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Abstract: Obtaining well-ordered crystals remains a significant challenge in protein X-ray crystal-
lography. Carrier-driven crystallization can facilitate crystal formation and structure solution of dif-
ficult target proteins. We obtained crystals of the small and highly flexible SPX domain from the
yeast vacuolar transporter chaperone 4 (Vtc4) when fused to a C-terminal, non-cleavable macro
tag derived from human histone macroH2A1.1. Initial crystals diffracted to 3.3 A resolution. Reduc-
tive protein methylation of the fusion protein yielded a new crystal form diffracting to 2.1 A. The
structures were solved by molecular replacement, using isolated macro domain structures as
search models. Our findings suggest that macro domain tags can be employed in recombinant
protein expression in E. coli, and in carrier-driven crystallization.
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recombinant protein expression

Introduction

Carrier-driven  crystallization,?> or chaperone-
assisted crystallization,® describes the crystallization
of a target protein by fusing it to a well-behaving
protein tag, which may contribute to the formation
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of the crystal lattice. A small selection of well-
characterized proteins has thus far been used as
crystallization tags: Short fragments of fibrinogen
and a-actin have been crystallized by fusing them to
E. coli glutathione-S-transferase (GST)* or the cata-
lytic domain of myosin IL® respectively. The Bs
adrenergic G protein-coupled receptor crystallized
after inserting T4 lysozyme into a flexible loop
region.® Several structures obtained by carrier-
driven crystallization contain E. coli maltose binding
protein (MBP) as a fusion tag® the ectodomain of
the human T cell leukemia virus type 1 gp21,” the
yeast mating regulator MATal homeodomain,® seg-
ments of the amyloid-forming a-synuclein® and the
fungal Kar3 kinesin motor domain.'® Corsini et al.
demonstrated the importance of using small rigid
linkers between the target protein and the fusion
tag, when crystallizing the U2AF homology motif of
splicing factor Pfu60 fused to E. coli thioredoxin A.!

Given that there are high resolution structures
available for most of the fusion proteins used thus
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far, the fusion tag, besides assisting in the formation
of diffracting crystals, can facilitate structure solution
by molecular replacement. In addition, an increased
stability of the fusion protein is frequently
observed.!%13

We have recently reported that SPX domains of
previously unknown biochemical function are sensors
for inositol pyrophosphate signaling molecules, con-
trolling phosphate (P;) homeostasis in fungi, plants
and animals.!* The name SPX originates from the
yeast SYG1 and Pho81 and the mammalian XPR1
proteins, all of which contain SPX domains (https:/
www.ebi.ac.uk/interpro/entry/IPR004331). Comparing
different eukaryotic organisms, we located this small,
a-helical domain at the N-termini of proteins
involved in P; transport’®'® and P; signaling,'”'® and
as a single-domain protein in plants.!%1920

Previously, we mapped three sets of domains in
the vacuolar transporter chaperone (VTC) complex,
a multi-subunit protein assembly embedded in the
vacuolar membrane in yeast cells.?*> The central
catalytic triphosphate tunnel metalloenzyme (TTM)
domain synthesizes inorganic polyphosphate chains
from ATP???® and a trans-membrane pore translo-
cates the growing polymer into the vacuole where
inorganic polyphosphate represents an important P;
store.2??* VTC subunits Vtc2, 3 and 4 contain addi-
tional ~180 amino-acid SPX domains at their N-
termini. We could solubly express and purify S. cere-
visiae SPX5V*Z (residues 1-182) and SPX5V** (resi-
dues 1-178) as well as other SPX domains from
various fungal and plant species, but could neither
obtain crystals from the purified proteins nor readily
interpretable NMR spectra.'* In addition, carrier
driven crystallization using the established thiore-
doxin AM™ and maltose-binding protein® tags were
unsuccessful.

