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Single/multiple-wavelength anomalous dispersion (SAD/

MAD) experiments were performed on a crystal of an organic

arsenic derivative of hen egg-white lysozyme. A para-

arsanilate compound used as a crystallizing reagent was

incorporated into the ordered solvent region of the lysozyme

molecule. Diffraction data were collected to high resolution

(�2.0 AÊ ) at three wavelengths around the K edge (1.04 AÊ ) of

arsenic at beamline BM30A, ESRF synchrotron. Anomalous

Patterson maps clearly showed the main arsanilate site to be

between three symmetry-related lysozyme molecules, at a

location previously occupied by a para-toluenesulfonate

anion. MAD phases at 2 AÊ derived using the program SHARP

led to an electron-density map of suf®cient quality to start

manual building of the protein model. Amplitudes from a

second crystal measured to a resolution of 1.8 AÊ at the peak

wavelength revealed two additional heavy-atom sites, which

reinforced the anomalous subset model and therefore

dramatically improved the phasing power of the arsenic

derivative. The subsequent solvent-¯attened map was of such

high accuracy that the program ARP/wARP was able to build

a nearly complete model automatically. This work emphasizes

the great potential of arsenic for de novo structure

determination using anomalous dispersion methods.
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1. Introduction

Advances in diffraction-intensity recording and maximum-

likelihood-based phasing techniques continue to lower the

anomalous signal contribution required for use in crystallo-

graphic phasing (Brodersen et al., 2000). In the case of wild-

type macromolecular crystals, internal sources of anomalous

scattering at wavelengths used for data collection are

restricted to S atoms in proteins (Hendrickson & Teeter, 1981;

Dauter et al., 1999; Micossi et al., 2002) or P atoms in the case

of nucleic acids (Dauter & Adamiak, 2001), without taking

into account the case of metalloproteins. However, this may

suf®ce to solve the phase problem in a way that would lead to

the crystallographic Grail: to readily turn measured intensities

from unmodi®ed crystals of wild-type proteins into an

electron-density map.

To date, the power of anomalous scattering has been fully

and readily exploited in MAD experiments when the wave-

length can be tuned around the resonant peak absorption and

can also provide an additional dispersive signal (Hendrickson

et al., 1985; Burling et al., 1996). In this case, engineered

substitution of methionine S atoms by selenium (Hendrickson

et al., 1990; DoublieÂ, 1997) or substitution of bromouracyl/

bromocytosin for nucleic acids (Peterson et al., 1996; Shepard

et al., 1998) has exempli®ed the evident potential of MAD for
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de novo structure determination (Hendrickson, 1999; Walsh,

Dementieva et al., 1999; Walsh, Evans et al., 1999). Indeed,

selenomethionylated proteins closely resemble the native

owing to the relatively similar sizes of Se and S, although their

solubility may be affected. Well ordered selenium sites toge-

ther with their large number (methionines naturally occur

about every 69 residues) and successful (>90%) substitution

compensate for their relatively weak individual anomalous

potential and they can be suf®cient for the phasing of a large

protein structure (Deacon & Ealick, 1999). Furthermore, their

ab initio location is rendered possible with direct methods

(Blessing & Smith, 1999; Schneider & Sheldrick, 2002). Finally,

the Se K edge features a sharp resonance that can be

enhanced under oxidized conditions (Smith & Thompson,

1998; Sharff et al., 2000) at 0.98 AÊ and is quite suitable for

high-resolution measurement. All these advantages spurred

the worldwide construction of high-brilliance MAD-dedicated

synchrotron beamlines at energies around the Se K edge. As a

direct consequence, utilization of the SeMet tool accounts for

more than a third of the skyrocketing number of anomalous

dispersion structure deposits. Nevertheless, to address cases of

lack of methionines, of biochemical skills, of synchrotron

beamtime and so on, it is appreciable that other scatterers may

offer alternatives. For instance, it is appropriate to study

crystals of metalloproteins that carry endogenous transition

metals such as zinc (Hos®eld et al., 1999), copper (Guss et al.,

1996; Walter et al., 1996) or iron (Iwata et al., 1996), all of

which have K edges that can resonate even with a rotating-

anode laboratory source. The binding of counterions to

protein surfaces has also been demonstrated in numerous

high-resolution structures or from anomalous data (Badger et

al., 1994). Their inclusion during an appropriate short soaking

step, for example bromine (Dauter & Dauter, 1999; Dauter et

al., 2000) or rubidium (Korolev et al., 2001), provides an easy

method for the incorporation of anomalous scatterers.

Another promising `almost ready-to-go' technique is the

pressurization of protein crystal in an atmosphere of a noble

gas such as Xe or Kr (Schiltz et al., 1994; Schiltz, Kvick et al.,

1997; Schiltz, Shepard et al., 1997; Cohen et al., 2001). Many

further candidates (lanthanides) are regularly reported as

successful compounds for derivatizing crystals (for reviews,

see Fourme et al., 1996; Girard et al., 2002).

Of all these potential anomalous scattering candidates,

arsenic surprisingly appears to have been underrated despite

its objectively numerous adequate properties, probably owing

to its notorious toxicity (Bentley & Chasteen, 2002). Historical

poisoners, with Nero at their head, provided the ®rst evidence

that arsenic binds to blood or organ proteins with strong

ef®ciency. Furthermore, with 33 electrons, arsenic just

precedes selenium in the periodic classi®cation and is thus

likely to feature a white line for its K-edge absorption at a

slightly higher wavelength than selenium (�1.04 AÊ compared

with �0.98 AÊ ), but which should still be manageable for

Se-dedicated beamlines.

Arsenic is an ubiquitous element in nature, existing in

various forms, both organic or inorganic, such as minerals in

the soil, arsine (AsH3) in air and salts of arsenate or arsenite in

water. Its inevitable presence in living cells is metabolized by

enzymes such as arsenate reductase (Martin et al., 2001;

Messens et al., 2002) or ArsA ATPase (Zhou et al., 2001) that

help in detoxi®cation. A particularly widespread form among

the biochemical community is dimethylated arsenic acid,

otherwise known as cacodylic acid, which is largely exploited

for its neutral pKa in buffering protein solutions. Cacodylate

anions in the crystallizing medium are thus the main oppor-

tunistic source of arsenic reported in macromolecular struc-

tures. About 70 deposited macromolecular coordinate ®les

(including redundant structures; from the PDB, July 2002)

include As atoms, the presence of which has been con®rmed

by anomalous Fourier map calculations in some cases.

However, in contrast, only one crystal structure to date, that of

HIV integrase, has been solved by MAD at the As K edge

(Greenwald et al., 1999). Choe's group took advantage of the

reactivity of cacodylate anions under reducing conditions with

accessible sulfhydryl groups to form a cysteine adduct as

reported by Maignan et al. (1998) and ®rst showed the feasi-

bility of exploiting the anomalous property of arsenic for

phasing when introduced into frozen crystals.

In the present work, following Choe and coworkers, we

establish the potential bene®ts of arsenic derivatization as a

phasing tool that can be readily exploited on synchrotron

beamlines traditionally tuned around the Se K edge. Here,

arsenic was introduced into the solvent-ordered part of

tetragonal lysozyme crystals from a crystallizing solution

containing 0.2 M para-arsanilate (pTAs) salt. This salt was

chosen in order to guarantee strong substitution and well

ordered site(s) in the crystal packing and also to provide an

oxidized form of arsenic, which is likely to have a more intense

white line. In this salt, arsenic substitutes for the SO3 group of

para-toluenesulfonate (pTS), which is known to be an effec-

tive crystallizing reagent for lysozyme (Vaney et al., 2001) and

binds tightly to three symmetry-related molecules in the

crystal packing. The optimized anomalous signal at the As K

edge appeared to be suf®cient to locate other crystallizing

anions at the surface of the lysozyme and then to phase the

protein structure successfully with full automation.

2. Materials and methods

2.1. Crystallization

We used thrice-crystallized hen egg-white lysozyme

chloride commercially available from Sigma (Cat. No.

L-2879), which was characterized as containing less than

0.3%(w/w) contaminant (RieÁs-Kautt & Ducruix, 1997).

Lysozyme was ®rst dialyzed and then deionized according to

the above-mentioned work and was stored freeze-dried. The

isoionic protein powder was then dissolved to 100 mg mlÿ1 in

100 mM cacodylate pH 6.5. Note that diffraction of lysozyme

crystals grown in 1 M cacodylate, used as buffer and crystal-

lizing agent, did not reveal the presence of cacodylate ions

bound to the lysozyme surface in any type of calculated

difference Fourier maps. Hanging-drop vapour diffusion was

used to crystallize lysozyme in a drop equilibrated against



250 mM sodium para-arsanilate (also known as 4-amino-

phenylarsonic acid; ACROS) solution neutralized with NaOH.

Crystals were further quickly dipped into a 250 mM salt

solution containing 30%(w/v) glycerol (in the case of crystal 1)

or 15%(w/v) ethyleneglycol (in the case of crystal 2) prior to

¯ash-cooling in a 100 K nitrogen stream. We also managed to

co-crystallize lysozyme with the ortho form of arsanilate

(2-aminophenylarsonic acid; ACROS) following a similar

protocol.

2.2. X-ray data collection and data processing

X-ray data recordings were carried out at ESRF on the

anomalous dispersion dedicated beamline BM30A using a

MAR CCD (165 mm) detector. A ¯uorescence spectrum was

measured directly from lysozyme crystal 1 (Fig. 1). Note the

white line of the oxidized arsenic K absorption edge in lyso-

zyme and the shift of the absorption at the K edge toward

lower wavelengths compared with that of the reduced form in

the HIV integrase crystal (Greenwald et al., 1999): 1.0438 AÊ

compared with 1.0458 AÊ . Selection of the X-ray wavelengths

for data collection was made on the basis of f 0 and f 00 anom-

alous scattering factors in the XANES region, which were

derived from the ¯uorescence spectrum using the program

CHOOCH (Evans & Pettifer, 2001). Three wavelengths (one

at the adsorption-edge peak for which f 0 = ÿ8 and f 00 = 8.1 eÿ,

the second at the in¯ection point for which f 0 = ÿ11.5 and

f 00 = 4.9 eÿ and the third at a remote higher energy wave-

length) were selected to carry out MAD experiments on both

crystals. For comparison, f 00 and f 0 are typically <7 and

�ÿ11 eÿ for fully reduced selenomethionylated crystals

and �15 and �ÿ16 eÿ, respectively, when fully oxidized

(Thomazeau et al., 2001).

Calculation of the theoretical dispersive and anomalous

signals according to Hendrickson et al. (1985) indicates an

anomalous ratio of 5.3±9.6% when the number of fully occu-

pied AsV sites in lysozyme crystals is varied from 1 to 3 (the

dispersive ratio is 2.3±4%).

All intensities were indexed and integrated using MOSFLM

(Leslie, 1992). The scaling step was performed using a SCALA

procedure suitable for MAD data (Evans, 1997): the data set

at each wavelength was scaled in two steps against a reference

set consisting of all-wavelength previously scaled and merged

intensities, ®rst via a batch scaling and then by local scaling

across the detector. Data analysis is summarized in Table 1.

Structure factors and anomalous differences were calculated

using TRUNCATE (French & Wilson, 1978) and a ®nal round

of structure-factor scaling and analysis was performed using

SCALEIT (Howell & Smith, 1992).

2.3. Determination of arsenic positions and phase
determination

Bound arsenic was ®rst investigated in anomalous differ-

ence Patterson maps using peak-wavelength amplitudes; the

main site positions could be determined graphically and

con®rmed using the program RANTAN (Yao, 1981) as

implemented in the autoSHARP package procedure (Von-

rhein et al., 2003). Coordinates were input into SHARP 1.4.0

(de La Fortelle & Bricogne, 1997) for heavy-atom re®nement

and maximum-likelihood-based phasing. Residual peak-

wavelength anomalous maps output by SHARP were further

investigated to locate other sites, whose presence was double-

checked by calculating Bijvoet difference maps with phases

from relevant re®ned models. Phase information was devel-

oped independently by SHARP by testing either the three-

wavelength MAD protocol or the peak-wavelength SAD

protocol. For the MAD procedure, it was recommended to

input wavelengths in the same order as they were collected.

For crystal 1, taking the remote-wavelength data set (because

its scattering-factor values are quite well estimated and stable

and also because of its better data statistics) rather than the

peak-wavelength as the reference for estimating scale and lack

of isomorphism parameters was checked and found to make

little difference. For crystal 2, which was recorded at half the

speed of crystal 1, the effects of radiation damage could not be

underestimated. In this case, the SAD protocol was obviously

the best re®nement to start with. Additional wavelengths were

gradually introduced to verify perturbation by non-

isomorphism.

2.4. Phase improvements

The experimental phase probability distribution encoded by

SHARP in the Hendrickson±Lattman (HL) coef®cients

(Hendrickson & Lattman, 1970) was improved by a density-

modi®cation procedure implemented into the SHARP inter-

face which begins with a simple run of DM (solvent ¯attening

and histogram matching; Cowtan, 1994) before switching to an

iterative solvent-¯ipping procedure using SOLOMON

(Collaborative Computational Project, Number 4, 1994;
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Figure 1
Dotted line: raw ¯uorescence spectrum from a p-arsanilated lysozyme
crystal measured at the As K edge (arbitrary units). Solid line,
experimental values (in electrons) of anomalous-scattering factors about
the K absorption edge of AsV as output by CHOOCH (Evans & Pettifer,
2001).
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Abrahams & Leslie, 1996). The solvent fraction, which is a

sensible input parameter in addition to the solvent-¯ipping

factor to determine the solvent envelope, does not have to be

the exact solvent content (28% from TRUNCATE) of the

tetragonal lysozyme crystal. In fact, it can be optimized

according to a simple procedure proposed in SHARP from

three density-modi®cation runs with different input values.

Electron-density maps were calculated with FFT (Collabora-

tive Computational Project, Number 4, 1994) and displayed

using the program O (Jones et al., 1991) via the SHARP

interface.

2.5. Refinement

The best solvent-modi®ed maps for each case were

subjected to warpNtrace (ARP/wARP; Perrakis et al., 1999)

called by the SHARP interface in order to automatically build

the structure to the maximum resolution using the known

primary sequence. With the current automatic implementa-

tion, the program task was restricted to 100 cycles and inter-

pretation of the density/model coupled with REFMAC

(Murshudov et al., 1997) was permitted every ten cycles.

Maximum-likelihood re®nement of the structure model was

performed using the program BUSTER 1.0 (Bricogne, 1993,

1997; Roversi et al., 2000) interfaced with TNT (Tronrud et al.,

1987). Water and solvent molecules were subsequently

included from inspection of Fourier differences maps and their

atomic temperature factors and occupancy with respect to

arsanilate anions were then re®ned. SAD or MAD phase

information output by SHARP as the Hendrickson±Lattman

coef®cients constrained the partial structure re®nement,

whose stereochemical and geometrical restraints were

handled in TNT. Final statistics of the model parameter

re®nements are given in Table 4.

Table 1
Statistics of data collection.

Values in parentheses refer to the last shell.

