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a b s t r a c t

The self-labeling protein tags are robust and versatile tools for studying different molecular aspects of
cell biology. In order to be suitable for a wide spectrum of experimental conditions, it is mandatory that
these systems are stable after the fluorescent labeling reaction and do not alter the properties of the
fusion partner. SsOGT-H5 is an engineered variant alkylguanine-DNA-alkyl-transferase (OGT) of the hy-
perthermophilic archaeon Sulfolobus solfataricus, and it represents an alternative solution to the SNAP-
tag® technology under harsh reaction conditions.

Here we present the crystal structure of SsOGT-H5 in complex with the fluorescent probe SNAP-Vista
Green® (SsOGT-H5-SVG) that reveals the conformation adopted by the protein upon the trans-alkylation
reaction with the substrate, which is observed covalently bound to the catalytic cysteine residue.
Moreover, we identify the amino acids that contribute to both the overall protein stability in the post-
reaction state and the coordination of the fluorescent moiety stretching-out from the protein active
site. We gained new insights in the conformational changes possibly occurring to the OGT proteins upon
reaction with modified guanine base bearing bulky adducts; indeed, our structural analysis reveals an
unprecedented conformation of the active site loop that is likely to trigger protein destabilization and
consequent degradation. Interestingly, the SVG moiety plays a key role in restoring the interaction be-
tween the N- and C-terminal domains of the protein that is lost following the new conformation adopted
by the active site loop in the SsOGT-H5-SVG structure. Molecular dynamics simulations provide further
information into the dynamics of SsOGT-H5-SVG structure, highlighting the role of the fluorescent ligand
in keeping the protein stable after the trans-alkylation reaction.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

The fluorescent labeling of proteins is a powerful approach to

study any aspects of the biology of the cell, including protein
function, localization, trafficking and macromolecular interaction
networks, both in vitro and in vivo. In many cases, the labeling is
achieved by expressing a chimera, inwhich the protein of interest is
fused to a polypeptide (i.e. tag) that behaves as the traceable moiety
for protein imaging [1,2]. The self-labeling protein tags specifically
and covalently bind different small-molecule fluorophores, a
property that finds a huge number of applications [3e7]. A well-
characterized example is the SNAP-tag® (New England Biolabs)
[8], an engineered form of the hAGT, responsible for alkylated-DNA
direct repair [9,10]. AGTs (EC: 2.1.1.63; alternative names: MGMT or
OGT) are small suicidal proteins that perform the stoichiometric
transfer of the alkyl group from the O6 position of an alkylated-
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guanine (or from the O4 position of an alkylated-thymine) to the
catalytic cysteine residue of the protein active site [11]. The single-
step trans-alkylation reaction brings the base back to the original
state, while leaving the protein permanently inactivated and more
prone to destabilization and degradation [12,13]. The SNAP-tag®

was obtained through a directed protein evolution approach, by
introducing 19 amino acid substitutions in the hAGT sequence and
by deleting the 25 residues at the C-terminus of the protein
[9,10,14]. This engineered protein reacts with BG derivatives
bearing a fluorescent substituting group at their O6 position, such
as the SVG reagent [9]. Compared to the parental hAGT the SNAP-
tag® displays an enhanced activity and a remarkably improved
stability both in vitro and when expressed inside the cell.
Conversely, the SNAP-tag® does not possess any significant DNA-
binding or alkylated-DNA repairing activity, thus satisfying a
mandatory requirement to avoid an improper localization or an
altered function of the SNAP-tag-fused protein of interest [10].