Results

SPX domains can be crystallized as macro
domain fusion proteins

The VTC SPX domains contain highly conserved N-
termini and are connected to the catalytic TTM
domain by a short linker?? (Fig. 1). We attempted to
crystallize SPX5V*? and SPXSV*! fused to their
respective catalytic TTM domains (residues 1-553
and 1-480 in ScVtc2 and ScVtc4, respectively). We
obtained crystals for SPXSVt*4.TTM-6xHis, diffract-
ing to 4.5 A resolution and showing clear signs of
perfect merohedral twinning. We replaced the TTM
domain by thioredoxin A, but this construct again
failed to yield well-diffracting crystals [Fig. 2(A)].
Next, we engineered SPX5V** (residues 1-178) with
a C-terminal macro domain tag (residues 181-366),
connected via a short Ala-Gly-Ser linker to decrease
inter-domain flexibility™ [Fig. 2(B); see Methods].
We chose the macro domain of human histone
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variant macroH2A1.1 as fusion tag as it (1)
expresses to high levels in E. coli, (2) crystallizes in
many and very different crystal lattices?®2” (PDB-
IDs 1YD9, 1ZR3, 1ZR5, 2FXK, 3IID, 3IIF), and (3)
has solvent accessible N- and C-termini that allow
for the addition of a fusion protein. Importantly,
macro domains bind ADP-ribose, and ligand binding
results in small conformational changes that alter
the crystallization properties of the domain.2%%” Our
construct provides a C-terminal, non-cleavable
6xHis tag for metal affinity purification.

The SPX5*Vi**.6xHis and SPX®V**.macro-6xHis
fusion proteins expressed to similar levels in E. coli
and both could be purified to homogeneity, while N-
terminal fusion constructs were insoluble!* [Fig.
2(C)]. The fusion protein displayed increased protein
stability and yielded needle shaped crystals in more
than 25 different crystallization conditions, after
screening 10 different 96-well grid screens using the
sitting drop vapor diffusion method. In parallel,
screening of a reductively methylated SPXScVted.
macro fusion protein®® produced crystals of a differ-
ent morphology.

The macro domain can be utilized to solve the
phase problem
The non-methylated SPX5*V**.macro fusion protein
yielded orthorhombic crystals diffracting to 3.3 A
resolution. Structural superposition of the existing
macroH2A1.1 models suggests that the N- (residues
180-185) and C-termini (residues 354-368) of the
macro domain can adopt different orientations [core
rm.s.d’s are between 0.6 A and 1.0 A comparing
169 corresponding C, atoms; Fig. 3(A)l. We thus
used all available macroH2A1.1 structures as search
models in molecular replacement searches as imple-
mented in the program PHASER.%° The best solu-
tion comprises two macro domains derived from
PDB entry 1YD9? in the asymmetric unit, which
are related by a pseudo two-fold axis [Fig. 3(B,C)l.
We refined this crystallographic dimer, which
accounts for ~50% of protein atoms in the asymmet-
ric unit in the program autoBUSTER (see Methods)
and used the resulting phase information as starting
phases for density modification (solvent content is
~0.65). The resulting density modified map at 3.3 A
revealed the presence of long segments of electron
density, which could be modeled as two long «-
helices forming the core of the SPX domain [Fig.
3(C)]. Towards the end of refinement, an a-helical
hairpin motif and two C-terminal helical segments
could be modeled, which complete the SPX domain
fold [Fig. 3(C), Table I].*

Monoclinic crystals of the reductively methylat-
ed SPX5V**macro fusion protein diffracted to 2.1 A
(PDB-ID 5IIT,'* Table I). The structure was solved
using the macro domain PDB entry 1ZR3%° and the
two SPX core helices from the low resolution
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Figure 1. The VTC complex harbors N-terminal SPX domains. Structure based sequence alignment of VTC subunits ScVtc2 (S.
cerevisiae Vtc2; UniProt Acc. P43585), ScVtc3 (S. cerevisiae Vic3; Q02725) and ScVic4 (S. cerevisiae Vic4; P47075) and includ-
ing a secondary structure assignment calculated with the program DSSP*® and based on PDB entry 51G."* Invariant and con-
served residues are highlighted in dark- and light-purple, respectively. SPX5°Vte2 shows 62% and 32% sequence identity with
SPXSeVIe3 gnd SPXSeVIe4 respectively. The two long core helices of the SPX domain are colored in light blue, surrounding heli-
ces are colored from yellow to red. The C-terminal catalytic TTM domain (a-helices in green, B-strands in blue) is connected to
the SPX domain via a variable linker (in yellow).
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Figure 2. A stable SPX5°V***-macro fusion protein can be recombinantely expressed in E. coli. (A) Four SPXS°V* constructs
were assayed for crystallization, all of which contained a C-terminal 6xHis tag and either no fusion protein, a macro tag (macro
domain of the human histone macroH2A1.12%27), trxA (E. coli thioredoxinA'") or the catalytic TTM domain®*2® of ScVtc4. (B)
Overview of the constructed macro domain expression plasmid providing a macro tag (human macroH2A1.1 residues 181-366)
connected to the N-terminal SPX domain via a Ala-Gly-Ser linker and followed by a non-cleavable 6xHis tag. Target proteins
can be inserted using the restriction enzymes Xbal/BamHI. (C) SDS-PAGE analysis of purified SPXS°V4—6xHis and SPXScVie4-
macro-6xHis fusion proteins expressed in E. coli.

