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The structure determination of soluble and membrane proteins can be hindered

by the crystallographic phase problem, especially in the absence of a suitable

homologous structure. Experimental phasing is the method of choice for novel

structures; however, it often requires heavy-atom derivatization, which can

be difficult and time-consuming. Here, a novel and rapid method to obtain

experimental phases for protein structure determination by vanadium phasing is

reported. Vanadate is a transition-state mimic of phosphoryl-transfer reactions

and it has the advantage of binding specifically to the active site of numerous

enzymes catalyzing this reaction. The applicability of vanadium phasing has

been validated by determining the structures of three different protein–

vanadium complexes, two of which are integral membrane proteins: the rabbit

sarcoplasmic reticulum Ca2+-ATPase, the antibacterial peptide ATP-binding

cassette transporter McjD from Escherichia coli and the soluble enzyme RNAse

A from Bos taurus. Vanadium phasing was successful even at low resolution and

despite severe anisotropy in the data. This method is principally applicable to a

large number of proteins, representing six of the seven Enzyme Commission

classes. It relies exclusively on the specific chemistry of the protein and it does

not require any modifications, making it a very powerful addition to the phasing

toolkit. In addition to the phasing power of this technique, the protein–

vanadium complexes also provide detailed insights into the reaction mechanisms

of the studied proteins.

1. Introduction

Membrane proteins mediate essential processes in all living

organisms, including signaling, nutrient uptake, xenobiotic

efflux and multidrug resistance. Membrane proteins account

for 20–30% of the genome and many of them are important

drug targets. The fact that membrane proteins reside within

the lipid bilayer makes them notoriously difficult proteins to

work with. Besides the difficulties encountered during protein

expression, purification and crystallization (Carpenter et al.,

2008), membrane-protein crystals tend to diffract to low

resolution and often suffer from high mosaicity and non-

isomorphism, rendering structure determination difficult if

molecular replacement is not an option. Consequently,
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amongst the 50 000 distinct proteins in the Protein Data Bank

(wwPDBconsortium, 2019), less than one thousand are

membrane proteins (https://blanco.biomol.uci.edu/mpstruc/).

Considering that more than 60% of drug targets are

membrane proteins (Overington et al., 2006), there is a strong

unmet need to facilitate their structure determination.

Currently, molecular replacement is the method of choice

for crystal structure determination. However, this method is

not suitable for de novo structure determination and can

introduce model bias, especially for crystals that diffract to low

resolution. On the other hand, experimental phasing does not

need a protein model and is bias-free, but entails targeting

atoms with anomalous scattering properties that can be

exploited. Single-wavelength anomalous diffraction (SAD) is

currently the main experimental phasing technique (Rose &

Wang, 2016) that only requires data collected at a single X-ray

wavelength, thus differing from multiple-wavelength anom-

alous dispersion (MAD), where at least two data sets at

different wavelengths are measured from a single crystal or

from multiple isomorphous crystals. In the case of SAD, the

phase-ambiguity problem is resolved by density-modification

methods (Hendrickson, 2014; Wang, 1985).

Numerous atoms can be used as anomalous scatterers for

experimental phasing, ranging from the commonly used sele-

nium to transition metals such as mercury, gold and platinum

(heavy atoms) or even lighter atoms such as sulfur, potassium

and calcium that occur naturally in proteins and are used for

native phasing. Selenium can be directly incorporated into

proteins during their synthesis, while other scatterers are

normally soaked or co-crystallized for incorporation (Dauter

& Dauter, 2017). Protein labeling is not always possible or

can decrease protein-expression yields, whereas heavy-atom

derivatization is essentially a trial-and-error method that can

fail because of nonspecific binding or loss of isomorphism.

New molecules that can be used for experimental phasing and

present more specificity for proteins have been investigated;

amongst many others, the magic triangle (Beck et al., 2008)

and iodo-detergents (Nakane et al., 2016) are good examples.

