
Proton Occupancies in Histidine Side Chains of Carbonic
Anhydrase II by Neutron Crystallography and NMR –
Differences, Similarities and Opportunities
Suzanne Zoë Fisher,[a, b] Heiner N. Raum,[c, d] and Ulrich Weininger*[c]

Histidine is a key amino-acid residues in proteins that can exist
in three different protonation states: two different neutral
tautomeric forms and a protonated, positively charged one. It
can act as both donor and acceptor of hydrogen bonds,
coordinate metal ions, and engage in acid/base catalysis.
Human Carbonic Anhydrase II (HCA II) is a pivotal enzyme
catalyzing the reversible hydration of carbon dioxide. It contains
12 histidine residues: six are surface exposed, two buried, three
are active site zinc ion ligands, and one is a proton shuttle.
Comparing results from NMR spectroscopy with previously
determined neutron protein crystal structures enabled a side-
by-side investigation of the proton occupancies and preferred

tautomeric states of the histidine residues in HCA II. Buried and
zinc coordinating histidines remain in one neutral tautomeric
state across the entire pH range studied, as validated by both
methods. In contrast, solvent-exposed histidines display high
variability in proton occupancies. While the data were overall
remarkably consistent between methods, some discrepancies
were observed, shedding light on the limitations of each
technique. Therefore, combining these methods with full
awareness of the advantages and drawbacks of each, provides
insights into the dynamic protonation landscape of HCA II
histidines, crucial for elucidating enzyme catalytic mechanisms.

Introduction

Hydrogens bound to nitrogen and oxygen are polarized and
exchangeable. This makes them especially important for the
structure, stability, and function of proteins and enzymes in
particular. These hydrogens are involved in hydrogen bonds,[1]

while the presence or absence of an additional proton alters
the charge in ionizable groups and thereby affects Coulomb
interactions.[2–4] Hydrogen bonds and Coulomb interactions
form the basis for structure, stability, binding of ligands, and
ultimately the functions of proteins. Furthermore, the transfer
of protons is a key enzymatic process involved in many types of

enzyme-catalyzed reactions.[5,6] Due to the fundamental role of
hydrogen in biology, there is a need to know where and to
what extent these protons are located in the structure of a
protein. While this is easily known for backbone amide groups,
it cannot reliably be predicted or easily experimentally observed
for ionizable side chains, such as aspartate, glutamate, histidine,
cysteine, tyrosine, lysine, and arginine, as well as in ordered
water, catalytically activated water (e.g., H3O

+ or OH� ), ligands,
or cofactors.

Histidine is chemically the most versatile amino acid, and
therefore commonly involved mediating enzyme catalysis, such
as general acid/base chemistry.[7,8] It can exist in three different
states, depending on the location of the imidazole protons: one
protonated and positively charged (His+), with protons on both
Nɛ2 and Nδ1, and two neutral (HNɛ2 and HNδ1) tautomeric
forms[9], with one proton on either Nɛ2 or Nδ1 (Figure 1). It
often exists in two or three states simultaneously at
equilibrium,[10] and these can interconvert rapidly.[11] Due to this
versatile nature of histidine, it can have a variety of functions,
including coordinating metal ions,[12] as a nucleophile, an acid/
base catalyst,[5,6] a proton shuttle[13,14] or as a hydrogen bond
donor and acceptor.[15,16] The potential of acting both as a
hydrogen donor and acceptor make histidines a crucial part in
hydrogen bond networks, as exemplified in photosystem II,[17,18]

Pin1,[19] and regulating ion channels.[20,21]

Neutron crystallography of proteins,[22,23] and in rare instan-
ces ultra-high-resolution x-ray crystallography, provides an
atomic resolution view of the explicit positions of hydrogen
atoms. This is due to the strong scattering interactions of
neutrons with hydrogen atomic nuclei and enables the
discrimination between isotopes of hydrogen, specifically 1H
(protium, or H) and 2H (deuterium, or D). With selective
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deuteration (substitution of 1H with 2H) it is possible to benefit
from the strong positive scattering from 2H and determine
hydrogen atom positions at even modest ~2.5 Å resolution.[24]