B PDB 1xRFZ 1xTFZ 2xRFZ 2xTFZ LLG
1YD9 5.4 10.1 2.5 13.3 875
2FXK 4.6 12.1 4.6 20.3 822
1ZR3 4.0 10.0 2.3 12.0 548
3lID 3.7 6.1 3.2 1.7 216
3lIF 3.2 5.8 X X X

macro 2

Figure 3. The known macro domain structures allow for structure solution of SPXS°V*°* by molecular replacement. (A) Structural
superposition of different, previously described macro H2A1.1 macro domain structures indicates that N- and C-termini are
flexible. R.m.s.d. is between 0.7-2.6 A comparing 180 corresponding C,, atoms. (B) Table summary of molecular replacement
calculations using the different known macroH2A1.1 structures. 1xRFZ: rotation function Z-score for the 15 molecule to be
placed. 1xTFZ: translation function Z-score for the 15! molecule to be placed. 2xRFZ: rotation function Z-score for the 2"
molecule to be placed. 2xTFZ: translation function Z-score for the 2" molecule. LLG: Log Likelihood Gain of the refined solu-
tion. (C) C, traces of two SPX®°V**“-macro molecules (SPX domain are shown in light-blue and yellow, the C-terminal macro
domains in dark-blue and orange, respectively) related by a pseudo 2-fold axis in the asymmetric unit of the 12,2424 crystal

form. The central core helices of the SPX domains are highlighted (ribbon diagrams).
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Table I. Crystallographic Data Collection and Refinement for Non- and Reductively Methylated SPX>°V**-Macro

Fusion Proteins

SPX5Vt macro
(non-methylated)

SPX5Vt4_macro
(reproduced from %)
(red. methylated)

Data collection

Beam-line

Wavelength A)

Space-groupo

Resolution (A)

Unit cell dimensions, a, b, ¢ A)

SLS PXII ESRF ID29
0.97963 0.976251
12,22, P2,

48.90-3.29 (3.38-3.29)
114.02, 130.05, 158.33

46.86-2.13 (2.26-2.13)
105.64, 67.92, 129.68

Unit cell dimensions, «,B,y (°) 90, 90, 90 90, 93.32, 90
Molecules per AU 2 4
No. reflections: total 126,657 (5,814) 688,776 (103,122)
No. reflections: unique 17,957 (1,103) 101,489 (15,910)
Completeness (%) 98.4 (82.3) 99.1 (96.7)
Multiplicity 7.1(5.3) 6.8 (6.5)
I/cI? 15.4 (0.6) 15.5 (1.9)
CC(1/2)* (%) 100 (25.3) 99.0 (80.9)
Rineas” (%) 7.2 (289.1) 8.4 (111.6)
Wilson B-factor (A?) 193.0 51.0
Refinement
No. atoms/No. atoms test set 17,957/898 101,454/5,074
Resolution (A) 48.90-3.29 46.86-2.13
Reryst/Rivee” (%) 27.9/30.0 21.1/24.7
R.m.s. deviations: bond distances® (A) 0.01 0.004
R.m.s. deviations: bond angles® (°) 1.1 0.75
Structure/Stereochemistry
No. atoms: protein 4,673 11,352
No atoms: water . 183
Average B-factors: protein (A?) 179.5 58.4
Average B-factors: water (A2) 52.2
Ramachandran plot: most favored 95.71 98.95
regions® (%)
Ramachandran plot. outliers (%) . 0
MolProbity score® 1.30 1.00
Protein Data Bank ID 5LNC 5IIT