The SNAP-tag® is generally used for studying mesophilic species
[10], whereas a thermostable OGT-based protein-tag could offer a
greater exploitability to characterize organisms which are exposed
to harsh growth conditions, and a superior intrinsic robustness in
in vitro experiments requiring a wide range of temperature, pH,
ionic strength and the presence of common denaturing agents
[15,16]. To this end, an engineered variant of the Sulfolobus sol-
fataricus OGT was previously prepared (hereon indicated as SsOGT-
H5), which is characterized by the presence of a number of amino
acid substitutions in the catalytic C-terminal domain of the protein.
In detail, 5 mutated residues map at the DNA HTHmotif (i.e. S100A,
R102A, G105K, M106T and K110E), and on residue maps at the C-
side of the active site loop (S132E), thus only partially matching the
point-mutation profile of the hAGT-derived SNAP-tag® [10,15,16].
Nonetheless, thus mutagenesis approach completely abolished the
SsOGT-H5 variant capability to bind the DNA, while preserved the
protein self-labeling efficiency in the presence of the SVG probe
[15,16]. The SsOGT-H5 properly works as a self-labeling protein-tag
both in the mesophilic organism E. coli, as well as in thermophilic
species as the bacterium Thermus thermophilus and the archaeaon
Sulfolobus islandicus [16,17].

Although the SNAP-tag® and the SsOGT-H5 proteins have been
extensively characterized, a structural snapshot of the protein ar-
chitecture upon the trans-alkylation reaction with a synthetic
probe was missing. We solved and report here the crystal structure
of the SsOGT-H5 protein in covalent complex with the O6-
substituting group of the SVG reagent (abbreviated as SsOGT-H5-
SVG). Beside representing the first crystal structure of a AGT-
derived self-labeling protein-tag in complex with a fluorescent
probe, our data provide a structural overview of the amino acids
that participate in the coordination of the bulky adduct in the post-
reaction state of the protein, including an unprecedented role of
residues belonging to the poorly functionally characterized N-ter-
minal domain. Moreover, by performing molecular dynamics sim-
ulations on the novel SsOGT-H5-SVG structure, we gained insights
into how the overall stability of the SsOGT-H5 protein could be
affected by the presence of the fluorescent moiety in the protein
active site. Overall, our analysis could be used for further improving
the selectivity of the corresponding SsOGT-H5-tag/fluorescent
substrate system.

2. Material and methods

2.1. Chemicals

All reagents were obtained from Sigma-Aldrich unless other-
wise specified.

2.2. Protein expression and purification

The SsOGT-H5 variant was expressed in the E. coli ABLE-C strain
and purified as previously described [15,16].

2.3. Crystallization and data collection

In order to prepare the self-labeled SsOGT-H5 protein to be used
in crystallization experiments, a solution of the commercial SVG
reagent (250 mM) was mixed with the SsOGT-H5 protein solution
(10mg/mL in 20mM phosphate buffer, pH 7.3 and 150mMNaCl) at
a protein:SVG molar ratio of 1:1, and incubated overnight at 4 !C
before crystallization trials. The initial crystallization conditions
were identified by means of a robot-assisted (Oryx4; Douglas In-
struments) sitting-drop-based spare-matrix strategy, using screen
kits from Hampton Research and Qiagen, by the vapor diffusion
technique.

The SsOGT-H5-SVG crystals grew to their maximum dimensions
in two months at 4 !C in a drop obtained by mixing equal volumes
of a 7mg/mL labeled-protein solution and 2.0M ammonium sul-
fate, in a final droplet volume of 1 mL. Single crystals were cryo-
protected in the precipitant solution containing 12% glycerol,
mounted in a cryo-loop, and flash frozen in liquid nitrogen at 100 K
for subsequent X-ray diffraction analysis. The best crystal diffracted
at 2.0 Å of resolution at the ID23-2 synchrotron radiation
(l¼ 0.87 Å) (European Synchrotron Radiation Facility [ESRF], Gre-
noble, France). The diffraction data were indexed with XDS pro-
gram [18], whose indexing score assigned the crystal to the
hexagonal space-group P6322 with the cell dimension a¼ 63.78 Å,
b¼ 63.78 Å, c¼ 159.04 Å, containing 1 molecule per asymmetric
unit, with a corresponding solvent content of 50% and a Matthews
coefficient of 2.46 [19]. Further data analysis was carried out using
the CCP4 program suite [20]; in particular, the diffraction in-
tensities were scaled and merged with the programs SCALA and
TRUNCATE, respectively.