Vanadium, in its tetrahedral orthovanadate form (VO4
3�) or

as the planar metavanadate (VO3
�), is a well known transition-

state mimic of phosphoryl-transfer reactions and hence is a

potent inhibitor of many phosphoryl-transfer enzymes

(Davies & Hol, 2004). Compared with other transition-state

mimics such as aluminium- or beryllium fluoride, vanadate

also has the benefit of readily forming covalent bonds with a

variety of ligands. Indeed, vanadate can form covalent bonds

with serine and tyrosine residues in catalytic sites (Davies et

al., 2006; Holtz et al., 1999) or even a cyclic complex with the

ribose of a nucleotide (Ladner et al., 1997). It is also possible

to mimic the transition state of topoisomerase IB, where a

covalent DNA–vanadate–protein complex is formed (Davies

et al., 2006). Hence, it is not surprising that vanadium is found

in a variety of protein complexes in the PDB (Davies & Hol,

2004): phosphodiesterases, ATPases, phosphotransferases,

phosphatases, sulfotransferases, ribonucleases, mutases,

kinases and chloroperoxidases (Davies & Hol, 2004). Many

members of these enzyme families are membrane proteins,

which often form poorly diffracting crystals and pose a chal-

lenge for low-resolution phasing.

Knowing that vanadate binds with high specificity to several

enzyme classes containing membrane proteins, we investi-

gated its anomalous scattering properties in order to assess

its use as a novel protein-specific anomalous scatterer for

experimental phasing. In contrast to the absorption spectra of

other elements, vanadium, and in particular vanadate, does not

show a white-line feature with a very distinct peak (Supple-

mentary Fig. S1). For vanadate, a pre-edge peak is typically

followed by the absorption edge and its X-ray absorption

near-edge structure (XANES) features (Levina et al., 2014).

Hence, the strategy was to perform a SAD experiment at an

energy above the theoretical absorption edge to exploit the

anomalous term f 00 of approximately 4 electrons. In order to

test whether vanadium can indeed be used for experimental

phasing, we collected long-wavelength X-ray diffraction data

from three known protein–vanadate complexes for V-SAD

phasing: two membrane-transport proteins, the antibacterial

peptide ATP-binding cassette (ABC) transporter McjD from

E. coli (Choudhury et al., 2014) and the rabbit sarcoplasmic

reticulum Ca2+-ATPase (SERCA; Clausen et al., 2016), and a

soluble enzyme, bovine pancreatic ribonuclease A (RNAseA;

Ladner et al., 1997). McjD is a membrane protein of �66 kDa

belonging to the ABC transporter superfamily which binds

and hydrolyses ATP for the export of various substrates. The

protein exists as a dimer and provides bacterial cells with

self-immunity against the antibacterial peptide MccJ25

(Choudhury et al., 2014). Previous determination of the McjD–

ADP–VO4 structure (Bountra et al., 2017) showed McjD in a

post-ATP-hydrolysis state by the mimicry of the transition

state by vanadate. SERCA is a larger membrane protein of

110 kDa that belongs to the family of P-type ATPases (Bublitz

et al., 2011). Its function during muscle relaxation is to pump

Ca2+ from the cytosol to the sarcoplasmic reticulum at the

expense of ATP hydrolysis. The structure of SERCA–VO3 has

also previously been reported (Clausen et al., 2016). In

contrast to the tetrahedral VO4 form bound to McjD, the

vanadate species bound to SERCA has been modeled in its

trigonal planar VO3 state, mimicking the pentacovalent tran-

sition state of dephosphorylation. To further assess the suit-

ability of vanadate as a phasing tool in protein–nucleotide

complexes rather than in ATPases, we investigated its ability

to phase RNAse A, a small protein of �14 kDa that catalyzes

the hydrolysis of phosphate–ester linkages in single-stranded

RNA. RNAse A binds vanadate in a very different manner

compared with McjD and SERCA. The vanadate is covalently

bound to the ribose moiety of uridine, forming a penta-

coordinate phosphorane analog (uridine–vanadate, UV;

Ladner et al., 1997).

This study demonstrates the successful use of vanadium

SAD phasing to determine three protein–vanadate complex

structures, two of which are membrane-protein representa-

tives from the ABC transporter and P-type ATPase families,

the structural determination of which had previously been

dependent on molecular replacement. To our knowledge, this

is the first time that vanadium phasing has been reported.

research papers

IUCrJ (2020). 7, 1092–1101 Kamel El Omari et al. � Experimental phasing with vanadium 1093



2. Materials and methods

2.1. Preparation of vanadate

Orthovanadate-enriched stock solutions were prepared

following established protocols (Ko et al., 1997; Varga et al.,

1985). 60 mM orthovanadate stock solution was prepared by

dissolving Na3VO4 in water and adjusting the pH to 10.0 with

HCl. The solution was boiled for 2 min, cooled on ice and the

pH was readjusted to 10.0 with NaOH. The procedure was

repeated twice, whereupon the pH remained stable at 10.0.