However, neutron scattering from 1H is negative and if
deuterium-labeling (deuteration) is incomplete and either
isotope is present the negative scattering from residual 1H lead
to signal cancellation. The net result is that neutron scattering
length density maps for partially deuterated or H/D exchanged

protein can be very challenging to analyze.[25] For deuterated
proteins, the method can be used to identify the protonation/
charged state of amino acid side chains, directly visualize
hydrogen bonds, and also to distinguish between different
water species (e.g. D2O can be distinguished from D3O

+).[26] It
should be pointed out that neutron protein crystal structures
can be difficult to study as there are inherent challenges such
as diffraction data completeness, resolution, and signal-to-noise
and great care has to be taken when refining and analyzing the
resulting models. Despite these challenges, neutron protein
crystallography is the only method that enables the direct
determination of hydrogen atom positions at medium reso-
lution (1.8 – 2.5 Å). In contrast, NMR spectroscopy is extremely
powerful in determining exact proton occupancies of individual
side chains of the solution ensemble in a pH dependent
manner[10,27–29] and can be used to distinguish between the
neutral tautomeric states.[30,31] Furthermore, NMR can determine
the kinetic parameters of proton exchange as has been shown
for Asp, Glu[32] and His.[11]

Human Carbonic Anhydrase II (HCA II) is a highly efficient
enzyme that catalyzes the reversible conversion of carbon
dioxide and water to form bicarbonate and a proton.[13,33] The
catalytic step is performed by a zinc-bound hydroxide or water,
while the rate limiting step is the proton transfer between the
active site and the buffer or bulk solvent. The proton transfer
steps are mediated by a hydrogen-bonded network of water
molecules to the proton shuttling residue His64.[34–37] HCA II
contains 12 histidine residues in total (Figure 2). The proton

Figure 1. Protonation states of histidine at equilibrium. Positions within the
imidazole ring are labeled. ɛ2 positions are colored red, δ1 position are
colored blue.

Figure 2. Ribbon diagram of HCA II with all His residues shown in red ball-and-stick representation to indicate their relative location. The zinc ion located in
the active site is shown as a black sphere.
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shuttle His64, three histidines coordinating the active site zinc
ion (His94, His96, His119), two residues buried in the core
(His107 and His122) and six solvent exposed histidines located
on or close to the surface (His3, His4, His10, His15, His17 and
His36). Due to the central role that His64 plays in HCA II
catalysis, its proton shuttling abilities have been studied
extensively by X-ray and neutron crystallography, NMR and
computational methods.[14,36–42]

In this study we expand our view to include all histidine
residues in HCA II and performed a detailed investigation to
compare experimentally determined proton occupancies on the
Nɛ2 and Nδ1 position in the imidazole moiety of histidine
residues. We compare histidine proton occupancies determined
using NMR spectroscopy in this work with similar information
derived from previously determined neutron crystal structures.
We highlight where both methods provide similar results, and
discuss cases where they differ and offer reasons for any
discrepancies. In general, neutron crystallography is the method
of choice for static, averaged, one state, interior histidines,
because it provides structural context and hydrogen bond
networks, besides the proton occupancies of these histidines. In
contrast, NMR spectroscopy is advantageous for dynamic,
multiple state histidines at the surface. However, for many cases
there is limited certainty in the proton occupancy of histidines
by one method, which can be improved by using both
methods, which is well suited for medium sized proteins like
HCA II.