The structure of the SsOGT-H5-SVG protein was solved by mo-
lecular replacement using the program Phaser of the PHENIX
software suite [21,22] and the structure of the wild type SsOGT
protein as the search model (Protein Data Bank [PDB] accession
number: 4ZYE). The SVG scaffold to be fitted in the correspondent
electron density was drawn with ACD/ChemSketch chemical
drawing package, whereas the ligand coordinates and restraints
were generated using ELBOW of the PHENIX software suite [22].
The resulting electron density map was of good quality, allowing
manual model building, using the program Coot [23]. The programs
PHENIX and Refmac [20,22] were used for crystallographic refine-
ment and to add water molecules. Data collection and refinement
statistics are summarized in Table 1. The atomic coordinates and
structure factors of the H5-SVG have been deposited in the PDB
(http://www.rcsb.org/) under the accession number 6GA0.

All figures have been generated using PyMol (https://www.
pymol.org).

2.4. Molecular dynamics (MD)

The atomic coordinates of the SsOGT-H5-SVG protein were used
for the initial state of the MD simulations, either including or
omitting the SVG molecule coordinates. The MD protocol was
performed as previously reported [24]. Two series of simulations
were carried out: at a constant temperature of 353 K, since the
SsOGT-H5 is a hyperthermophilic protein, and at a constant tem-
perature of 500 K, to analyze the protein unfolding.
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3. Results and discussion

3.1. Structural analysis of the SVG-labeled SsOGT-H5 variant

SVG-labeled SsOGT-H5 produced crystals of remarkable quality
that diffracted at 2.0 Å resolution, indicative of the structural
integrity of the ligand-protein covalent adduct. Notably, the high-
quality electron density map allowed us to model the SVG-Cys119
covalent adduct resulting from the trans-alkylation reaction, and
to unambiguously assign the conformation adopted by the car-
boxyfluorescein diacetate N-succinimidyl estermoiety of the ligand
to the para-isomer (Fig. 1, inset). As described for all of the AGT
proteins [11,24e30] the SsOGT-H5-SVG protein architecture (Fig. 1)
consists of two roughly globular domains connected by a long loop
that display the same overall fold observed in the crystal structures
of the parental SsOGT protein in its ligand-free, DNA-bound or
methylated form [26].

The N-terminal domain of SsOGT-H5-SVG is built up by a three-
stranded b-sheet connected to a conserved a-helix (h1) by a
random-coiled region (residues 28e39). The peculiar Cys29-Cys31
disulfide bridge, which is observable in all of the SsOGT structures,
is not affected by the presence of the fluorophore tri-cyclic moiety
that protrudes out the catalytic cavity. Instead, by acting as a rigid
constraint at the N-side of the random coil, the disulfide bridge
appears to assist the orientation of the bulky SVG group towards
the boundary region between the active site loop and the a-helix 5
(h5) of the C-terminal domain on one side, and the short loop
connecting the b1 and b2 strands of the N-terminal domain on the
opposite one (Fig. 1). As illustrated in Fig. 2, the interaction of the
SVG ligand with the N-terminal domain is based on direct or water-
mediated hydrogen bonds, which are contributed by the Gly12 and
Tyr13 backbone nitrogen atoms, or by the Asp27 carboxylic group.

Further, the SVG adduct is stabilized by the C-terminal moiety of
the symmetry mate, which provides a network of hydrogen bonds
involving the carboxylic group of Glu110, the hydroxyl group of
Tyr131 and the guanidine group of Arg133 which lock the tri-cyclic
xanthen-moiety portion of SVG. (Supplemental Fig. S1).