2 As defined in XDS.*®
b As defined in autoBUSTER (Global Phasing Limited).
¢ As defined in Molprobity.*”

SPX5V*4 macro structure as search models in
molecular replacement calculations with PHASER,??
as described.'® There are four molecules in the
asymmetric unit, with the SPX and macro domains
making extensive interactions [Fig. 4(A)]. While the
two long core helices of the non-methylated and
methylated SPX5V%* domain structures closely
align (r.m.s.d. is ~1.0 A comparing 71 corresponding
C, atoms), their N- (residues 2-22) and C-termini
(154-177) adopt different orientations in our struc-
tures: The very C-terminal helix in SPX does not
engage in the formation of a three helix bundle [Fig.
4(B)], but is pointed outwards [shown in red in Fig.
4(A,C)], establishing contacts with a neighboring
molecule [Fig. 4(A)]. Remarkably, we found the N-
terminal a-helical hairpin motif initially located in
our 3.3 A map, to be disordered in the 2.1 A struc-
ture [Fig. 4(B,C)]. Importantly, the Ala-Gly-Ser link-
er is well-defined by electron density in the 2.1 A
structure [Fig. 4(C)]. We used this high-resolution
SPX5Vt*4 macro model to confirm the topology of the
SPX domain and the directionality of «-helices in
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our low resolution maps. The refined models
revealed that SPX domains fold into three-helix bun-
dles with two central ~ 80 A long core helices and
two shorter C-terminal helices, connected by short
loops. The N-terminus appears flexible but can fold
into an a-helical hairpin motif, which provides a
binding site for inositol polyphosphate signaling mol-
ecules' [Fig. 4(B,C)].

Crystal packing involves SPX and macro domain
protein-protein interactions

We next analyzed the arrangement of the SPXScVte
and macroH2A1.1 domains in our two crystal forms
(solvent content is ~0.65 and ~0.55 for the non-
methylated and methylated forms, respectively):
Crystal lattice formation in our low-resolution struc-
ture of non-methylated SPX5*V*“macro is achieved
by SPX-SPX (interface area: ~1050 AZ), by macro—
macro (interface area: ~870 A2) and by SPX-macro
domain interactions (interface area ~770 AQ), as cal-
culated with the program PISA®° [Fig. 4(D)]. Similar
results were obtained for the crystal form of the

PROTEIN SCIENCE ‘ VOL 26:365-374 369



macro 1

90°

Ser181

SPX

macro

(-ﬂ‘a‘]ﬂ A

XSthc4

Figure 4. Reductively and non-methylated SP -macro protein adopts different conformations. (A) C, trace of the
SPX5°V®4_macro tetramer in the asymmetric unit of the P2, crystal form. The C-terminal helix of the SPX domain is highlighted
in red. The C-terminal helix of human SPXHSXFR" has a similar configuration, again contacting a symmetry-related molecule
(PDB-ID 51JH"). Comparison of (B) non-methylated and (C) reductively methylated SPXS°V**-macro fusion proteins (in ribbon
representation). The zoom-in shows the connecting Ala-Gly-Ser linker in bonds representation (colored in yellow) and including
a 2Fo-Fc omit electron density map contoured at 1.0 ¢ (blue mesh). (D) Reductively methylated and (E) non-methylated
SPXSVt4_macro fusion proteins form different crystal lattices, involving SPX-SPX, macro-macro and SPX-macro interactions.
Colors are as in (A) and Figure 3(C).
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reductively methylated SPX5V*4.macro fusion pro-

tein, although very different crystal contacts are
established in the two crystal forms [Fig. 4(D,E)]. In
both cases, SPX-SPX interactions are not sufficient
to build-up a three-dimensional crystal lattice [Fig.
4(D,E)] suggesting that the additional interactions
formed by the macro domain allowed for the crystal-
lization of the fusion protein.

