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ABSTRACT

Neutron crystallography has been used to elucidate the protonation states for the enhanced green
fluorescent protein, which has revolutionized the imaging technologies. The structure has a
deprotonated hydroxyl group in the fluorescent chromophore. Also, the protonation states of
His148 and Thr203, as well as the orientation of a critical water molecule in direct contact with
the chromophore, could be determined. The results demonstrate that the deprotonated hydroxyl
group in the chromophore and the nitrogen atom ND1 in His148 are charged negatively and
positively, respectively, forming an ion pair. The position of the two deuterium atoms in the
critical water molecule appears to be displaced slightly toward the acceptor oxygen atoms
according to their omit maps. This displacement implies the formation of an intriguing
electrostatic potential realized inside the protein. Our findings provide new insights into future

protein design strategies along with developments in quantum chemical calculations.
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TEXT.

Fluorescent proteins (FPs) have revolutionized the imaging technologies in biological science,
and the green fluorescent protein (GFP) is one of the key FPs as a representative and pioneer
molecule.' The isolation of not only GFP but also other FPs and their protein engineering have
provided the coloring diversity with additional functions such as photoswitching leading to
super-resolution microscopy.®’ A better understanding of the structure and function for FPs will
help to develop new molecular designs to generate further practical devices. Here, we report
direct evidence to show the characteristic protonation (deuteration) states of the chromophore
and surrounding key residues with their hydrogen-bonding network, including water molecules,

by neutron crystallography.

The recombinant GFP used in this study, named as EGFPq, includes mutations of C48S,
F64L, S65T, Q80R, N159Q, and 1167T with two and seven amino acid deletions at N- and C-
terminals, respectively, when compared to the original sequence® (Figure S1 and S2). The
mutations F64L and S65T correspond to the enhanced green fluorescent protein (GFPmutl,
EGFP).” > The other mutations were introduced to improve chemical protein stability and
crystal packing. The hydrogenated EGFPq was purified and crystallized into a crystal volume of
about 1.7 mm® for neutron crystallography (Materials and Methods in supporting information,
Figure S3). The mother liquor solution of the crystal was exchanged against a corresponding
deuterated solution for a replacement of exchangeable hydrogen atoms to deuterium atoms. The
replacement of the mother-liquor decreases the background generated by the incoherent
scattering contribution of the hydrogen atoms and improves structural analysis because of the
higher and positive neutron scattering length of deuterium compared to hydrogen."> Neutron

diffraction data were collected to 1.45 A resolution using the neutron diffractometer BioDiff'*
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installed at the Forschungs-Neutronenquelle Heinz Maier-Leibnitz FRM II (Garching, Germany)
with a wavelength of 2.668 A at 100 K. X-ray diffraction data were collected to 0.88 A
resolution at beamline BL5SA at the High Energy Accelerator Research Organization KEK
Photon Factory (Tsukuba, Japan). The crystal structure of EGFPq was refined by a joint
refinement module in the program Phenix'’ to an R-factor of 16.8% and a free R-factor of 20.7%
of the neutron diffraction data and an R-factor of 15.4% and free R-factor of 16.5% for X-ray
diffraction (Table S1). The overall structure is shown in Figure S4. One asymmetric unit includes
one EGFPq molecule comprising 228 residues, two sulfate ions, and 381 heavy water molecules.

The crystal packing corresponds to those reported previously.'®'¢'®

The first remarkable engineering to GFP is the single point mutation S65T.”' The
beneficial point mutation of F64L increases the folding efficiency of GFP at 37 °C.'"!* These
mutations result in increased fluorescence, photostability, a shift of the major excitation peak,
and keeps the emission peak around 510 nm as EGFP. Although EGFPq used in this study
includes additional mutations for improved crystal packing, it corresponds to EGFP, as indicated
by its spectrum shown in Figure S5. Figure 1A shows the structure of the chromophore and its
surrounding residues with hydrogen and deuterium atoms visualized by neutron crystallography.
Analysis of the neutron scattering lengths density maps indicates that the OH atom of the
chromophore is not protonated, while the corresponding oxygen atom in the switching
chromogenic protein Dathail is protonated according to the structure determined by neutron
crystallography.'” In EGFPq, the deuterium atoms DD1 in His148, DGI in Thr203, and D2 in
DOD323 were assigned around the OH oxygen atom of the chromophore based on omit maps.
These deuterium atoms are involved in strong hydrogen bonds with the bond lengths of 2.78,