As mentioned above, the 6 amino acid substitutions that

characterize the SsOGT-H5 variant are placed at the C-terminal
domain of the protein, which houses all the functional elements
required to sustain the catalysis: the HTH motif, which encompass
the recognition a-helix h4 that plays a crucial role in properly
positioning the alkylated-base inside the active site upon DNA
binding; the “Asn hinge” which connects the h4 to the highly
conserved PCHRV catalytic signature; the active site loop and the a-
helix h5 that together build up the ligand binding cavity wall
opposing the one constituted by the HTH and the “Asn hinge”
(Fig. 1). Besides the covalent bond of the catalytic Cys119 with SVG
(see above), the h5 residue Leu137 is observed in hydrophobic
contact with the benzyl ring linked to the SVG tri-cyclic xanthen-
moiety (at a distance of ~3.8 Å), while the Cd and Cε atoms of Leu114
are involved in aweak interaction to the SVG benzyl ring covalently
bound to the Cys119 (at a mean 4.5 Å distance of) (Fig. 2). Previous
biochemical and structural analysis revealed that two point mu-
tations in the recognition helix are mainly responsible for the loss
of DNA-binding activity observed for the SNAP-tag® when
compared to wild-type hAGT: R128A and G131K [10,14]. For this
reason, the same amino acid substitutions were introduced in the
SsOGT-H5 variant (i.e. R102A and G105K, respectively) [15,16].
Similar to what has been observed in the crystal structure of the
SNAP-tag® [10], in the SsOGT-H5-SVG structure, the side chain of
the Lys105 residue is oriented towards the active site loop, on the
opposing side of the active site (Fig. 1), overall narrowing the ligand
binding cavity entrance. Such conformation could participate to the
suppression of the DNA-binding activity of SsOGT-H5, which was
observed in EMSA experiments [15]. Indeed, the side chain of
Lys105 would collide with the sugar-phosphate backbone of the
DNA substrate, and consequently would hamper a proper housing
of the modified base inside the active site. Notably, this effect could
be exacerbated by the concomitant mutation of the strictly
conserved Arg102 that replaces the flipped-out modified base in
the regular DNA base stacking.

3.2. The active site loop of the SsOGT-H5-SVG undergoes a
conformational rearrangement

A comparison of the crystal structures of SsOGT-H5-SVG and
both the ligand-free SsOGT (PDB: 4ZYE) and methylated SsOGT
(PDB: 4ZYG) [26] highlights a relevant difference at the level of the
conformation of the active site loop (aa. 125e134), that appears
muchmore exposed to the solvent, as a possible consequence of the
steric hindrance of the SVG adduct at the interface between the N-
and the C-terminal domain of the SsOGT-H5 protein (Fig. 3A).
Considering the slightly higher sensitivity of SsOGT-H5-SVG to
proteolytic cleavage compared to that of the unreacted SsOGT-H5

[16], we speculate that the active site loop rearrangement, which
could follow the self-labeling reaction, turns the protein in a state
more prone to proteolytic attack [31]. Moreover, the active site loop
conformation observed in the SsOGT-H5-SVG structure, provides
structural proof of the proposed rationale bywhich the flexibility of
this region could play a role in modulating the OGTs active site
accessibility and overall its structural plasticity, that could favor the
hosting of bulky adducts [32].

It was demonstrated that in hAGT the trans-alkylation reaction
is accompanied by the loss of a hydrogen bond network that is
coordinated by the side chain of the active site cysteine, and in-
duces a steric hindrance-driven displacement of the HTH recogni-
tion helix [33]. In the SsOGT structure, the methylation of Cys119 is
also accompanied by the repositioning of the Arg133 side chain,
that leads to a 1.9 Å movement of the active site loop toward the
solvent [24,26]. This phenomenon is exacerbated in the SsOGT-H5-
SVG structure, where the presence of SVG interferes with the inter-
domain ionic lock based on the Asp27-Arg133 interaction, and

Table 1
Data collection, phasing, and refinement statistics.

SsOGT-H5-SVG

Data collection
Space Group P6322
Unit cell a¼ b¼ 63.779 Å c¼ 159.038 Å

a¼ b¼ 90! l¼ 120!

Wavelength (Å) 0.873
Resolution (Å) 2.00
Total reflections 178930 (26432)
Unique reflections 13435 (1296)
Mean(I)/sd(I) 27.8 (5.8)a