Discussion

Our experiments suggest that the macro domains
are suitable tags for recombinant protein expression
and carrier-driven crystallization. Based on our pre-
vious work on the histone variant macroH2A1.1,26:27
we employed this human macro domain as fusion
tag as it (1) stably expresses to high levels in E. coli,
(2) can be easily purified, (3) is very stable in mini-
mal buffers, (4) crystallizes in many different lattice
combinations® " (PDB-IDs 1YD9, 1ZR3, 1ZR5,
2FXK, 3IID, 3IIF), and (5) provides solvent accessi-
ble N- and C-termini for the design of both N- and
C-terminal (this study) protein fusions. It is of note
that macro domains bind ADP-ribose with nano- to
micromolar affinity.2®3! Thus, ADP-ribose could be
used as an additive in carrier-driven crystallization.
In our previous co-crystallization experiments with
the isolated macroH2A1l.1 macro domain, ADP-
ribose induced the formation of new crystal forms
(compared to the existing ‘apo’ structures?®2%), as
ligand-binding induces a structural re-orientation of
the C-terminal helix.2%%7 Notably, the macro ADP-
ribose binding pocket can accommodate a MES buff-
er molecule (e.g., PDB-ID 1ZR3%%), and we could
only obtain crystals for the SPX5V*4.macro fusion
when using MES-based protein storage buffers. In
addition to ADP-ribose, macro domains can also
bind ADP, albeit with lower affinity.2%3! It might
thus be possible to soak or co-crystallize macro
fusion proteins with halogenated nucleotide var-
iants, in order to introduce heavy atoms at defined
positions in macro fusion protein crystal lattices for
experimental phasing.

Our work has focused on the use of the mac-
roH2A1.1 macro domain, but many alternative mac-
ro domain structures have been reported from
human (PDB-IDs 2X47,32 2L8R,*® 4IQY,** 3VFQ,*
4J55%%), trypanosomal (PDB-ID 5FSY?®"), archaeal
(PDB-IDs 1HJZ,*® 2BFQ3'), bacterial (5CB3,3°
5KIV*) and viral (PDB-IDs 3EJF,*' 3EWP*
3GPO,*? 5DUS*) proteins. Given that all these dif-
ferent macro domains produced well-diffracting crys-
tals (n = 61 were refined at a resolution between 1.5
and 2.5 A), one interesting approach to carrier-
driven crystallization would be to screen target pro-
teins in fusion with different macro domains and in
the pre- or absence of ADP-ribose. In addition, it
may be worthwhile to test linkers of different length
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and composition between the protein of interest and
the macro fusion tag.

Linker length is an important factor in carrier-
driven crystallization as it determines the molecular
dynamics between the target protein and the fusion
tag. While too short linkers may cause expression
and folding problems, long linkers may hinder crys-
tal formation.'* In the present study a short, Ala-
Gly-Ser linker was used, which allowed for high-
level expression of the SPX5V*4.macro fusion pro-
tein and which has well-defined electron density in
our 2.1 A structure [Figs. 2(C), 4(C)].

Taken together, crystallization of SPX5V** a5 a
macro fusion protein allowed us to define the SPX
domain fold and borders, which later on enabled the
successful crystallization and structure solution of
other fungal and human SPX domains.'* Important-
ly, two crystal structures of ScVtc4!™8, containing
both the SPX and TTM domains [Figs. 1, 2(A)l,
revealed that addition of a macro tag does not
large changes in SPXScVtet
(rm.s.d. is ~1.5 and 2.2 A comparing 179 corre-
sponding C, atoms, vs. PDB-IDs 5IIG, 5I1Q, respec-
tively'%). Based on our findings, we suggest that
macro domains could be interesting fusion tags for
recombinant protein expression and for the carrier-
driven crystallization of ‘difficult’ target proteins.

induce structural

Materials and Methods

Cloning and purification of proteins

The S. cerevisiae SPXSV** (amino acids 1-178) was
cloned into plasmid pMH-HC using BspHI and Xhol
restrictions sites. The plasmid provided a C-terminal
non-cleavable 6xHis tag. For carrier-driven crystalli-
zation, a new plasmid was constructed which pro-
vides a C-terminal macro tag (amino-acids 181-366
of human histone macroH2A1.1) followed by 6xHis
tag [pMH-macroHC, Fig. 2(B)]. SPX5Vt4 and the
macro domain are connected by an Ala-Gly-Ser link-
er. Target proteins can be cloned utilizing the Xbal/
BamHI restriction sites.