Results and Discussion

Histidine Location and Distribution in HCA II

Carbonic Anhydrase II contains 12 histidines, six are surface
exposed and six located in the inside (Figure 2). From the six
surfaced exposed histidines, five are located in the N-terminal
region (His3, His4, His10, His15 and His17), the sixth one (His36)
is more distantly located from all other His. The proton shuttle
His64 sits on the edge of the active site and is highly dynamic
and solvent exposed. The remaining five histidines in the
interior consist of the three zinc ligands (His94, His96 and
His119) and His107 and His122. The latter two are buried in the
hydrophobic core of HCA II. Histidine signals in the NMR spectra
have been assigned and some determined pKa values have
been reported by us and others previously.[14,42]

In this work we report the pKa values as well as the derived
populations of the two neutral tautomeres (HNɛ2 and HNδ1) for
all 12 assigned Histidine residues (Table 1 and 2), with the
exception of His64, which shows a very complex behaviour
investigated in detail elsewhere.[14] From this information, one
can calculate the population of all three states (His+, HNɛ2 and
HNδ1) at any given pH value. These values arise from the
combination of the three different states of histidine: His+,
HNɛ2 and HNδ1, and their corresponding nitrogen-bound
protons. Specifically, His+ has two protons on both Nɛ2 and
Nδ1, HNɛ2 with one proton on Nɛ2, and HNδ1 with one proton
on Nδ1. We explicitly do this for pH 6 and 10, in order to

compare them with neutron crystal structures determined at
the same pH values. Please note that NMR results obtained at
37 °C are consistent with results from neutron crystallography at
room temperature, as the pKa values and chemical shift differ-
ences (Δδ) are unaffected by the different experimental
temperatures.[14]

Buried Histidine Residues Remain Neutral and Exist in One
Tautomeric State

While NMR pH titrations allow the exact determination of the
percentage of protonated, charged states versus the neutral

Table 1. NMR derived experimental pKa values, Hill coefficient and % of
the HNɛ2 tautomer (compared to the HNδ1 tautomer) in the neutral form.

His # pKa Hill pHNɛ2/(pHNɛ2+pHNδ1)/%

3 6.1�0.1 0.62�0.04 71–85

4 6.2�0.1 0.74�0.04 60–72

10 5.6�0.1 0.79�0.07 79–93

15 5.6�0.1 0.92�0.07 76–90

17 5.6�0.1 – 30–70[a]

36 6.94�0.02 – 57–69

64 “in” 6.25�0.08 – 44–56

64 “out” 7.60�0.06 – 44–56

94 <3.5 0

96 <3.5 0

107 <3.5 0

119 <3.5 100

122 <3.5 0

[a] no 13Cδ signal observable, because of exchange broadening of two
equally populated neutral tautomeres

Table 2. Proton occupancies (in %) determined by NMR at pH 6 and 10.
The conclusion of the main tautomeric state is displayed in bold, if both
are bold the histidine is mainly charged. For His+, both positions are
occupied.

pH 6 pH 10

His # HNδ1 HNɛ2 HNδ1 HNɛ2

3 58–70 86–94 15–29 71–85

4 67–78 82–90 28–40 60–72

10 32–51 85–96 7–21 79–93

15 32–51 82–94 10–24 76–90

17 47–80 47–80 30–70 30–70

36 93–94 95–97 31–43 57–69

94[a] 100 0 100 0

96[a] 100 0 100 0

107[a] 100 0 100 0

119[a] 0 100 0 100

122[a] 100 0 100 0

[a] derived from the 2J 1H-15N HSQC
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states at any pH value, the estimation of the HNɛ2 and HNδ1
distribution is often only based on reference chemical shifts and
therefore has an inherent higher uncertainty. Additional 2J 1H15N
experiments, which are possible for static, single state histidines

of medium size proteins like HCA II (Figure 3), also enable direct
observation of their tautomeric state (Table 2), since the
chemical shift of proton-free 15N (240–250 ppm) is significantly
different from the proton-bound 15N chemical shift in either the
neutral (165–170 ppm) or protonated form (175–185 ppm).[30]

However, the chemical shift of proton-free 15N can be lowered
to around 210 ppm upon phosphorylation[30] or metal coordina-
tion. This is in agreement with their 13Cδ chemical shifts. The
histidine zinc ligands were found to be in the HNδ1 (His94 and
His96) and HNɛ2 tautomer (His119) form, and this also
supported by the neutron crystal structures determined at pH 6
and 10[43]. Based on the chemical shifts alone it is not possible
to rule out the presence of some tiny percentage of protonated
state for His94, His96, and His119. However, this can be
dismissed since their resonances are unaffected by pH changes
down to pH 5. Two other His residues that do not change
tautomer or protonation state over the pH range studied are
His107 and His122. Both appear to be neutral and predom-
inantly in the HNδ1 tautomer (Figure 3, Table 2), with close to
perfect 15N chemical shift matches.

The same preference is observed in the neutron crystal
structures at pH 6 and 10 (Table 3), that have been re-analyzed
using modern software and extensive manual inspections (see
Experimental Section). In fact, this approach leads to significant
improvements and clarity of the neutron crystal data. The
neutral state of His107 is promoted by two interactions: as a
hydrogen bond donor to Glu117 and an acceptor from Tyr194
(Figure 4). The crystallographic refined occupancy and associ-
ated B-factor parameters for both pH 6 and 10 are shown in
Table 3, while no density is observed for 2HNɛ2. The situation is
similar for His122 with it being a hydrogen bond donor to the
backbone carbonyl of Ala142 and acceptor from Tyr51 (Fig-
ure 4). In the case of buried and zinc-bound histidines (His94,
His96, His107, His119 and His122) we have excellent agreement
between NMR and neutron crystallography (Figure S1).

Proton Occupancies for Solvent-Exposed His at pH 6and 10

NMR based proton occupancies (in %) of the Nɛ2 and Nδ1
position for all histidines in CAII for pH 6 and pH 10 are shown
in Table 2, with exception of His64 which exhibits very complex
behaviour investigated elsewhere.[14] Proton occupancies can
also be roughly estimated by neutron crystallography, but the
precision is low since occupancy is computationally tied to the
B-factor (a refinable parameter that indicates relative disorder
or positional uncertainty) and its magnitude reflects competing
scattering signals from 1H and 2H in partial deuteration, as
explained in detail above[44]. As such, these values have to be
approached with caution and not over-interpreted. At best,
refined occupancy and B-factors can be used to indicate a trend
and should be viewed relative to the values of other atoms.[44]

The occupancy and B-factor parameters for 2H atoms on
histidine side chains at pH 6 and 10 are summarized in Table 3.

While the data for zinc ligand histidines, His107, and His122
are consistent and very well matched between NMR and
neutron crystallography, the situation is more complicated for

Figure 3. Histidine 2J 1H-15N HSQC spectrum of Carbonic Anhydrase II. The
patterns of cross signals for the five histidines in the interior are shown in
red. They show that H107 and H122 exist 100% in the HNδ1 state.
Furthermore, they show, that for H94 and H96 HNδ1 is the dominant neutral
state, while for H119 it is HNɛ2. Together with no changes in the pH titration
profiles (no population of His+) one can conclude they exist in HNδ1 (H94
and H96) and HNɛ2 (H119) 100%.

Table 3. Refined occupancy and B-factor for 2HNδ1 and 2HNɛ2 derived
from joint X-ray and neutron refined crystal structures determined at pH 6.
Corresponding figures can be seen in Figure S1. The conclusion of the
main tautomeric state is displayed in bold, if both are bold the histidine is
mainly charged.

pH 6 pH 10

His # 2HNδ1
occupancy
(B-factor)

2HNɛ2
occupancy
(B-factor)

HNδ1
occupancy
(B-factor)

HNɛ2
occupancy
(B-factor)

3[a] – – – –

4[a] – – – –

10 0.0 (74)[b] 0.0 (84)[b] 1.0 (55) n/a

15 n/a 0.2 (51) n/a 0.2 (31)

17 0.2 (51)[b] 0.2 (52)[b] n/a 0.0 (30)[b]

36 0.8 (52) 0.8 (69) n/a 1.0 (45)

94[c] 0.8 (47) – 1.0 (14) –

96[c] 0.4 (31) – 0.6 (15) –

107 0.4 (39) n/a 0.7 (15) n/a

119[c] – 0.8 (44) – 0.8 (13)

122 1.0 (45) n/a 0.6 (15) n/a

[a] disordered, meaning no or very poor corresponding density in electron
and nuclear scattering length density maps. [b] poor or ambiguous signal
in nuclear scattering length density. [c] His64, His96, and His119 are Zn-
ligands.
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the solvent exposed and dynamic histidines (His3, His4, His10,
His15, His17 and His 36). These residues are vulnerable to
solvent pH changes as they are on – or close to – the surface,
solvent exposed, and not engaged in strong hydrogen bonds.
As such, they can be expected to exist in multiple protonation
states. In addition, their side chain mobility further ‘smears’ the
signal and complicates the analysis. For these His residues, the
interpretation can at best indicate or suggest a possible
preferred tautomer or charged state. Great care, and even some
skepticism, must to be taken when looking at the maps and
refined parameters, as it is easy to extend the analysis past
what the data can actually support.

While it was possible to determine preferred tautomer and
proton occupancies for His3 and His4 using NMR, these N-
terminal residues are completely disordered (invisible) in the
crystal structures and we observe almost no density for them.
His15, His17, and His36 follow broadly the same trend when
comparing their preferred tautomer between NMR and neutron
crystallography, and it even seems consistent at the two pH
values. His15 appears neutral in both neutron crystal structures
with the 2HNɛ2 being evident in the nuclear scattering length
density maps (Figure S2) and is engaged with charged Lys118
as a hydrogen bond acceptor. The NMR also shows this
tautomer to be the dominant form in solution, but partially
protonated at pH 6. His36 is clearly charged at pH 6 and both

occupancy and B-factors refine to similar values for2HNɛ2 and
2HNδ1 (Table 3, Figure S2) and this is consistent with proton
occupancies derived from the NMR data (Table 2). His 17 is a
complex case in the NMR data, with a roughly equal distribution
of the neutral tautomers (pH 10, Figure S3) and partially
protonated at pH 6. The neutron crystallography data are
consistent with this observation; however, one might incorrectly
conclude that His 17 is protonated at pH 6.

In contrast, it is not clear for His10 as the density for the
side chain suffers from signal cancellation and occupancies
refine to zero despite the presence of some visible density
(Figure S2 and S3). At pH 10, we see the opposite of what is
measured using NMR: His10 is neutral with 2HNδ1 as the only
tautomer in the crystal structure. It is possible that HCA II
molecules with this His10 tautomer preferentially crystallizes at
pH 10, while NMR reports on all the molecules in solution. A
more likely explanation is that the crystallographic data at
pH 10 suffers from low completeness and is derived from a
partially H/D exchanged protein.

Figure 4. Buried His residues protonation states as determined by NMR and neutron protein crystallography. (a) pH 6, (b) pH 10. 2Fo� Fc nuclear scattering
length and electron density maps are shown in yellow and blue, respectively, and both map types are contoured at 1.5 sigma.
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The View on Proton Occupancies in Histidine from Both
Neutron Crystallography and NMR

Neutron crystallography and NMR spectroscopy are both well
suited to observe proton occupancies for histidines located in
the interior of proteins. They usually only exist in one distinct
state, making the interpretation of neutron crystallography data
significantly easier. In addition, neutron crystallography pro-
vides the structural context of histidines, it allows the observa-
tion of the hydrogen bond patterns around the histidine and
even complete hydrogen bond networks of the protein and
nearby water molecules. NMR spectroscopy, on the other hand,
requires additional methods, like X-ray or neutron crystallog-
raphy, cryo-EM, or an NMR structure to provide the structural
context. However, it can complement neutron crystallography
in certain cases of ambiguity or imperfect data, in a rather fast
and simple way. It is well-suited for at least medium sized
proteins, and the histidine of interest can be assigned by
mutation. For histidines located on or close to the protein
surface the picture changes. Such histidines are often some-
what dynamic and co-exist in two or three different states and
this has a negative impact on the interpretation of neutron
crystal structures. Neutron crystallography often only allows the
identification of the predominant state of the histidines, and
might fail completely if the data is low resolution, incomplete,
and/or the protein is only partially labeled. In contrast, NMR
spectroscopy can provide the distribution of the three states
and the overall proton occupancy with fairly high accuracy.
Especially the distinction between the charged protonated state
(His+) and the two neutral deprotonated states (HNɛ2 and
HNδ1) is very precise, since it is derived from accurate pKa

values, while the exact relative distribution of HNɛ2 and HNδ1
can be more challenging. It should be noted, that many of
these “outside” histidines are functionally less important, so an
NMR investigation might not be needed. Nevertheless, there
are examples, in which “outside” histidines are important for
Coulomb interactions, hydrogen bond relay switches, proton
transfer, and catalysis. Things can get severely complicated,
e.g., as is the case for His64 in HCA II, which shuttles protons in
and out of the active site. It exists in two structural
conformations, “in” and “out”, at a roughly 50/50 distribution. In
both states, it exists in two rotamers (orientation around chi-2),
again at roughly 50/50 distribution. With pKa values of 6.25
(inward) and 7.60 (outward), it is significantly protonated and
positively charged, as well as deprotonated and neutral in the
ensemble at the same time. Moreover, in its neutral state it
exists in both tautomeric forms (HNɛ2 and HNδ1), at roughly a
50/50 distribution. On top of this all of these mentioned
substates interconvert rapidly, which is a requirement for its
function. In crystallography, some rotamers or tautomers can be
preferentially “trapped” by manipulating the crystallization
conditions. For example His64 can be seen to be charged and
fully in the “out” conformation by acidifying the crystals to
pH 6.[43] Complicated cases such as His64 fully warrant taking a
combined, complementary approach using several methods
such as NMR spectroscopy, neutron and X-ray crystallography,
and computational methods.

Conclusions

The investigation into the protonation states and tautomer
distribution of histidine residues within Human Carbonic
Anhydrase II (HCA II) sheds light on the dynamic interplay
between structure and pH dependence: buried residues remain
predominantly neutral and adopt a single, preferred tautomer,
while solvent-exposed residues display high variability in terms
of proton occupancy but also in which particular tautomers
were preferred. In order to fully capture the variance of
histidines, the combination of neutron crystallography and NMR
spectroscopy, both with their strengths and limitations, is
crucial. While neutron crystallography can provide high-reso-
lution structural information, it suffers from low completeness
and difficult-to-interpret map, especially if proteins are only
partially deuterated and if histidines co-exist in multiple states.
In contrast, NMR spectroscopy can probe individual protons
and offers insights into dynamic proton exchange in solution.
Overall, the results from the two methods were broadly
consistent. However, certain discrepancies between the two
methods underscore the complexity of histidine behaviour and
highlights the need for complementary approaches to fully
elucidate enzyme mechanisms. This study advances our under-
standing of histidine protonation dynamics in HCA II and
provides a foundation for future investigations into the role of
histidines in enzyme catalysis.

Experimental Section

NMR Spectroscopy

Recombinant HCA II wild type and mutants were expressed in
ModC1 minimal media with 13C-glucose and/or 15NH4Cl to produce
uniform 13C- and/or 15 N labeled protein and purified as described
previously.[14] For NMR measurements, 0.5 to 1.0 mM HCA II was
dialyzed against 50 mM MES, MOPS, HEPES, TRIS/HCl or CAPS buffer
and the pH was adjusted with NaOH or HCl on each sample
(including 10% D2O) and checked right before the measurement in
the NMR tube at room temperature with an inoLab pH 720 pH
meter equipped with a Hamilton Spintrode pH electrode. Aromatic
1H-13C ct HSQC spectra were performed on a Bruker Avance III
spectrometer at a static magnetic field of 18.8 T at 308 K and
multiple pH values. Assignments of histidines were reported
previously.[14] The observed chemical shift δobs of the 1Hδ2, 13Cδ2,
1Hɛ1, 13Cɛ1 position were fitted in a global way[10] to the
Henderson-Hasselbalch equation

dobs ¼
dHA þ dA� 10

nHðpH� pKaÞ

1þ 10nHðpH� pKaÞ

with Hill parameter nH. Errors were estimated by Monte-Carlo
simulations with 1000 steps and a random variation of pH (�0.1)
and 1H (�0.01 ppm) and 13C (�0.02 ppm) chemical shifts. The ratio
of the two neutral (HNɛ2 and HNδ1) tautomeric forms was
determined with

Dd ¼
pHNe2

pHNe2 þ pHNd1
� DdHNe2 þ

pHNd1

pHNe2 þ pHNd1
� DdHNd1
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by the 15Nɛ2, 15Nδ1 and 13Cδ2 chemical shifts in comparison to
reference chemical shifts,[29] or by 2J 1H� 15N HSQC spectra of
histidines.[30] Δδ is the observed chemical shift difference between
protonated and deprotonated state and ΔδHNɛ2 and ΔδHNδ1 the
chemical shift difference between protonated state and the
corresponding tautomer. pHNɛ2 and pHNδ1 denotes the respective
population. For error estimation, ΔδHNɛ2 and ΔδHNδ1 were varied
about 17% of their difference. An example for the determination of
HNɛ2 and HNδ1 from chemical shifts is shown in Figure 5.

Crystallography

The joint X-ray and neutron crystal structures used in this work
came from PDB ID 3kkx (pH 10) and 4y0j (pH 6) from a previous
study.[43,45] Since the structures were refined using different and
obsolete software, and how models are prepared for refinement
has changed, the models had to be modified to be suitable for joint
X-ray/neutron refinement as it is done in PHENIX v.1.18.2-3874.[46]

To enable this current study, the PDB models had to be manually
manipulated in order to determine the charged state and relative
occupancy of 2H on the imidazole ring. Specifically, the His residues
were initially modeled as charged with both 2H present at full
occupancy on the imidazole ring. Since ReadySet in PHENIX places
both 1H and 2H atoms at the same position with 50/50 occupancy,
the 1H atoms had to be manually deleted, leaving only 2H behind.
Prior to refinement, occupancies were set at 1.0 and B-factors at
20.0 for the 2H atoms on histidine Nɛ2 and Nδ1 positions (the rest
of the model PDB was left “as is”). This was done for histidine
residues: 3, 4, 10, 15, 17, 36, 107, and 122. His64, 94, 96, 119 were
not included in this analysis due to their unique environments as
described earlier. This was followed by model refinement of only
the B-factor and occupancy parameters in PHENIX. This was
followed by iterative rounds of manual inspection and modification
of 2H atoms on His side chains (only) in Coot followed by
refinement in PHENIX[46]. Finally, 2H atoms were deleted when there
was no 2Fo-Fc density for it in nuclear scattering length density
maps or if negative Fo-Fc density appeared. In addition, any H-
bonds to neighboring residues were taken into consideration (e.g.,
a clear and strong H-bond between Tyr194 and His107 with
supporting 2Fo-Fc density). This produced a model where relevant
His residues had only 2H in exchangeable positions remaining on
Nɛ2 and/or Nδ1and only if they had visible density above sigma
1.0.
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