Completeness (%) 98.3 (99.2)a

Multiplicity 13.3 (13.8)a

Rmerge (%) 6.2
Rmeas (%) 6.5

Refinement
Rfactor/Rfree (%) 18.0/22.0
Protein Atoms 1220
Ligand atoms 46
Water molecules 95
R.m.s.d. bonds (Å) 0.019
R.m.s.d. angles (!) 2.04
Average B (Å2)
Protein 31.0
Ligand 34.2
Solvent 37.6

a Values in parentheses refer to the highest resolution shell.
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induces a relevant displacement of Arg133, at 7.4 Å distance from
the N-terminal domain (Fig. 3A). The overall conformation adopted
by the SsOGT-H5-SVG active site loop coordinates the building up of

a hydrogen bond network between the opposing walls of the
protein active site (Fig. 3B). In particular, the NH2-group of the
recognition helix Lys105 residue (which replaces the wild-type
glycine), is observed at a 3.0 Å distance from the carbonylic oxy-
gen atoms of Gly129 and Tyr131, whereas the Lys105 side chain is in
hydrophobic contact with the side chain of the Ile128 belonging to
the active site loop. Furthermore, the Glu132 residue (which re-
places the wild-type serine) establishes a bipartite contact to the
Lys138 residue of h5 and the Tyr90 residue of the a-helix 3 (h3) of
the HTH motif on the opposite side. The resulting network of
extended molecular contacts could mitigate the intrinsic flexibility
of the SsOGT-H5-SVG active site loop in its solvent-exposed
conformation.

Moreover, although the SVG ligand disrupts the Asp27-Arg133
interaction at the interface between the N- and C-terminal domains
of the protein, it establishes contacts with residuesmapping at both
domains, restoring the inter-domain communication which likely
contributes to protein stability [24,26].

3.3. Molecular dynamics (MD) simulations

In order to obtain independent information on the possible role
of the SsOGT-H5 residues in the SVG moiety coordination, and
therefore in protein stability upon the self-labeling reaction, we
followed the mobility of the protein residues by MD simulations,
using a previously reported protocol [24]. The MD of SsOGT-H5

-SVG was simulated for 100 ns at 500 K (227 !C) to interpret the
effect of SVG on structural changes. In order to obtain further in-
sights into the dynamics of the structure, the PCA was used to
dissect out cooperative inner motions. In the SsOGT-H5-SVG (Fig. 4)
at 500 K, the internal molecular motion shows a higher stability in
both the C-terminal and N-terminal domains of the protein. The

Fig. 1. Crystal structure of SsOGT-H5-SVG. Cartoon representation of the SsOGT-H5-SVG structure, as observed from two points of view. In both images, the N-terminal domain, the
C-terminal domain, and the connecting loop are colored in magenta, yellow, and grey, respectively. The catalytic cysteine residue (Cys119) covalently bound to SVG fluorescent
moiety (green) is drawn as ball-and-stick. Functional elements labeling and secondary structure elements numbering appear in the image together with the mutagenized residues
of SsOGT-H5. Inset: close up view of the SVG group with the corresponding sA-weighted 2Fo-Fc electron density (contoured at 1.0 s). The lower panel shows the sequence alignment
of the C-terminal domain region 90e136 of the SsOGT wild type and SsOGT-H5 variant; the mutated residues are highlighted in red.

Fig. 2. - The SVG moiety is stabilized by protein residues belonging to both N- and
C-terminal domains - Close-up view of the bonding network established by SVG with
the indicated protein residues. The SVG moiety and the key amino acids mentioned
throughout the text are rendered as ball-and-stick.
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only significant movements of residues, affecting both their back-
bone and side chains atoms, are located in the active site loop. The
analysis suggests that the stability of the SsOGT-H5-SVG structure
depends on covalent bonding between SVG and the protein. The
effect of SVG on protein stability is more evident if we consider the
MD simulation on H5-SVG in which the SVG moiety has been
manually omitted. As expected, the protein structure is less stable,
as signaled by the increase of the overall molecular internal motion
(Fig. S2).

Taken as a whole our analyses should direct future experiments
aimed at enhancing the stability of the AGT-derived protein tags.
Indeed, besides the already performed optimization of the protein

C-terminal domain (i.e to avoid DNA-binding and improve catal-
ysis), further site-directed mutagenesis experiments should
target also selected N-terminal residues, by introducing amino
acids with the potential capability to interact with the solvent-
exposed moiety of the fluorescent probes, finally increasing the
in vitro stability of the labeled protein and consequently its half-life
in the cellular context.
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