2.70, and 2.70 A, respectively, between the hydrogen donor and acceptor atoms. These results
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demonstrate that the OH oxygen atom in the chromophore is deprotonated and, therefore, exists
in its anion form consistent with previous results.'®***' Figure 1B and Table S2 show the atom
names and bond lengths in the chromophore. The bond length between CZ and OH is slightly
shortened compared to those of the A-type (PDBID: 6JGH)', in which the chromophore is
protonated. The bond length between CA2 and CB?2 is shorter than that between CB2 and CG2.
The differences in the bond lengths are consistent with the state of the negatively charged OH
oxygen atom. Probably, this is caused by the difference of resonance structure between EGFPq

and GFPq (the T65S derivative of EGFPq as shown in Figure S2).

The two deuterium atoms DE2 and DDI in His148 are modeled on the omit maps
obtained by neutron crystallography and are shown in Figure 1A and Figure S6. This
configuration represents the double protonation of His148, as were observed in electron density
maps by previous X-ray analysis.'® Interestingly, the DE2 atom in its imidazole ring seems to be
located as a tetrahedral configuration of the NE2 atom rather than sp2 configuration. Probably,
the two double bonds in imidazole ring are localized as shown in Figure S6C, which indicates
that the ND1 atom could have a positive charge. The configuration of the NE2 atom must be
advantageous for the negative charge of the OH group in the chromophore. It appears that the
amid D atom in the main chain of Argl68 donates a hydrogen atom to the NE2 atom in His148
with a distance of 3.14 A between the hydrogen donor and acceptor atoms. The planar
conformation of NE2 in His148 will be not satisfied because of the steric hindrance between
DE2 in His148 and D in Argl68. Assuming that the DE2 atom in His148 is positioned in the
plane of the imidazole ring, the distance to the D atom in Argl68 would be 1.40 A. According to
the unrestrained refinement in this study, the position of the DE2 atom in His148 was located at a

distance of 0.42 A from the position of the restraint refinement. The location seems to dissolve
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the steric hindrance against the amid D atom of Argl68, although the tetrahedral conformation is
slightly distorted. To discuss the accurate position of the nuclei of the DE2 atom, higher-

resolution analysis and explicit quantum chemical calculations should be performed.

DOD323 and the hydroxyl group of Ser205 are positioned between the OH atom of the
chromophore and the side chain of Glu222 in the hydrogen bonding network responsible for an

excited proton transfer in GFP.****

In this analysis, we observed two hydrogen bonds based on
omit maps of the DI atom in DOD323 and the DG atom in Ser205. The first bond was between
the O atom in DOD323 and the OG atom in Ser205, and the second was between the O atom in
DOD323 and the O atom in Asnl46. Notably, the position of the two deuterium atoms in
DOD323 appears to be displaced slightly to the acceptor oxygen atoms according to their omit
maps (Figure2). In reality, the differences seem to be significant when compared to the sigma
value estimated from the refinement (Table S3) and those of the bond distances in other water
molecules which have lower thermal factors (Figure S7). An unrestrained refinement, which
introduced a slack value for the bond length to make a square well potential, showed the
movement of D1 and D2 to the acceptor O atoms in Asnl146 and OH in the chromophore with a
distance of 0.14 and 0.18 A, respectively (Figure2 and Table S3). This refinement was similar to
the result observed in protein kinase.”> The length of the OH bond interacting with the oxygen
acceptor atom correlated to the pKa value between the two groups and could form single-well
potential with similar pKa values.”® However, a shared proton was reported in the photoactive
yellow protein despite different pKa values of about 4.5 units.”” Also, the displacement seems to

depend on pH.*® The displaced position of the deuterium atoms in the water molecule of

DOD323 might imply the formation of an intriguing electrostatic potential surface realized inside
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the protein, a large and complicated molecule. Our findings will provide new insights into future

protein design strategies along with developments in quantum chemical calculations.

We found a hydronium ion on the molecular surface, as shown in Figure 3 and similar to

2731 The hydronium ion was positioned near protonated Glul7 on a proton

previous examples.
antenna at the negative potential surface of GFP.'® Whereas the seven deuterium atoms of
DOD322, DOD336, and Glul7 including D1 and D3 atoms in D30300 were observed by the
omit maps, the D2 atom of the hydronium ion seems to be located near the center between the
two oxygen atoms of DOD336 and the hydronium ion similar to a delocalized form

([H20---H---OH2]+). The negative electrostatic potential should affect the protonation of Glul7,

the existence of the hydronium ion, and the configuration of deuterium atoms.