The orthovanadate concentration was measured spectro-

photometrically at 265 nm using an extinction coefficient of

2925 M�1 cm�1. A 20 mM decavanadate stock solution was

prepared by dilution of the orthovanadate stock solution with

water (1:2 dilution factor) and the pH was adjusted to 2.0 with

5 N HCl. The solution was equilibrated for a few hours at 4�C,

followed by readjustment of the pH to 6.5 with NaOH. The

orthovanadate and decavanadate stock solutions were stored

at �80 and 4�C, respectively.

2.2. Protein production and crystallization

McjD was purified in 20 mM Tris pH 7.8, 150 mM NaCl,

0.03% dodecyl maltopyranoside as described previously,

without modifications (Bountra et al., 2017; Choudhury et al.,

2014). The McjD–ADP–VO4 complex was obtained by incu-

bating 15 mg ml�1 McjD with 2 mM ATP, 2 mM sodium

orthovanadate and 5 mM MgCl2 for 1 h at room temperature.

Crystals were grown at 293 K using the vapor-diffusion

method in a condition consisting of 10% PEG 4000, 100 mM

ammonium sulfate, 100 mM HEPES pH 7.5, 22% glycerol.

After four days, the crystals were directly flashed-cooled in

liquid nitrogen.

SERCA (isoform 1a) purification took place as described

previously (Clausen et al., 2016; Winther et al., 2013). The

protein was purified from sarcoplasmic reticulum vesicles

isolated from rabbit hind-leg skeletal muscle. Low concen-

trations of deoxycholate were used to further extract and

purify membranes containing SERCA according to previous

procedures (Andersen et al., 1985). The membrane prepara-

tion was cleaned by centrifugation at 130 000g for 35 min at

4�C in 100 mM MOPS–Tris pH 6.8, 80 mM KCl. The pellet was

resuspended in centrifugation buffer plus 20%(v/v) glycerol,

1.5 mM EGTA, 0.25–0.4 mM MgCl2 and supplemented with

1 mM orthovanadate-enriched solution, followed by incuba-

tion for 1–2 h on ice. TNP-ATP was added to give a final

concentration of 0.4 mM, followed by a 15–30 min incubation

on ice. Finally, the protein was solubilized by the addition of

octaethyleneglycol dodecylether [detergent:protein ratio of

1.5:1(w:w)], incubated for 15–30 min on ice and centrifuged at

130 000g for 35 min at 4�C. The supernatant, with a protein

content of �10 mg ml�1, was used directly in crystallization

trials using the vapor-diffusion technique in hanging crystal-

lization drops (1–5 ml) that were manually pipetted onto sili-

conized glass cover slides (Hampton Research) sealed to the

reservoir (400 ml of the buffer) with microscopy immersion oil.

Drops containing protein solution and crystallization buffer

were mixed in a 1:1 ratio. The crystals grew in 19% PEG 2000

MME, 11% glycerol, 0.1 M MgCl2, 6% 1-butanol and were

directly flash-cooled in liquid nitrogen.

Bovine pancreatic RNase A powder from Sigma was

dissolved in water at a concentration of 18 mg ml�1. Crystals

of RNase A were grown at 289 K using hanging-drop vapor

diffusion, as described previously (Leonidas et al., 1997). The

uridine vanadate–RNase A complex was obtained by soaking

RNase A crystals in 20 mM sodium citrate pH 5.5, 28% PEG

4000 with 20 mM uridine–orthovanadate (1:1 ratio) for at least

16 h prior to data collection and the crystals were cryopro-

tected by transfer into crystallization solution containing

20%(v/v) 2-methyl-2,3-pentanediol.

2.3. Data-collection, structure solution and refinement

All diffraction data were collected on a PILATUS 12M

detector at �60 K on I23 (Wagner et al., 2016), the long-

wavelength beamline at Diamond Light Source (DLS). The

wavelength was chosen to be close to the V K edge (� =

2.2604 Å).

