme pocket.
Analysis of the nuclear scattering density maps

indicates that the ferryl oxygen is not deuterated
in the structure. This is confirmed by examina-
tion of the hydrogen bond structure: The ferryl
oxygen acts as a hydrogen bond acceptor to the
Ne of Trp

51 and to the Ne of Arg
48, both of which

are accordingly deuterated. We interpret this
geometry as consistent with an unprotonated
Fe(IV)=O species. An Fo–Fc neutron map calcu-
lated in the absence of the ferryl oxygen shows a
peak (3.8s) in nuclear scattering density at 1.6 Å
from the iron atom (Fig. 2, A and B), which is con-
sistent with the most recent x-ray data [reported
as 1.63 Å (19) and 1.73 Å (25)]. However, bond
lengths cannot be determined precisely at this
resolution and, as we note above, report only
indirectly on the protonation state. The unam-
biguous observation from the neutron struc-

ture is that the oxygen is not protonated, which
establishes that the ferryl intermediate is an
Fe(IV)=O species at this pH. The neutron data
show that there is no hydrogen bond from the
distal histidine to the ferryl heme, as has been
suggested previously (26) in horseradish per-
oxidase to account for pH-dependent spectro-
scopic behavior of the ferryl intermediate.
Mechanisms for O–O bond cleavage in per-

oxidases are invariably drawn (1, 27) showing
the distal histidine (His52 in the case of CcP) as
neutral in both ferric and compound I species,
which assumes that both protons of H2O2 are
used in the formation of a water molecule. Our
data are not consistent with this long-standing
description. His52 is indeed neutral in the ferric
state (Fig. 1 and fig. S5E) but is deuterated on Ne

and Nd in compound I (Fig. 2 and fig. S5D). We
take this tomean that the widely assumed role of
the distal histidine in compound I formation—
acting first as a base catalyst (to deprotonate
peroxide) and then as an acid catalyst (to proto-
nate the peroxide oxygen and release water)—
needs to be reassessed.
Possible alternativemechanisms showingmove-

ment of protons during O–O bond cleavage are
shown in Fig. 3. Ferric CcP is unprotonated on
theNe ofHis

52, and theNe lone-pair geometry does
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Fig. 2. The structure of compound I of CcP in the region of the heme.
Nuclear scattering density (sA-weighted 2Fo-Fc contoured at 2.2 RMS) in
the (A) distal and (B) proximal heme pocket is shown in cyan. Electron
density (sA-weighted 2Fo-Fc contoured at 2.6 RMS) in the (C) distal and
(D) proximal heme pocket is shown in magenta. The black contour (sA-
weighted neutron Fo-Fc contoured at 3.5s) shows the difference density
calculated by omitting the ferryl oxygen. Protonation states are depicted

for (E) distal and (F) proximal active site residues. In the distal pocket, the
ferryl oxygen acts as an acceptor for hydrogen bonds from the deuterated
Ne of Arg

48 and the deuterated Ne of Trp
51. His52 is deuterated at both Nd

and Ne, the latter acting as a hydrogen bond donor to a bound water molecule
(W2).W2 donates a hydrogen bond to the p orbitals of the porphyrin ring. Color
scheme is as in Fig. 1, with the iron and ferryl oxygen depicted as orange and
red spheres.
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The oxygen atom bound to iron (IV) is not protonated! 

but His 52 is double protonated!

Reaction mechanism needs to be reconsidered!

Casadei et al. (2014) Science 345: 193 
Charges shift protonation: inhibitor binding to trypsin

2-aminopyridine dmin = 1.43Åanilin dmin = 1.42Å

pD = 7.9

X-ray 2Fo-Fc map 1.8s

neutron Fo-Fc omit-map 4.5s

Schiebel J. et al. (2017) Angewandte Chemie Int. Ed. 56: 4887

Trypsin as model system for the important family of serine proteases

Question: do inhibitors with less basic properties become
protonated upon binding ? 

Therefore, apart from charge–charge distances, tautomer stability
is essential for the resulting protonation pattern 

Correct prediction of such properties is key in drug development ! 

Whereas in aminopyridine (pKa of 6.9 ), the pyridine nitrogen picks up the 
proton although its amino group is 1.6Å closer to Asp189 

Despite its low pKa of 4.6 the amino group of aniline becomes protonated; 
Asp189 induces a Ka shift of four orders of magnitude

Wan Q. et al., PNAS (2015)  112(40): 12384

Plant biomass is pre-treated in a very alkaline environment. The goal is to 
alter the enzymes xylanase to allow it to function effectively in a basic 
environment.

This requires detailed knowledge of the reaction sequence of the enzyme!

The catalytic glutamate residue alternates between two conformations 
bearing different basicities, first to obtain a proton from the bulk solvent, and 
then to deliver it to the glycosidic oxygen to initiate the hydrolysis reaction 

Using this knowledge, work on altering the enzyme in a way that
allows efficient biomass decomposition even in high pH environments 
can begin 

pD 6.2
pD 4.8

BIODIFF MLZ
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neutron Fo-Fc omit-map 3.5s

neutron 2Fo-Fc map 1.2s

Facilitating processing of biomass

Next proposal deadline:    to be announced  
user.frm2.tum.de

fzj.frm2.tum.de

Neutron structure determina5on:  

H/D atoms can be resolved even at a resolution of dmin»2.5Å

protonation states of amino acid side chains

deuterium exchange as a measure of flexibility
and accessibility (discrimination between H / D)

solvent structure including hydrogen atoms
can be analysed

discrimination between neighbors in the periodic
table is possible: e.g. N and O, Fe and Mn

no radiation damage compared to measurements
at synchrotrons 

2Fo-Fc +1.5s
2Fo-Fc   -2.0s

H / D exchange correlates with the flexibility
protons show higher protection in the interior 
of the protein

tells you where water can migrate and which protons can take 
part in proton transfer reactions

Ostermann A, Tanaka I, Engler N, Niimura N,
Parak F (2002) Biophys. Chem. 95:183

HD

Sample environment:

Cryostream & 
mini-kappa-goniometer

optimizing datacollection strategy

save precious beam time /
increase data set completeness    

no manual re-mounting of crystal necessary for changing the 
orientation under cryo-condition  

X-ray dmin= 1.5Å: neutrons dmin= 1.5Å:

2Fo-Fc map; +1.5s

Fo-Fc omit-map; +3.0s
Fo-Fc omit-map;  -3.0s
2Fo-Fc map; +1.5s

H

65% D
80% D 
20% H

Niimura N, Chatake T, Ostermann A, Kurihara K, Tanaka T. (2003) Z. Kristallogr. 218:96 

Amino acid protonation states:

H

H

H

Scheme:

Analysis of H/D-exchange:


