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Hydrogen atoms are critical to the nature and properties of proteins, and thus
deuteration has the potential to influence protein function. In fact, it has been
reported that some deuterated proteins show different physical and chemical
properties to their protiated counterparts. Consequently, it is important to
investigate protonation states around the active site when using deuterated
proteins. Here, hydrogen isotope effects on the S65T/F99S/M153T/V163A
variant of green fluorescent protein (GFP), in which the deprotonated B form
is dominant at pH 8.5, were investigated. The pH/pD dependence of the
absorption and fluorescence spectra indicates that the protonation state of the
chromophore is the same in protiated GFP in H,O and protiated GFP in D,0 at
pH/pD 8.5, while the pK, of the chromophore became higher in D,0O. Indeed,
X-ray crystallographic analyses at sub-angstrom resolution revealed no
apparent changes in the protonation state of the chromophore between the
two samples. However, detailed comparisons of the hydrogen OMIT maps
revealed that the protonation state of His148 in the vicinity of the chromophore
differed between the two samples. This indicates that protonation states around
the active site should be carefully adjusted to be the same as those of the
protiated protein when neutron crystallographic analyses of proteins are
performed.

1. Introduction

Hydrogen atoms play important roles in the mechanisms of
protein function, especially for enzymes and photoactive
proteins (Schowen et al., 2000; Ishikita & Saito, 2013). Struc-
tural information on H atoms around the active site is thus
crucial to understanding the mechanisms behind the activities
of the protein. Isotope effects on physical and chemical
properties have been investigated for various proteins.
Consequently, the properties and reactivities of many deut-
erated proteins have been shown to differ from those of their
protiated counterparts (Hattori et al., 1965; Chen et al., 1984;
Brockwell et al., 2001; Cioni & Stambini, 2002; Cleland, 2005;
Schramm, 2007; Piszczek et al., 2011; Gu & Zhang, 2013).
X-ray crystallography is one of the most widely used
methods for the structural analysis of proteins. Although this
method is very effective for determining the atomic coordi-
nates of non-H atoms, the determination of the precise co-
ordinates of H atoms using this approach is very laborious.
Therefore, neutron crystallography is often used as an alter-
native approach for the determination of the coordinates of H
atoms (reviewed in Chen & Unkefer, 2017; Oksanen et al.,
2017; Ashkar et al., 2018). Furthermore, the dissociation and
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polarization of H atoms can be addressed in detail by using
both X-ray and neutron data at high resolutions, because the
distribution of the electron density is different from that of the
nucleus. However, absorption and inelastic scattering by
protium atoms decrease the diffraction data quality in neutron
crystallography. Deuteration of proteins by soaking in D,O or
the use of completely deuterated (perdeuterated) proteins are
standard procedures in neutron diffraction measurements in
order to collect diffraction data at the highest possible reso-
lution. Because the soaking method can replace only a portion
of the exchangeable H atoms, large crystals of at least 1 mm®
are used to collect neutron data to ~2.0 A resolution for the
precise analysis of H atoms (Afonine et al., 2010; Blakeley et
al.,2015). By using perdeuterated proteins, the smallest size of
crystals previously reported for neutron data collection to
better than ~2.0 A resolution was ~0.2 mm® (Hazemann et
al., 2005; Chen & Unkefer, 2017). However, it is crucial to
study the effects of deuteration on protein structures, espe-
cially on the active sites.

Green fluorescent protein (GFP), which was discovered
from the jellyfish Aequorea victoria (Shimomura et al., 1962),
consists of 238 amino acids. The structure of GFP consists of
an 11-stranded B-barrel plugged by a chromophore (Yang et
al., 1996; Ormo et al., 1996; Fig. 1la). The chromophore is
synthesized from three intrinsic residues, Ser65, Tyr66 and
Gly67, by post-translational reactions. Two forms of the
chromophore, the ‘A’ and ‘B’ forms, with different protonated
states exist in wild-type GFP (wt-GFP) in a population ratio of
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Structure of GFP from A. victoria. (a) A ribbon model of h-GFP¢; (PDB
entry 6jgi) is viewed from the top of the S-barrel. (b) The structural
formula of the anionic B form of the chromophore. The O atom in the
tyrosyl group is deprotonated and negatively charged in the B form.

4:1-6:1 (Brejc et al., 1997, Chattoraj et al., 1996). In the A form
the phenolic group of Tyr66 in the chromophore is neutral. On
the other hand, in the B form this group is deprotonated and
anionic (Heim & Tsien, 1996; Chattoraj et al., 1996; Kummer et
al., 1998; Fig. 1b). The A and B forms can be individually
stabilized by mutations of residues around the chromophore.
The population ratio of the B form is increased in some
variants such as S65T and E222Q, in which the hydrogen-bond
relay between O” and N? is disrupted (Brejc et al, 1997,
Elsliger et al., 1999; Fig. 1b). Such variant GFPs have higher
emission intensities than wt-GFP (Heim et al., 1995; Heim &
Tsien, 1996). Therefore, these variants are useful for appli-
cations in various fields, for example cytology, medical science
and biological science (Sirerol-Piquer et al, 2012; Morris,
2013). However, the variants have a large pH dependence of
their visible absorption and fluorescence (Kneen et al., 1998;
Elsliger et al., 1999). Moreover, wt-GFP has been shown to
have a prolonged fluorescence lifetime after H/D exchange
(McAnaney et al, 2002). These findings demonstrate that the
fluorescence mechanism is closely related to the H atoms
around the chromophore.

In our previous high-resolution X-ray analyses of the A and
B forms using variants of GFP, the H atoms of most residues
and some internal waters were observed clearly, and the
results enabled us to discuss the differences in the hydrogen-
bond networks of the A and B forms around the chromophore
(Takaba et al., 2019). According to the pH-dependence of tthe
UV-Vis spectra, almost all molecules adopt the major form
for the respective variants at pH 8.5. Additionally, the spec-
troscopic properties at pH 8.5 are the same as those at the
physiological pH of ~7. Therefore, GFP crystals were kept at
pH 8.5 during X-ray analyses for all variants. However, there is
no guarantee that deuterated GFP will show an identical
protonation state at the same pH/pD. Neutron analyses will be
needed to obtain more detailed pictures of the H atoms in
GFP, but such analyses must include an estimation of the
influence of deuteration. To date, no atomic-level structural
details of the influence of deuteration have been reported for
GFP, although neutron scattering analyses of deuterated GFP
have previously been published (Nickels et al., 2012, 2013). In
the present study, therefore, we compared deuterated and
protiated samples of a GFP variant by means of spectroscopic
and high-resolution X-ray crystallographic analyses.

2. Materials and methods
2.1. Protein expression and purification

Protiated samples of the S65T/F99S/M153T/V163 A variant
(h-GFPc;) containing the cycle3 (F99S/M153T/V163A)
mutation (Fukuda er al, 2000) were prepared as described
previously (Takaba et al., 2019). Deuterated samples of this
variant (d-GFP¢;) were prepared as follows. Firstly, trans-
formed Escherichia coli BL21(DE3) pLysS cells harbouring a
pET-21a-based plasmid were grown overnight in 4 ml LB
medium containing 100 pg ml™' ampicillin and 33 pg ml™*
chloramphenicol at 37°C. After centrifugation, the harvested
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cells were transferred into 400 ml deuterated medium
consisting of 40 ml Bioexpress Cell Growth Media (U-D, 98%)
(Cambridge Isotope Laboratories) and 360 ml D,O (99.8%)
(Euriso-Top). The cells were grown at 37°C for about 6 h. At
an ODygq of ~0.7, expression was induced by the addition of
3mM IPTG dissolved in D,O. The cells were cultured for a
further 24 h at 22°C. After harvesting, subsequent purifica-
tions were performed using protiated buffer solutions in the
same way as for the protiated samples (Takaba et al., 2019).
Briefly, the collected cells were suspended in lysate buffer
consisting of 200 mM Tris-HCl pH 8.5 and BugBuster
(Novagen) and were shaken for 24 h at room temperature.
The solution separated by centrifugation was purified using an
Ni-NTA affinity column (Qiagen). After removal of the His
tag using subtilisin, the sample was purified using an anion-
exchange Mono Q column (GE Healthcare). The purified
samples of d-GFP; were incubated at 4°C for more than 3 d
before their use in further experiments. Protiated (h-GFPc)
and deuterated (d-GFPy) samples of the S65T variant
without the cycle3 mutation were prepared in the same way as
the h-GFPc; and d-GFPc; samples, respectively.

2.2. Mass spectrometry

A matrix solution of D,O containing 10 mg ml™" protiated
sinapinic acid, 0.1%(v/v) deuterated trifluoroacetic acid and
50% (v/v) acetonitrile in D,O was prepared for the deuterated
samples. The deuterated protein (0.1 mgml™" in D,0O) was
mixed with the matrix solution in a mixing ratio of 1:1. 0.5 pl of
the mixed solutions was then naturally dried for over 30 min
on a sample plate at room temperature. The masses were
measured by matrix-assisted laser desorption ionization time-
of-flight mass spectrometry with a Voyager-DE RP (Applied
Biosystems). Errors were calculated as the standard deviation
of 9-13 independent measurements. The calculated mass of
h-GFP, with the His tag (25 600 Da) was used as a calibration
standard. The masses of protiated samples were measured in
the same way using protiated matrix solution.

2.3. Measurement of the pD dependence of absorption
spectra

The pD dependences of the UV-Vis absorption spectra
of h-GFPc; and d-GFPc; were measured in D,O solution
containing 100 mM NaCl and 0.1 mg ml™' protein. The pD
values of the samples were set in the range 4.0-8.5 in intervals
of 0.5 using a wide-range buffer series consisting of 10 mM
MES, 10 mM MOPS, 10 mM citrate and NaOD (Kneen et al.,
1998). The absorbance from 250 to 550 nm was measured at
20°C using a V-630 spectrophotometer (JASCO). The pD
values were checked with a B-212 pH meter (HORIBA)
immediately after the spectroscopic measurements. The pD
values were calibrated using the formula pD = pH + 0.4, where
pH is the value measured with the pH meter (Glasoe & Long,
1960). The pH dependence of h-GFP; in H,O was measured
in the same way. The pK, values were determined by fitting
to the Henderson-Hasselbalch equation. The pK, values of
d-GFPc; and h-GFPe; in D,O were calculated using the

calibrated pD values. The presence of the intermediate ‘I’
form was ignored in the calculation, because the A form of the
S65T variant and its related variants show extremely low
fluorescence, implying inconvertibility to the I form (Elsliger
et al., 1999).

2.4. Crystallization

Crystals of d-GFP¢; (pD 8.5) were prepared in almost the
same manner as those of h-GFPc; (pH 8.5) (Takaba et al.,
2019). Briefly, microseed crystals were prepared from h-GFP;
by the hanging-drop vapour-diffusion method at 35°C. The
sample solution (~10 mg ml~' h-GFPcs, 10 mM Tris-HCI pH
8.5 dissolved in H,O) was mixed with a precipitant solution
consisting of 20% (w/v) PEG 4000, 25 mM MgCl,, 20 mM Tris—
HCI pH 8.5 dissolved in H,O at a 1:1 ratio. Clusters of needle-
like microcrystals were obtained in ~1 week. A suspended
solution of the crushed crystals was serially diluted by adding
the precipitant solution and was used as a microseed solution.
Microseeding was performed by the sitting-drop vapour-
diffusion method at 35°C. 0.3 pl seed solution was added to
90 pl crystallization solution consisting of 5 mg ml™" d-GFP;,
5% (w/v) PEG 4000, 12.5 mM MgCl,, 10 mM Tris-DCI pD 8.5
dissolved in D,O. The solution was equilibrated against 500 pl
reservoir solution [10%(w/v) PEG 4000, 25 mM MgCl,,
20 mM Tris—DCI pD 8.5 dissolved in D,0O]. Single crystals of
typically 0.2-0.3 mm in length were obtained ~1 week after
microseeding. Crystals with a low aspect ratio and a good
appearance were used as macroseeds after washing with the
reservoir solution. The seed crystals were grown at 35°C in
200 pl crystallization solution, which was equilibrated against
500 pl reservoir solution. The crystals reached 1.3 x 0.3 x
0.1 mm in size three weeks after macroseeding. Crystals of
d-GFP¢; (pD 7.0) and h-GFP¢; (pD 8.5) were prepared in the
same way to those of d-GFP¢; (pD 8.5).

2.5. X-ray data collection and reduction

A crystal of d-GFP¢; (pD 8.5) was successively soaked in a
series of cryoprotectant solutions in which the amount of PEG
4000 was increased in a stepwise manner; the final solution
consisted of 40% (w/v) PEG 4000, 25 mM MgCl,, 20 mM Tris—
DCl pD 8.5. The treated crystals were flash-cooled in a
nitrogen-gas stream at 100 K. The other crystals were cryo-
protected in a similar way. For the crystallographic analyses in
this paper, the pD values for the stock solutions of buffers are
referenced, because the shifts in the final cryoprotectant
solutions were adjusted within 0.3 pD units.

Diffraction data for d-GFP¢; (pD 8.5) were collected on the
BL41XU beamline at SPring-8, while those for d-GFP¢; (pD
7.0) and h-GFP¢; (pD 8.5) were collected on the BL44XU
beamline at SPring-8. The wavelength of the incident X-rays
for d-GFP¢; (pD 8.5) was set to 0.70 A and the diffraction
intensities were measured using a PILATUS 6M detector
(Dectris). The wavelength of the incident X-rays was set to
0.75 A and an MX300HE detector (Rayonix) was used for
data collection from the d-GFP¢; (pD 7.0) and h-GFP¢; (pD
8.5) crystals. The crystal of d-GFP (pD 8.5) was cooled during
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Table 1

Data-collection and crystallographic statistics.

Values in parentheses are for the outer shell.

d-GFP; (pD 85)  d-GFPc; (pD 7.0)

h-GFP¢; (pD 8.5)

Diffraction source BL41XU, SPring-8 BL44XU, SPring-8

Wavelength (A) 0.70 0.75

Temperature (K) 100 50

Detector Dectris PILATUS-6M Rayonix MX300HE

Crystal-to-detector distance (mm) 210 80/80/80F

Rotation range per image (°) 0.5 0.5/0.5/0.5%

Total rotation range (°) 360 180/180/1807

Exposure time per image (s) 0.5 0.5/0.5/0.5%

Dose per position (Gy) 2 x 10* 3.6 x 10%3.9 x 10%
37 x 10%

Space group P2,2.2, P2.2:2,

a, b, c(A) 50.79, 62.17, 69.03 50.83, 62.40, 68.88

Mosaicity (°) . 0.16-0.24 0.14-0.43

Resolution range (A) 50-0.90 (0.92-0.90) 50-0.80 (0.81-0.80)

Total No. of reflections 916251 2662411

No. of unique reflections 159331 229145

Completeness (%) 98.3 (80.3) 100 (99.8)

Multiplicity 5.8 (3.0) 11.6 (6.0)

CCpt (0.473) (0.475)

(Ilo(1)) 18.0 (1.0) 29.6 (1.2)

Ruerge$ (%) . 9.4 (83.9) 9.2 (145.9)

Wilson B factor (A?) 4.7 5.0

f Values are given for high-resolution/medium-resolution/low-resolution data.
splitting the data randomly into half data sets.

data collection by a nitrogen-gas stream at 100 K, while the
crystals of d-GFP (pD 7.0) and h-GFP (pD 8.5) were cooled
during data collection by a helium-gas stream at 50 K. The
helical data-collection method was applied (Flot ef al., 2010).
The X-ray absorption dose was calculated with RADDOSE
(Paithankar et al., 2009). High-resolution data were measured
using the helical data-collection method, while medium/low-
resolution data were separately measured from non-irradiated
portions of the crystal. The details of these measurement
conditions are summarized in Table 1. Diffraction data sets
were processed and scaled with the HKL-2000 program suite
(Otwinowski & Minor, 1997). The resolution limits were
defined at a CC,), of ~0.5 (Karplus & Diederichs, 2012). The
crystallographic statistics are listed in Table 1.

2.6. Structure refinement

The initial stages of the refinement calculations were carried
out using Phenix (Adams et al., 2010). The geometric restraint
for the chromophore was generated from the structure of
h-GFPc; and was gradually reduced during the course of
refinement (Takaba et al., 2019). The structures were manually
corrected using Coot (Emsley et al., 2010) by monitoring the
2F ops — Feale and Fopg — Fegc maps. All deuterium atoms were
added to the models as riding hydrogens, and were treated as
protium atoms during the refinement calculations. Some final
steps of the refinement were performed using SHELXL
(Sheldrick & Schneider, 1997). Only H atoms that were
confirmed in the Fy,s — Feuc OMIT map at the 1.50 contour
level were included in the final models. Errors in the inter-
atomic distances were estimated as the standard deviations
given by full-matrix least-squares refinement with SHELXL

BL44XU, SPring-8
0.75

50

Rayonix MX300HE
80/— /807

0.5/—/0.5%

180/— /1807

0.5/—/0.5%

3.6 x 10%—/3.9 x 10%

P2.2.2,
50.91, 62.11, 68.86
0.14-0.40

50-0.85 (0.86-0.85)
1602184

189497

99.3 (98.0)

8.5 (6.2)

(0.526)

21.6 (1.3)

82 (125.8)

44

after removing all of the restraints.
Based on plots of bond-length esti-
mated standard deviations versus
average equivalent B values (B.,) for
our structures, it was confirmed that the
values of the estimated standard devia-
tions are not saturated and are not
restrained for atoms with large Bq
(Supplementary Fig. S1). Differences
between the same hydrogen-bond
distances as well as the covalent bond
lengths (/; and L) of two structures were
evaluated by the value of the o level,
which is calculated using |l; — bL|/(c7 +
op)"?. The refined structures were
validated with MolProbity (Chen et al.,
2010). Figures showing molecular
models were prepared using PyMOL
(DeLano, 2002), while electron-density
maps were calculated with Phenix. The
anisotropy, which is the ratio of the

i CCyp values are calculated by

§ Rmc-gc = th: Z, |1,'(th) - (I(hk1)>|/thl Z, Ii(hkl)'

smallest to the largest eigenvalue of the
atomic displacement parameters, was
calculated with PARVATI (Merritt,
1999). The hydrogen visualization ratio
for each residue was calculated as Ngp/ Noum, Where N, is the
sum of the occupancies of modelled H atoms and Ny, is the
theoretical sum of the occupancies of H atoms. The accessible
surface area (ASA) ratio for each residue was calculated with
the ‘Accessible Surface Area and Accessibility Calculation for
Protein’ tool (Center for Informational Biology, Ochanomizu
University, Japan; http:/cib.cf.ocha.ac.jp/bitool/ASA/). The
free ASA for various residues in solution used values from
Lins et al. (2003). The ASA ratio of residue i was calculated as
(ASA, in GFP)/(free ASA,; in solution).

3. Results
3.1. Preparation of perdeuterated GFP

At the beginning of this study, we investigated the change in
yield on deuteration. The yield of d-GFP¢, was 8.0 £ 0.8 mg
per litre of culture using perdeuterated medium, while that of
h-GFP¢q was 16.3 £ 0.5 mg per litre of culture (Fig. 2a). The
yield of the deuterated sample was reduced to half of that of
the protiated sample, as reported for wt-GFP (Hohlefelder et
al., 2013). On introducing the cycle3 mutation (Fukuda et al.,
2000), the yields of h-GFPc; and d-GFPc; were increased
twofold to 16.1 £ 4.8 mg per litre of culture for d-GFPc; and
32.0 & 7.5 mg per litre of culture for h-GFPc3. The molecular
masses of d-GFPy and h-GFP, were determined to be 27 752
=+ 24 and 26 036 * 4 Da, respectively. Those of d-GFP; and
h-GFP; were determined to be 27 509 4+ 19 and 25 857 &+
12 Da, respectively. Accordingly, the deuteration ratios of
d-GFP(, and d-GFP; were calculated to be 95.6 & 1.5% and
92.5 + 1.7%, respectively.
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3.2. pD dependence of the absorption spectra

The absorption spectrum of d-GFPc; at pD 7.4 has two
absorption peaks at 389 and 489 nm in the visible region
(Supplementary Fig. S2). The wavelengths of these absorption
peaks are similar to those for h-GFP¢, and h-GFPc; reported
previously within 5 nm (Heim et al., 1995; Kneen et al., 1998;
Elsliger et al., 1999; Takaba et al., 2019). The peak heights have
a pD dependence (Supplementary Fig. S2). The population of
the B form increases as the pD increases (Fig. 2b). According

h-GFP¢q
d-GFPcq
h-GFP¢3
d-GFP¢3
0O 5 10 15 20 25 30 35 40
Yield per litre of culture (mg)
(@)
1 .0 K ] 1 T 1 I
= d-GFP, in D,0
osl == h-GFP_, in D,O
e = h-GFP, in H,0
RS
f) 0.6 7
£
S04 -
©
o
0.2 .
o 1 1 L 1 1 ]
4 5 6 7 8
pH/pD
. (b
Figure 2

Properties of d-GFPc;. (a) The yield of d-GFP¢; (n = 11) is compared
with those of h-GFP¢, (n = 3), d-GFP¢ (n = 3) and h-GFP¢; (n = 3).
Error bars indicate the standard deviation of replicates. (b) The pD
dependence of the population ratio of the B form for d-GFP; in D,0.
The estimated ratios from the absorption spectra are plotted against the
pD values as green filled circles. Error bars indicate the standard
deviation of triple measurements. The pH/pD dependencies for h-GFP ;3
in D,O and h-GFP¢; in H,O are also shown in blue and grey, respectively.

Table 2
Refinement statistics.
d-GFPc; d-GFP¢; h-GFPc;
(pD 8.5) (pD 7.0) (pD 8.5)

Resolution range (A) 46.20-0.90 26.59-0.80 25.47-0.85
No. of reflections, working set 150858 217633 179975
No. of reflections, test set 7834 11370 9384
RyorkT (%) 10.7 10.6 10.3
Rireed (%) 12.4 12.0 11.8
Cruickshank DPI§ (A) 0.027 0.020 0.023
No. of non-H atoms9|

Protein 18122 1806.5 1803.1

Water 461.0 511.6 500.5
No. of H atoms|

Protein 1530.7 1531.0 1497.7

Modelled ratio (%) 85.3 85.3 83.5

Water 43.0 38.7 492
R.m.s.d. from ideal

Bond lengths (A) 0.014 0.016 0.016

Angles (°) 2.4 2.4 2.3
Average B factors (AZ)

Protein 6.8 72 7.0

Water 214 26.8 26.5
Mean anisotropy+

Protein 0.51 0.49 0.48

Water 0.40 0.34 0.35
Ramachandran plot

Most favoured (%) 98.65 97.76 97.76

Allowed (%) 135 2.24 2.24
R.m.s.d. from h-GFPcsii (A) 0.10 0.09 0.09
PDB code 6kkz 6k10 6kl1

T Ruork = Yot |Fobs| = [Featel|/ s [Fapsl- % Rive Was calculated by using 5% of the
reflections that were not included in the refinement as a test set.  § Diffraction precision
index (DPI) values were calculated using the formula o(r, Bay,) = 3"4(NJp)PCc?
Rireedmin (Cruickshank, 1999). 9 The number of atoms was calculated as the sum of
occupancies. 11 Anisotropy is defined as the ratio of the smallest to the largest
eigenvalue of the anisotropic displacement parameter matrix (Merritt, 1999). i The
root-mean-square deviation (r.m.s.d.) was calculated with h-GFPc; (PDB entry 6jgi;
Takaba et al., 2019).

to the pD dependence, the pK, of d-GFPc; in D,O was
determined to be 6.64 + 0.05, while the pK, of h-GFP¢; in
H,O was 5.93 + 0.03. A ApK, of ~0.7 units on deuteration is
comparable to the values reported for various small molecules
(Mora-Diez et al., 2015). The pK, of h-GFP¢; in D,O was 6.69
4 0.05, indicating that the increase in the pK, is owing to
replacement of the solvent. The pK, value of h-GFP; in H,O
agrees with those in previous reports for h-GFP ¢ or the S65T
variant (Kneen et al., 1998; Elsliger et al., 1999), despite the
introduction of the cycle3 mutation.

3.3. X-ray analysis at sub-angstrom resolution

For the X-ray analysis of d-GFPc3, we selected a pD value
of 8.5, since we had previously elucidated the high-resolution
(0.85 A) structure of h-GFP¢; at pH 8.5 (Takaba et al., 2019).
The X-ray absorption dose for each crystal position was
suppressed to 2 x 10* Gy, which was three orders of magni-
tude smaller than the conventional dose limit of 2-3 x 10’ Gy
(Henderson, 1990; Owen et al., 2006). The doses in this study
do not cause X-ray damage to GFP and its homologous
proteins (Adam et al., 2009; Royant & Noirclerc-Savoye, 2011;
Clavel et al., 2016; Takaba et al., 2019). Consequently, small
differences between h-GFPc; and d-GFPc; owing to
deuteration effects can be detected. The achieved resolution
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for d-GFP¢; (pD 8.5) was 0.90 A, which was comparable to
that for h-GFPc; (pH 8.5). The Ryor and Ry, factors of the
final model were 10.7% and 12.4%, respectively (Table 2).
Individual atoms were separately observed in the electron-
density map (Supplementary Fig. S3a). The structures of
d-GFPc; (pD 7.0) and h-GFP¢; (pD 8.5) were also determined
in the same way (Supplementary Figs. S3b and S3c). Refine-
ment statistics for these analyses are listed in Table 2. For all
structures, the root-mean-square deviation (r.m.s.d.) values for
C“ atoms from h-GFP¢, (pH 8.5) were ~0.1 A. This indicates
that the backbone structures are almost identical despite full
deuteration.

3.4. Visualization of deuterium atoms using X-rays

Almost all of the deuterium atoms located in the internal
region of the structure of d-GFPc; (pD 8.5) were observed
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Visualization of deuterium atoms. (a) The deuterium atoms included in the model of d-GFP¢; (pD 8.5) are shown as pink spheres. (b) Electron-density

Figure 3

maps around the chromophore. The 2F,s —

(Fig. 3a). Unobservable deuterium atoms were only located on
the external surface of the molecule. In total, 85% of all
possible deuterium atoms were visualized and included in the
structure. Visualized hydrogen atoms of the residues on the
surface were observed less often than those of the residues in
the internal part of the GFP structures (Supplementary Fig.
S4). Tyr66 in the chromophore proved to be deprotonated in
d-GFP¢; (pD 8.5) based on the absence of a deuterium atom
at O” in the electron-density map (Fig. 3b). Both of the two
deuterium atoms of Wat3 were also visualized. One of the

deuterium atoms forms a hydrogen bond to the deprotonated
Tyr66, while the other forms a hydrogen bond to the main-
chain carbonyl of Asnl146. The deuterium atom of the
hydroxyl group of Thr65 forms a hydrogen bond to N* of the
imidazolinone ring of the chromophore (Fig. 3b). The carboxy
group of Glu222 is observed to be neutral, while the occu-
pancy of the major conformation is 0.78. The carboxy group

F_.c map (50 and 7o levels) is shown in grey, while the Fps — Feqc hydrogen OMIT map (20 and 4o levels) is

shown in pink. Hydrogen bonds are indicated as black dashed lines. (¢) Electron-density maps around Thr203. The contour levels of the Fops — Feare
hydrogen OMIT map are set at 30 and 5o levels. (d) Electron-density maps around Thr62. The contour levels of the Fops — Feqc hydrogen OMIT map are
set at 40 and 60 levels. (e) Electron-density map around Cys70. The contour levels of the F,,s — Feae hydrogen OMIT map are set at 40 and 60 levels.
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interacts with O of Thr65. Thr203 was also observed to adopt
double conformations, in which the occupancy of the major
conformation is 0.88. The major conformation makes a
hydrogen bond to Tyr66 (Fig. 3c). CD-r and SD-r inter-
actions were also clearly observed in d-GFPc;. The methyl and
methylene groups of Thr62 contact the chromophore through
CD-rn-type interactions (Fig. 3d). In the case of h-GFPc;,
these were shown to be attractive interactions according to a
noncovalent interaction analysis of the charge-density distri-
bution (Takaba et al, 2019). These interactions may be
conserved in d-GFPc; according to the absence of structural
differences. Cys70 was observed to be protonated from the
hydrogen OMIT map (Fig. 3¢). The deuterium atom at S¥ of
Cys70 interacts with Phe71. This type of interaction has been
reported for some proteins as well as small molecules (Forbes
et al., 2017).

3.5. Overall structure of d-GFP¢;

The structures of d-GFP¢; (pD 8.5) and h-GFP; (pH 8.5)
can be superimposed with a very small r.m.s.d. of 0.1 A for C*
atoms (Fig. 4a). For some residues, the o torsion angles (C*—
C—N'—C") of the peptide bonds are observed to deviate
from the planar structure with w = 180°. The smallest w value
of 158° was observed for the Arg96-Thr97 peptide bond
(Fig. 4b). 1t is considered that the hydrogen bond between the
chromophore and Arg96 causes this distortion of the peptide
bond between Arg96 and Thr97. The largest value of 200° was
at Gly40-Lys41 (Fig. 4c). The peptide bond between Gly40
and Lys41 is located at the terminus of a strand. Similarly,
almost distorted residues with | — 180°| values larger than 10°

(@) (c)
Figure 4

interact with the chromophore or are at the termini of strands.
The differences in the w values between h-GFPc; and
d-GFP¢; are lower than 5° even for these peptide bonds
(Fig. 4d). The residues interacting with the chromophore have
large distortions of the peptide bonds, as observed in h-GFP;
(Takaba et al., 2019). The B-factor values of central residues
and the chromophore were observed to be lower than those of
external residues in the structure of d-GFPo; (pD 8.5)
(Supplementary Fig. S5). Similar distributions of B factors
were also observed in the structures of d-GFP¢; (pD 7.0) and
h-GFPc; (pD 8.5).

3.6. Structures of the chromophore of d-GFP¢;

Accurate geometric information for the chromophore was
obtained because it is in the central portion of the molecule
(Supplementary Table S1). Since the bond length of the bridge
bond C#2—C"? is highly correlated with the atomic charge on
O" (Weber et al., 1999), a plot of the C°*—O" and C**—(C”?
bond lengths was made in order to compare them with various
crystallographic results at high resolution (Fig. 5a). The
C*—0O" bond length is 1.311 % 0.009 A for d-GFP; (pD 8.5),
which is intermediate between the values for single (dc_o =
~1.38 A) and double (de—o = ~1.24 A) bonds. This value is
nearly identical (within the margin of error) to that for
h-GFPc; in H,O (pH 8.5). In addition, d-GFP¢; (pD 7.0) and
h-GFPc; (pD 8.5) are also found within the same area of the
plot. This indicates that the electronic structures of these
proteins are essentially identical despite some differences in
the deuteration condition. This is supported by the observa-
tions that deuteration provides no changes in the absorption
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200+ Gly40—Lys41

190 y 1

180 4 - 1

170 o .

w of d-GFP_, at pD8.5 (degree)

160
S/<~~Arg96—Thr97

150- PR [N NS NS TR N
150 160 170 180 190 200 210
w of h-GFP_, at pH8.5 (degree)

@

Analyses of the main-chain structure. (a) The C* model of d-GFP¢; (pD 8.5) and that of h-GFP¢; (pH 8.5) are superimposed and shown in green and
yellow, respectively. The chromophores for these proteins are also indicated as stick models. (b) The distortion of the peptide bond between Arg96 and
Thr97 with an w torsion angle of 158°. The 2F s — Feare map (50 and 7o levels) is shown in grey, while the Fops — Feae hydrogen OMIT map (40 and 5o
levels) is shown in pink. (¢) The distortion of the peptide bond between Gly40 and Lys41 with an w torsion angle of 200°. The 2F s — F.1c map (50 and 70
levels) is shown in grey, while the F,s — Feac hydrogen OMIT map (20 and 3o levels) is shown in pink. (d) The relationship between the w torsion angles
of peptide bonds in d-GFP¢; (pD 8.5) and h-GFP; (pH 8.5). Only residues in which the occupancy of the major conformation is greater than 0.7 are
plotted.
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Table 3 .
Hydrogen-bond distances (dp_a, A) around the chromophore.

Values in parentheses are estimated standard deviations derived from full-matrix least-squares refinement.

distances in d-GFPc; which are longer
than 3 A are generally shorter than
those in h-GFPc;. On the other hand,

the hydrogen-bond distances in

d-GFPcs d-GFP; h-GFPcs h-GFPc; (pH 8.5) .
Donor Acceptor (pD 8.5) (pD 7.0) (pD 8.5) (Takaba er al., 2019) d-GFP; which are shorter than 3 A are
Argl68 N His148 N* 3.086 (10) 3.164 (9) 3.082 (9) 3.157 (9) similar  to - those in h-GFPc;. For
His148 N°! Tyr66 O" 2.872 (9) 2.866 (7) 2.871 (8) 2.869 (8) hydrogen bonds around the chromo-
Wat3 Tyr66 O” 2.719 (9) 2.735 (6) 2.728 (8) 2.737 (7) phore, two hydrogen-bond distances
Wat3 Asnl46 O 2.873 (10) 2.892 (7) 2.886 (8) 2.903 (7) L
Ser205 O” Wat3 2757 (9) 2760 (7) 2767 (8) 2762 (7) between the main-chain carbonyglz of
Glu2220?  Thr65 0" 2681 (8)} 2.686 (6) 2.685 (7) 2.670 (6)+ Asnl46 and Wat3 and between N™ of
Thr65 O”! Tyr66 N* 2745 (9) 2737 (7) 2.740 (8) 2.740 (7) His148 and the amide N atom of Argl68
Thr203 O” Tyr66 O” 2.668 (8)+ 2.687 (6)1 2.665 (6)1 2.672 (6)t

+ These values are for the major alternative conformation.

and fluorescent wavelengths. On the other hand, other B-form
structures are widely scattered in the lower area of the plot,
indicating that the C°—O" bond length has a large variety.
This implies that the bond lengths in the chromophore in
previous studies are strongly influenced by the geometric
restraints as single or double bonds or by significant X-ray
damage.

3.7. Comparison of hydrogen-bond distances

The hydrogen-bond distances around the chromophore as
well as those between the carbonyl and amide in the main
chain were compared between h-GFP¢; (pH 8.5) and d-GFP;
(pD 8.5) (Fig. 5b). 1t should be noted that the hydrogen-bond

have significant differences larger than
the margin of error (Table 3). These
observations may suggest that the
deuterium atoms form stronger bonds. However, it has been
shown that the enhanced solvent-solvent interaction of D,O
plays a critical role in the higher stability of many proteins in
D,O (Parker & Clarke, 1997; Cioni & Stambini, 2002). In fact,
the hydrogen bonds in D,0O have a deeper potential curve for
hydrogen-bond dissociation (Sheu et al., 2008). That is, the
hydrogen bonds are strengthened not only by direct effects at
the bonds themselves but also by numerous indirect factors,
including the solvent.

3.8. Protonation state of His148

In d-GFP¢; (pD 8.5), the deuterium atom at N** of His148
is not observed in the electron-density map (Fig. 6a). This
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Figure 5

Comparisons of geometric parameters around the chromophore. (a) The relationship between the C*‘—O" and C*?—C"? bond lengths in the
chromophore are plotted for various GFP structures with resolutions of better than 1.3 A (Supplementary Table S2). Grey filled circles indicate variants
considered to adopt the A-form structure, while blue filled circles indicate variants considered to adopt the B-form structure. Those with ambivalent
interpretations are shown in purple. The C°*—O" and C*2—C"? bond lengths of the structures in this work and our previous work (Takaba et al., 2019) are
also plotted. The error bars are the standard deviations calculated by full-matrix refinement with SHELXL. The bond lengths for tyrosine are also
indicated as a filled black square with standard deviations for the restraint. (b) The relationships between hydrogen bonds of d-GFP¢; (pD 8.5) and
h-GFPc; (pH 8.5). The plots for hydrogen bonds formed between the chromophore and the surrounding residues are coloured green, while those formed
between the carbonyl and the amide in the main chain are coloured grey. The error bars are the standard deviations calculated by full-matrix refinement
with SHELXL.
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indicates that His148 is deprotonated at pD 8.5. On the other
hand, our previous report indicated that His148 in h-GFPc;
(pH 8.5) is protonated (Takaba et al., 2019). In order to obtain
more information about the protonation of His148, we further
compared the d-GFPc; structure with that at pD 7.0. Electron
density for the deuterium atom was clearly observed at N** of
His148 in the electron-density map (Fig. 6b). The deuterium
atom at the main-chain amide N atom of Argl68 was observed
simultaneously, and its proximity to the deuterium atom at N*?
of His148 may be unfavourable for interaction. In the case of
h-GFP¢; (pD 8.5), His148 is deprotonated as in d-GFP¢; (pD
8.5) (Fig. 6¢). Taken together with these OMIT maps, the pK,
of His148 is decreased in D,0. The protonation at His148 may
be influenced not by nondissociable hydrogens but rather by
dissociable hydrogens in GFP;. The distance between N°* of
His148 and the amide N atom of Arg168 for d-GFP¢; (pD 7.0)
is 3.164 £ 0.009 A (Table 3). This distance is almost identical
to that for h-GFP¢; (pH 8.5) at 3.157 & 0.009 A, while those
for d-GFPc; (pD 8.5) and h-GFPc; (pD 8.5) are 3.086 + 0.010
and 3.082 £ 0.009 A, respectively. The o level for the distance
between d-GFP¢; (pD 8.5) and h-GFP¢; (pH 8.5) is estimated
to be 5.3. This indicates that the difference between the two is
meaningful but small.

4. Discussion

We investigated the hydrogen isotope effects on GFP by
comparing them between h-GFPc; in H,O and d-GFP¢; in
D,0O using crystallographic and spectroscopic procedures.
Even at sub-angstrom resolutions, the X-ray structures of the
two proteins showed no apparent differences in chromophore
geometry or overall structure. However, the protonation state
of His148 near the chromophore in d-GFPc; (pD 8.5) was
different from that in h-GFPc; (pH 8.5). Because h-GFP;
(pD 8.5) shows the same protonation state at His148 as
d-GFPc; (pD 8.5), the difference is owing to dissociable
hydrogens in GFPc;. However, Hisl48 of d-GFPq; is
protonated at pD 7.0, while the chromophore is still
deprotonated.

To date, the X-ray structures of several proteins have been
investigated for both protiated and perdeuterated samples. In
almost all of these, no meaningful differences were observed
in the structures (Gamble et al., 1994; Meilleur et al., 2005;
Artero et al., 2005; Wang et al., 2006). Especially for the cases
of human aldose reductase and high-potential iron—sulfur
protein from Thermochromatium tepidum, no significant
differences were detected by the X-ray analyses, which were
performed accurately by including almost all of the H atoms
(Blakeley et al., 2008; Hanazono et al., 2019). On the other
hand, haloalkane dehydrogenase from Xanthobacter auto-
trophicus exhibited large conformational differences between
protiated and deuterated samples despite a medium resolution
of ~1.5 A (Liu et al., 2007). However, the pH/pD values of the
crystallization conditions differed significantly between the
protiated and deuterated samples. Therefore, our result is a
valuable example in which structural perturbations in

hydrogen bonding near the active site of the protein are
detected on deuteration.

Spectroscopically silent as well as spectroscopically active
pK, changes on deuteration were detected around the chro-
mophore in this study. The pD values were corrected from
those measured using the pH meter by adding by 0.4 units
(Glasoe & Long, 1960), while the difference between the true
and measured values was indicated to be negligible or small in
a recent paper (Rubinson, 2017). Even if we use the measured
values without any corrections in this study, the conclusion
that the pK, of His148 decreases after changing the solvent
from H,O to D,O remains unchanged. The pK, values of
residues in proteins differ from those of free amino acids in
solution because of various interactions in the protein (Ma et
al., 1999). In the case of h-GFPc;, the pK, of Tyr66 is regulated
by hydrogen bonds to surrounding residues such as His148,
Thr203 and Wat3 (Brejc et al., 1997). Consequently, Tyr66, a
component residue of the chromophore, has a significantly
lower pK, of ~6 than that for free tyrosine (10.5). This
shift cannot be explained only by the m-resonance of the
chromophore as the pK, of a chromophore analogue, 4-
hydroxybenzylidene-imidazolinone, is 8.3 (Scharnagl &
Raupp-Kossmann, 2004). Our structural analyses imply that
the positive charge of His148 plays an important role in the
stabilization of the negative charge of the deprotonated Tyr66.
Indeed, it has been reported that the pK, of Tyr66 increases
when His148 is replaced by neutral or acidic residues in the
S65T variant (Shu et al., 2007). Therefore, it is suggested that
the positive charge of His148 is important for accumulating

Y

Figure 6

Protonation states at His148. (@) The Fops — Feqc hydrogen OMIT map
(20 and 4o levels) around His148 of d-GFP¢; (pD 8.5) is shown in pink.
(b) The map for d-GFPc; (pD 7.0). (¢) The map for h-GFP¢; (pD 8.5).
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the light-emitting deprotonated form of the chromophore at
the physiological pH of ~7.

In usual cases, the pK, in D0 is higher than that in H,O.
However, the pK, of His148 in D,O seems to be lower than
that in H,O. This result may be explained by proton sharing,
which can exhibit significant isotope effects. For the case of
h-GFP¢; (pH 8.5), a proton may be shared between N** of
His148 and the amide N atom of Argl68, because the latter is
deprotonated and has a negative charge owing to the basic
conditions. In the case of d-GFPc; (pD 8.5) this sharing is
more difficult owing to the higher pK, of the amide N atom of
Argl68 in the deuterated sample. Therefore, the deuterium
atom is localized at Argl68 in d-GFP at pD 8.5. Similar
proton-shared structures have been reported for cholesterol
oxidase at pH 9.0 (Lyubimov et al., 2006; Golden et al., 2017).
Certainly, we can suggest some alternative interpretations: for
example, H atoms may simultaneously coexist at both sites.
However, there is only small possibility of this interpretation
for the following reason. If the NH of the amide of Argl6S is
not deprotonated and His148 is protonated, the side chain of
His148 would rotate owing to repulsive force. Otherwise, the
distance between the N°* atom of His148 and the amide N
atom of Argl68 would become larger than normal hydrogen-
bond distances. In the future, we will investigate this problem
using neutron crystallography, since the complicated manner
of protonation is expected to be determined in greater detail
using this method. Neutron analyses of d-GFPc3 should be
carried out at pD 7.0 in addition to pD 8.5 in order to
understand the strange protonation state of His148.

In conclusion, this study demonstrates that protonation
states can differ between deuterated and protiated samples.
Therefore, we should carefully investigate the differences in
the protonation states in the vicinity of the active site prior to
the use of deuterated proteins in neutron crystallographic
studies. This may be critical in order to reach any reliable
conclusions from neutron crystallographic analyses using
deuterated proteins.
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