For the McjD–ADP–VO4 complex, 360� of data were

recorded using the inverse-beam method (20� wedges). McjD

crystals typically suffer from anisotropy (Choudhury et al.,

2014), and hence autoPROC (Vonrhein et al., 2011) and

STARANISO (Tickle et al., 2018) were used for processing

and anisotropy correction (Table 1). Vanadium sites were

found with SHELXD (Sheldrick, 2010) from the HKL2MAP

suite (Pape & Schneider, 2004), looking for two sites with a

resolution cutoff of 6 Å over 500 tries. The vanadium sites

were used as input for phenix.autosol (Liebschner et al., 2019).

The initial experimental maps clearly showed the shape of

McjD and the transmembrane helices; however, the side-chain

positions were difficult to distinguish. The experimental maps

were used as a search model in Phaser (McCoy et al., 2007)

against a higher resolution data set (2.7 Å) with a different

space group (P212121; Choudhury et al., 2014; Table 1). Model

building was undertaken in Buccaneer (Cowtan, 2006) and

Coot (Emsley et al., 2010). Refinement of McjD was achieved

with phenix.refine (Liebschner et al., 2019).

From a single crystal of SERCA, 12 data sets of 360� each

were collected with different � and ’ angles. The data sets

were processed using XDS, merged with XSCALE (Kabsch,

2010) and converted with AIMLESS (Evans & Murshudov,

2013). An initial attempt to solve the vanadium substructure

was successfully carried out with the HKL2MAP suite (Pape

& Schneider, 2004). The automatic experimental phasing

pipeline CRANK2 (Skubák & Pannu, 2013) (using PRASA

with 2000 trials and a resolution cutoff of 4.2 Å; Skubák, 2018)

provided interpretable electron-density maps and a partial

model. About 58% of residues were initially built, so a large

proportion had to be rebuilt. Further manual model building

in Coot was possible after improving the experimental maps

by twofold NCS averaging. Refinement was performed with

phenix.refine.

Five data sets were collected from a single RNAse A crystal

at different � and ’ angles. As for SERCA, XDS, XSCALE

(Kabsch, 2010) and AIMLESS were used to process the data
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sets. CRANK2 (using PRASA with 2000 trials and a resolution

cutoff of 2.4 Å) was able to build an almost complete model

that was further corrected and completed in Coot. Refinement

was performed with phenix.refine.

Peak heights in phased anomalous difference maps were

computed as follows: firstly, SHELXC (Sheldrick, 2010) was

used to calculate anomalous differences based on the reflec-

tion files output by XSCALE (Kabsch, 2010). Anomalous

differences and the final refined models were fed into

ANODE (Thorn & Sheldrick, 2011) to evaluate peak heights.

All data-processing and refinement statistics are shown in

Table 1. The structure factors for MjcD have previously been

deposited as PDB entry 5ofr and the high-resolution data set

and structure as PDB entry 4pl0. The structures and structure

factors for SERCA and RNAse A were deposited in the PDB

as entries 6yso and 6yo1, respectively.

3. Results

After collecting long-wavelength data for the three proteins,

McjD, SERCA and RNAse A, we assessed the strength of the

anomalous vanadium signal with the phenix.anomalous_signal

software (Terwilliger et al., 2016; Liebschner et al., 2019). The

program predicted a 100% probability of finding the vana-

dium substructures at the resolution of the data sets (3.4, 3.1

and 1.9 Å, respectively). For comparison, the same experi-

ments with naturally present S atoms as anomalous scatterers

gave probabilities of 31%, 26% and 55% for McjD, SERCA

and RNAse A, respectively. Nevertheless, finding the vana-

dium sites does not necessarily warrant successful structure

determination; indeed, phenix.anomalous_signal predicted a

low FOM* for McjD and SERCA (0.3 and 0.2, respectively)

and an FOM* of 0.4 for RNAse A, the latter likely to be owing

to the higher resolution of the RNAseA data set. Despite the

low predicted FOM* values, we successfully determined the

crystal structures of McjD, SERCA and RNAse A using

vanadium as an anomalous scatterer [Figs. 1(a), 1(b) and 1(c)].

In our previous work on the McjD–ADP–VO4 complex, the

presence of vanadium was confirmed by phased anomalous

difference Fourier maps (Bountra et al., 2017; Table 2). A 360�

data set was collected close to the vanadium absorption edge

(� = 2.2604 Å or E = 5485 keV) using the inverse-beam

method, with an overall multiplicity of only 6.7 (Table 1).