The residue Glu222 and the chromophore in wild-type GFP have been postulated to be
deprotonated and protonated, respectively. In contrast, the residue Glu222 and the chromophore
in the S65T mutant of GFP are protonated and deprotonated, respectively. These findings
correspond to the two states resulting in the excited proton transfer through the hydrogen
bonding network between Glu222 and the chromophore in wild-type GFP.??* One of the
questions is why the mutation S65T generates protonation for Glu222 and deprotonation for the
chromophore. In this analysis of EGFPq, the protonated form of Glu222 and a part of the
chromophore derived from the residue Thr65 are observed in alternative conformations (Figure
1A). The alternative form A makes two hydrogen bonds between the OE2 atom in Glu222 and

the OG1 atom in the chromophore, and between OG1 and the N2 atom in chromophore.

In contrast, Glu222 forms a hydrogen bond with Ser205 without interacting with the

chromophore in the alternative form B. These hydrogen bonding networks cannot account for the

ACS Paragon Plus Environment



oNOYTULT D WN =

10

11

12

13

14

15

16

17

18

19

20

21

22

The Journal of Physical Chemistry Letters

deprotonation mechanism of the chromophore in EGFP, because the alternative conformations of
Glu222 are similar between GFP and EGFP derivatives.'” We should focus on the environment
of the OH group in the chromophore. Figure 4 compares structure of EGFPq with GFPq. One
can observe a different conformation for His148 and a slightly different position for the OH atom
of the chromophore. The alternative structure of Hisl148 in GFPq is consistent with the
separation of spectrum peaks as shown in Figure S5, and its dynamics might display key roles
for protonation of the chromophore at acidic pH conditions and proton transfer with bulk solvent
in the mutant GFPs.’>”> However, this site does not interact with the S65T mutation site directly.
One explanation for the differences could be that the steric hindrance of Leu220 with the methyl
group of CG2 in the chromophore affects the structure of the strand, including Asnl46 and
His148, which directly interacts with DOD323 and the OH atom in the chromophore, via Tyr145
and Leu207. The protonation mechanisms of His148 in EGFP might be determined by structural
arrangements at the molecular level. Further mutation analyses are currently been performed to

understand the fascinating mechanism observed in the mutant engineered at early stage.

Experimental Methods

Experimental details are described in the supporting information. Briefly, GFP mutant proteins
are prepared using an Escherichia coli expression system in insoluble fraction. Proteins were
refolded by a dilution method and purified by ion-exchanging column chromatography. For
preparation of the large crystal, the precipitant solution containing 0.1 M MES-NaOD (pD 7.0),
5.0 % w/v PEG 2000 and 50 mM NDSB (160 pl) was mixed with 38 mg/ml protein solution in

20 mM Tris-DCIl buffer (pD 8.0) containing 1 mM DTT (240 pl), and equilibrated against 4 ml
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1 of the reservoir solution, which was composed of 0.1 M MES—NaOD (pD 7.0), 9.0 % w/v PEG

2 2000 and 50 mM NDSB at 293K.
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Figure 1 Neutron crystal structure of the chromophore and interacting residues in EGFPq. (A)
Bond model and neutron scattering length density maps of hydrogen and deuterium atoms are
represented with a stereo view. Hydrogen (light grey), deuterium (cyan), carbon (green), oxygen
(red), nitrogen (blue) atoms are drawn. F,—F, neutron omit maps for hydrogen atoms in the
chromophore are shown in marine blue at —4.0 c. F;—F neutron omit maps for deuterium atoms
in His148, Glu222, DOD323, and the chromophore are shown in red at the level ranging from 2
to 4 o. The sigma values are indicated in the parenthesis. Hydrogen bonds are represented with
dotted lines in magenta by a unit of A. (B) Schematic drawing of (A). The atom names and bond

distances are shown.
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(Please, use double or 1.5 column format)

Figure 3 Hydronium ion modeled near Glul7 on the molecular surface of EGFPq. Fo—Fc neutron
omit maps for deuterium are shown in red at a 4 ¢ level. 2Fo—Fc X-ray electron density maps of
the oxygen atoms are shown in blue at a level ranging from 1.5 to 4 o. The sigma values are

indicated in the parenthesis.
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