For recombinant protein expression, plasmids
were transformed into E. coli BL21 (DE3) RIL cells
and selected on LB-Agar plates containing kanamycin
and chloramphenicol. 3 1 terrific broth medium con-
taining 30 mg/mL kanamycin and 34 mg/mL chloram-
phenicol were inoculated and cells grown to
ODgoonm = 0.6 at 37°C. Then, the temperature was
reduced to 16°C and protein expression was induced by
adding 300 pM Isopropyl-B-D-thiogalactopyranoside.
After 16 hours, cells were harvested by centrifugation
for 20 min at 4,000g at 4°C. The pellet was washed
with PBS buffer, resuspended in a small volume of
lysis buffer (50 mM Tris/HCI pH 7.8, 500 mM NacCl,
2 mM B-mercaptoethanol [3-ME]) and snap-frozen in
liquid nitrogen.

PROTEIN SCIENCE ‘ VOL 26:365-374 3N



For protein purification, pellets from 3 1 of bacte-
rial culture were thawed and lysis buffer, supple-
mented with 0.1% (v/v) IGEPAL, 1 mM MgCly,, 500
units TurboNuclease (BioVision) and 2 tablets Prote-
ase Inhibitor Cocktail (Roche), was added to a final
volume of 300 mL. Cells were lysed using an
EmulsiFlex-C3 (Avestin) and the cell debris was
removed by centrifugation for 1 hour at 7,000g at
4°C. Proteins were purified by Ni2* affinity chroma-
tography using a 5 mL HisTrap™ column (GE
Healthcare). After dialysing proteins against size-
exclusion chromatography (SEC) buffer (20 mM Mes
pH 6.5, 300 mM NaCl, 0.5 mM TCEP) overnight at
4°C, monomeric SPX5V%** or SPXSV*4macro peak
fractions were isolated on a Superdex 75 HR 26/60
column (GE healthcare). Reductive methylation of
SPX5V*4 macro was carried out as described previ-
ously.2® Methylated protein sample was re-purified by
an additional SEC step. Purified proteins were con-
centrated and immediately used for crystallization.

Crystallization and data collection

SPX5Vt** macro (16 mg/mL in 20 mM MES pHS6.5,
300 mM NaCl, 0.5 mM TCEP) crystals were grown
in 2.75M NaCl, 8.75% (v/v) PEG 6,000. Crystals
were cryo-protected by serial transfer through 10 uL.
drops containing crystallization buffer supplemented
with increasing concentrations of ethylene glycol
(final concentration: 8% [v/v]), and diffracted to ~3.3
A at beam-line PXII of the Swiss Light Source
(SLS), Villigen, Switzerland. The reductively methyl-
ated SPX®Vt“.macro protein (10 mg/mL in 20 mM
MES pH 6.5, 300 mM, 0.5 mM TCEP) crystallized in
19% (v/v) PEG 3,350, 0.1M (NH4)2SO4, 0.1M MES
pH 6.5 as described.* Data processing and scaling
was done with XDS (version: May, 2016).4°

Crystallographic structure solution and
refinement

The structure of the non-methylated SPX5*V*4.mac-
ro domain was solved using the molecular replace-
ment method as implemented in the program
PHASER,?® and using the isolated macro domain of
human histone macroH2A1.1 (PDB-ID 1YD9?) as
search model. The solution comprised a dimer in the
asymmetric unit, which was refined in autoBUSTER
(Global Phasing Limited, version 2.10.3). The result-
ing phases were used as starting phases for density
modification as implemented in PHENIX RE-
SOLVE.*8 The structure was completed in alternat-
ing cycles of manual model building in COOT?® and
restrained TLS refinement in autoBUSTER (Global
Phasing Limited), using external reference
restraints based on the high-resolution structures of
the macroH2A1.1 macro (PDB-ID 1ZR3%%) and
SPX5Vtt  qomains (PDB-ID 5IIG'), respectively.
The side-chains of most amino acids in the SPX
domain could not be modeled with certainty and
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were thus truncated to Ala. The quality of the
refined structure was validated using the program
MolProbity*” (Table I) and structural presentations
were prepared in PyMOL (Molecular Graphics Sys-
tem, Version 1.7 Schrodinger, LLC).
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