Despite the fact that the McjD–ADP–VO4 crystals diffracted

poorly to about 3.8 Å resolution and showed severe aniso-

tropy (Supplementary Fig. S2), two vanadium sites (one per
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Table 1
Data-collection, phasing and refinement statistics.

Values in parentheses are for the highest resolution shell.

McjD, STARANISO McjD, high resolution SERCA RNAse A

Data collection
Beamline I23, DLS I02, DLS I23, DLS I23, DLS
Space group C2 P212121 P21 C2
a, b, c (Å) 235.3, 105.1, 117.4 80.8, 107.9, 232.9 131.1, 94.4, 135.1 100.5, 32.7, 72.4
�, �, � (�) 90, 105.5, 90 90, 90, 90 90, 107.1, 90 90, 90.8, 90
Rotation (�) 360 4320 1800
No. of crystals 1 1 1
Wavelength (Å) 2.2604 0.9791 2.2604 2.2604
Resolution (Å) 57.07–3.40 (3.52–3.40) 48.96–2.70 (2.78–2.70) 129.20–3.13 (3.22–3.13) 41.56–1.90 (1.94–1.90)
No. of unique reflections 22878 56627 (4554) 55958 (4573) 18916 (1194)
Completeness (%) 60.0 (30.3) 99.8 (99.6) 100.0 (100.0) 100.0 (99.6)
Completeness, ellipsoidal (%) 93.5 (94.4)
Multiplicity 6.7 (6.8) 3.7 (3.8) 77.4 (68.8) 23.6 (18.3)
hI/�(I)i 14.6 (2.3) 12.1 (1.5) 18 (1.3) 20.6 (1.2)
Rmerge (%) 5.2 (70.9) 5.1 (133.0) 29.9 (598.6) 8.8 (224.5)
Rp.i.m. (%) 2.2 (29.1) 4.8 (1.0) 2.5 (73.1)
CC1/2, highest resolution shell 0.88 0.77 0.68 0.57
Anomalous completeness (%) 59.7 (30.1) 99.8 (99.3) 99.0 (95.7)
Anomalous multiplicity 3.4 (3.5) 38.6 (32.5) 11.5 (9.2)
Mid-slope of anomalous normal probability 1.28 1.21

Phasing (CRANK2)
Mean phasing FOM 0.14 0.18 0.19
FOM after density modification 0.28 0.55 0.39
FOM after initial automatic model building 0.81 0.89
No. of residues built after initial automatic model building 1943/2030 247/292

Refinement
Resolution (Å) 48.96–2.70 64.59–3.13 41.56–1.90
Rwork/Rfree (%) 24.8/26.60 19.3/25.7 18.6/21.3
R.m.s.d., bond lengths (Å) 0.01 0.014 0.007
R.m.s.d., angles (�) 1.05 1.15 1.2
Mean B factor (Å2) 99 121 46
Wilson plot B factor (Å2) 69 98 36
Ramachandran plot (%)

Favored 93.1 92.5 97.9
Allowed 6.5 6.9 2.1
Outliers 0.4 0.7 0
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Figure 1
The crystal structures of McjD (a), SERCA (b) and RNAse A (c) were solved by vanadium phasing (top panel). The structures are shown as cartoons
and the membrane for McjD and SERCA is depicted in pink. Middle panel: the phased anomalous difference Fourier maps obtained are drawn in
magenta and contoured at 7� for McjD and RNAse A and at 11� for SERCA. Bottom panel: initial experimental electron-density maps were obtained
from the CRANK2 pipeline and contoured at 1� (after density modification and initial model building).



monomer) could easily be located (Fig. 2). The initial

experimental electron-density maps were significantly

improved when the processed data set was subjected to

anisotropy correction to 3.4 Å resolution using STARANISO

(Tickle et al., 2018; Table 1). The modified electron-density

maps clearly showed the expected features of McjD [trans-

membrane and nucleotide-binding domains; Fig. 1(c)]. Owing

to the low resolution and anisotropy of the data, model

building was not attempted; instead, phase extension was

carried out using a higher resolution data set collected at

� = 0.9791 Å with diffraction to 2.7 Å resolution (Table 1).

Automatic and manual model building produced a structure

that could be refined with good statistics, as described

previously (Choudhury et al., 2014).

SERCA–VO3 crystallizes in space group P21, with two

monomers per asymmetric unit, each of which binds one VO3

ion. The crystals diffracted to 3.1 Å resolution, and despite a

ratio of one vanadium per 994 protein residues, both of the

V atoms could be located (Fig. 3). The automatic structure-

determination pipeline CRANK2 (Skubák & Pannu, 2013)

was also able to locate some of the S atoms in addition to the

vanadium sites and built an initial model (1690 out of 1988

residues). The sulfur positions were essential to obtain inter-

pretable electron-density maps [Fig. 1(b) and Supplementary

Fig. S2], which explains why a higher redundancy of 77 was

needed to improve the initial phases. Iterative cycles of

manual model building and refinement, further aided by the

sulfur peaks in the anomalous difference Fourier maps using

the phases from the evolving model, allowed a full structure

determination. The final structure had an overall all-atom

r.m.s.d. of 0.6 Å compared with the previously reported

SERCA–VO3 structure determined by molecular replace-

ment.

The RNAse A–UV crystals diffracted to 1.9 Å resolution.

Five data sets were collected from a single crystal to obtain a

multiplicity of 23. Again, the two vanadium sites (two mole-

cules in the asymmetric unit) could easily be found by

SHELXD (Sheldrick, 2010; Fig. 4) and CRANK2 (Skubák &

Pannu, 2013), and a complete model was automatically built.

Although the two vanadium sites gave the strongest anom-

alous peaks, the second vanadium had a lower occupancy

(Table 2); this was confirmed by a less well defined electron

density for the corresponding uridine.

A second RNAse A–UV crystal was used to compare the

effects of higher energies on V-SAD phasing. Two 360�

interleaved data sets were collected at � = 2.2604 Å and
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Figure 2
Substructure solutions obtained with SHELXD and HKL2MAP (Pape & Schneider, 2004; Sheldrick, 2010) for McjD. Top left: CCall versus CCweak plot
(CCall is the correlation coefficient between all normalized structure-factor differences in the measured data and those calculated from a given
substructure solution; CCweak is the same but only considers the weak reflections which have not been used for direct methods). Top right: site
occupancy versus peak number plot; the pink region corresponds to low site occupancies (doubtful sites). Bottom: d0 0/sig as function of resolution; the
pink region corresponds to the region where the anomalous signal is too weak to be useful for substructure detection.

Table 2
Peak heights in phased anomalous difference maps (�) computed with
ANODE (Thorn & Sheldrick, 2011) for V atoms and S atoms from
methionine and cysteine residues.

McjD SERCA RNAse A

V (chain A) 19.5 33.8 23.1
V (chain B) 13.7 30.2 12.1
Averaged V 16.2 31.7 16.8
Averaged methionine SD 2.9 3.2 8.8
Averaged cysteine SG 1.8 3.7 8.4
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Figure 3
Substructure solutions obtained with SHELXD and HKL2MAP (Pape & Schneider, 2004; Sheldrick, 2010) for SERCA. Top left: CCall versus CCweak
plot (CCall is the correlation coefficient between all normalized structure-factor differences in the measured data and those calculated from a given
substructure solution; CCweak is the same but only considers the weak reflections which have not been used for direct methods). Top right: site
occupancy versus peak number plot; the pink region corresponds to low site occupancies (doubtful sites). Bottom: d0 0/sig as function of resolution; the
pink region corresponds to the region where the anomalous signal is too weak to be useful for substructure detection.

Figure 4
Substructure solutions obtained with SHELXD and HKL2MAP (Pape & Schneider, 2004; Sheldrick, 2010) for RNAse A. Top left: CCall versus CCweak
plot (CCall is the correlation coefficient between all normalized structure-factor differences in the measured data and those calculated from a given
substructure solution; CCweak is the same but only considers the weak reflections which have not been used for direct methods). Top right: site
occupancy versus peak number plot; the pink region corresponds to low site occupancies (doubtful sites). Bottom: d0 0/sig as function of resolution; the
pink region corresponds to the region where the anomalous signal is too weak to be useful for substructure detection.



� = 1.7711 Å (E = 5485 eV and E = 7000 eV, respectively; 45�

sweeps were collected alternating between the wavelengths;

this ensures that the two data sets are comparable in terms of

absorbed X-ray dose). Both data sets were processed in a

similar fashion and submitted to CRANK2 (Supplementary

Table S1).

4. Discussion

Overcoming the challenges of membrane-protein crystal-

lization is the first bottleneck in their successful structure

determination. Even if diffracting crystals are obtained,

solving a structure often poses further challenges, including

poor-homology structures as search models for molecular

replacement, the inability to produce labeled recombinant

proteins for experimental phasing or non-isomorphism.

Previous studies have tried to address this problem by using

iodine derivatives or iodinated detergents to overcome the

phase problem (Beck et al., 2008; Dauter et al., 2000; Melnikov

et al., 2017; Nakane et al., 2016), but the number of structures

determined using this method is still low (24 structures in the

PDB). Vanadium complexes are spread over a broad range of

enzyme classes in the PDB, but have never been used for

phasing purposes. In order to assess the wider applicability of

vanadium-based phasing for protein structure determination,

we searched the PDB (https://www.rcsb.org) for protein or

nucleic acid ligands containing vanadium. Around 150

protein–vanadate or nucleic acid–vanadate complexes were

found in total, with 21 different vanadium species listed as

ligands. Amongst the entries, eight proteins are membrane

proteins, although vanadium was not used in their phasing.

The entries encompassed the vanadium ion, different forms of

vanadate and vanadate–nucleotide complexes (Supplementary

Table S2). Protein–vanadate complexes have been reported in

six of the seven EC classes; the ligase family (EC 6) is the only

one without a protein–vanadate structural representative in

the PDB.

Data sets were collected using a PILATUS 12M detector

(Dectris) on beamline I23 at Diamond Light Source (Wagner

et al., 2016). The anomalous signal was measured using a low-

dose and high-multiplicity strategy (Weinert et al., 2015) for

the SERCA and RNAse A crystals, whereas only 360� of data

were collected from the McjD crystal. The McjD data set was

collected using the inverse-beam method, keeping the

measurement of Friedel pairs close in time, whereas multiple

data sets for SERCA and RNAse A were collected at different

� and ’ angles. The latter method has the advantage of

increasing the true multiplicity and avoiding any systematic

errors owing to the experimental setup (a single reflection is

not recorded twice on the same detector pixels; Weinert et al.,

2015).

SAD phasing protocols were chosen over MAD phasing

because of the absence of a white line in the vanadate

absorption spectrum (Supplementary Fig. S1). In this case

MAD is less efficient, as both anomalous and dispersive

differences are not as large as they would be for elements that

show this feature. Hence, we took the approach of increasing

the accuracy of the measured anomalous differences by

increasing the data redundancy, in particular as all three of the

structures presented here are from crystals in monoclinic

space groups. Analysis of the SERCA data sets (Supplemen-

tary Table S2) showed that at least four data sets were

necessary to obtain an initial model using the automatic

phasing pipeline.

We chose a wavelength of � = 2.2604 Å (E = 5485 eV, 20 eV

above the theoretical K edge) for vanadium phasing. It is

worth pointing out that the ratio of the number of anomalous

scatterers to the number of residues is low in two of our test

cases: 1:580 and 1:994 for McjD and SERCA, respectively. In

addition, the crystals of these two proteins had low-symmetry

space groups (monoclinic, C2 and P21) and diffracted to low

resolution (3.4 and 3.1 Å; Table 1). It has to be noted that

SAD phasing protocols are generally aided by NCS and a high

solvent content. The RNAse A, McjD and SERCA crystals

have twofold NCS, and the latter two have relatively high

solvent contents of 63% and 66%, respectively, whereas

RNAse A has a low solvent content of 44%. The successful

phasing of McjD and SERCA shows the potential of vanadate

phasing for low-resolution and low-symmetry space groups.

Moreover, for both membrane proteins a single crystal was

sufficient to determine the structure, avoiding the need to

merge data from multiple crystals, which is not possible if

the crystals are non-isomorphous. The initial experimental

electron-density maps of McjD were interpretable [identifi-

cation of helices and parts of the nucleotide-binding domain;

Fig. 1(a)]; the phases could be extended to a previously

published higher resolution data set at 2.7 Å (Choudhury et al.,

2014), facilitating model building.

Since the data sets presented in this paper were collected on

a beamline optimized for long wavelengths, the feasibility of

performing V-SAD at energies that are more easily reachable

by standard beamlines (for example � = 1.7711 Å, E = 7 keV)

was also investigated on beamline I23. An interleaved data-

collection strategy on one single crystal between � = 2.2604 Å

and � = 1.7711 Å was used to minimize radiation-damage

effects between the two data sets. The interleaved data

collection was performed by collecting 360� of data for each

wavelength and alternating between the wavelengths every

45� for a single crystal and orientation. The results show, as

expected, that the phasing statistics are better at � = 2.2604 Å

but that it is still possible the solve the RNAse A structure at

� = 1.7711 Å (Supplementary Table S1). Taking into account

that data collection at � = 1.7711 Å on a standard beamline

will add noise from air scattering, the results can be expected

to be worse. Nevertheless, these results open the possibility of

V-SAD on standard beamlines, at least for well diffracting

crystals.

Another key advantage of using vanadate for phasing

comes from the fact that it is a potent inhibitor of a large

number of enzymes that catalyze phosphoryl-transfer reac-

tions (Davies & Hol, 2004). It can bind specifically to the

catalytic site of its target enzymes, in contrast to many heavy

atoms that bind nonspecifically. Vanadium can furthermore

bind in different forms; in fact, 21 different vanadium-
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containing molecules complexed to proteins or nucleic acids

have been deposited in the PDB (Supplementary Table S2).

The most common forms are VO4 or VO3, which adopt a

tetrahedral and a trigonal planar geometry, respectively, but

vanadate can also bind in its decameric form (Clausen et al.,

2016) and cam bind covalently to serine residues (Holtz et al.,

1999) or the ribose moiety from nucleotides (Ladner et al.,

1997). The latter configuration is seen in the RNAse A–UV

complex. As for SERCA and McjD, we decided to examine

the potential of V-SAD to phase the structure of RNAse A–

UV. The substructure and structure solution were straight-

forward (Fig. 4), also considering that the crystal diffracted to

beyond 2 Å resolution.

To date, vanadate has been used in protein biochemistry

and crystallography to study reaction mechanisms by inhibi-

tion, but also to lock proteins in a specific conformation,

concomitantly facilitating the progress of crystallization. Our

work demonstrates that vanadate can also be used as a

phasing reagent for proteins that carry out phosphoryl-

transfer reactions. In the PDB, vanadate is found in �100

entries, inviting speculation that these structures could have

been directly solved by V-SAD. In addition, vanadate forms

complexes with enzymes from many enzyme classes,

suggesting that it can be exploited as a phasing agent for a

broad range of enzymes, including membrane proteins. The

fact that its anomalous signal is strong enough to determine

large membrane-protein structures that diffract to low reso-

lution, as demonstrated in this study, suggests it could be

routinely used for phasing suitable target proteins. Another

benefit of collecting diffraction data at the V K edge is that the

anomalous signal from endogenous S atoms is also significant

(f 00 = 1.2 electrons), which not only helps the phasing process

but can also greatly aid model building at low resolution by

locating cysteine and methionine residues from the protein

sequence (Supplementary Fig. S3). For higher resolution data,

as in our RNAse A example, the height of the sulfur peaks in

phased anomalous difference maps is relatively strong (�8�;

Table 2). These extra sulfur sites can be found with SHELXD

(Fig. 4) and directly contribute to phasing. For SERCA and

McjD, only the two vanadium sites could be located with

SHELXD (Figs. 2 and 3), but CRANK2 could find additional

sulfur sites by analysis of phased anomalous difference maps.

To conclude, our work has provided a novel phasing

strategy for both difficult membrane transporters and

nucleotide-binding enzymes. Without the need for crystal

manipulation by heavy-atom soaking or protein modification

for the insertion of selenomethionine or specific amino acids

for heavy-atom labeling, V-SAD emerges as a very powerful

tool for phasing, since it relies on the inherent chemistry of the

proteins of interest. It should be feasible to perform V-SAD

on standard beamlines at wavelengths around 1.7711 Å (E =

7 keV), especially for well diffracting crystals, but for more

difficult projects, such as weakly diffracting crystals, a dedi-

cated beamline for long wavelengths [such as the I23 beamline

at Diamond Light Source (Wagner et al., 2016) or BL-1A at

Photon Factory (Liebschner et al., 2016)] will be more bene-

ficial, if not necessary.

5. Related literature

The following reference is cited in the supporting information

for this article: Evans & Pettifer (2001).
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