Crystal 1 + glycerol Crystal 2 + ethyleneglycol

Peak In¯ection Remote Peak In¯ection Remote

Data collection, 100 K, BM30A
Wavelength (AÊ ) 1.0438 1.0442 1.0411 1.0438 1.0442 1.0411
Angular increment per frame (�) 1 1
Total rotation range (�) 180 180
Crystal-to-detector distance (mm) 120 120
Exposure time per frame (s) 10 20

Unit-cell parameter re®nement
Space group P43212
Unit-cell parameters (AÊ ) a = 76.75, b = 76.75, c = 37.47 a = 76.76, b = 76.76, c = 38.25

Data reduction
No. of measured re¯ections 102554 105374 103830 155910 155304 155042
Resolution limits (AÊ ) 15.6±2.0 (2.11±2.0) 15.6±2.0 (2.11±2.0) 15.6±2.0 (2.11±2.0) 15.7±1.78 (1.87±1.78) 15.4±1.78 (1.87±1.78) 15.4±1.77 (1.87±1.77)
No. of unique re¯ections 7979 7980 7983 11323 11322 11434
Data completeness (%) 99.8 (100) 99.8 (100) 99.8 (100) 99.4 (97.6) 99.4 (98.1) 99.2 (98.3)
I/�(I) 7.6 (2.4) 8.3 (2.8) 8.0 (2.6) 8.5 (3.3) 9.1 (3.9) 8.6 (4.0)
Redundancy 12.8 13.2 13.0 13.7 13.7 13.5
Rsym² 0.075 (0.310) 0.068 (0.273) 0.069 (0.278) 0.054 (0.165) 0.049 (0.146) 0.051 (0.140)
Ranom³ 0.051 (0.109) 0.031 (0.083) 0.027 (0.080) 0.057 (0.120) 0.025 (0.075) 0.023 (0.071)
Rr.i.m.§ 0.093 (0.393) 0.076 (0.353) 0.076 (0.355) 0.079 (0.298) 0.056 (0.236) 0.057 (0.216)
Rp.i.m.} 0.026 (0.107) 0.021 (0.096) 0.021 (0.094) 0.021 (0.136) 0.015 (0.107) 0.015 (0.092)

² Rsym is de®ned as
P

hkl

P
i jIi�hkl� ÿ I�hkl�j=Phkl

P
i Ii�hkl�, where Ii(hkl) is the ith observation of re¯ection hkl and hI(hkl)i is the weighted mean of all observations (after rejection

of outliers). ³ Ranom =
P

hkl jI�hkl� ÿ I�hkl�j=Phkl I�hkl�. § Rr.i.m. is the redundancy-independent merging R factor (Weiss & Hilgenfeld, 1997), which is identical to the Rmeas of

Diederichs & Karplus (1997) de®ned as
P

hkl �N=�N ÿ 1��1=2 P
i jI�hkl� ÿ I�hkl�j=Phkl

P
i Ii�hkl�, with N being the number of times a given re¯ection has been observed. } Rp.i.m. =P

hkl �1=�N ÿ 1��1=2 P
i jI�hkl� ÿ I�hkl�j=Phkl

P
i Ii�hkl� is the precision-indicating merging R factor (Weiss & Hilgenfeld, 1997; Weiss, 2001).

Figure 2
Resolution-dependent statistics of the anomalous signal and of quality
indicators for two different data sets (blue for crystal 1 and black for
crystal 2): |�Fanom|/�(�Fanom) and I/�(I) on the left y axis are absolute
numbers, whereas Rsym and |�Fanom|/F are measured in percentages on
the right y axis.



3. Results and discussion

3.1. Phase-determination results

Fig. 2 plots some resolution-dependent statistics taken from

Table 1 in order to assess the diffraction quality of both

crystals subsequently used for distinct experiments. Although

both crystals met the initial objective of collecting routine

(2 AÊ ) resolution data in a redundant fashion but without pre-

orientating the crystal, they differed in quality. Crystal 2

clearly bene®tted from better cryoprotection in 15%(v/v)

ethyleneglycol than crystal 1, which was protected by glycerol,

and yet displayed an obviously lower mosaicity. In contrast,

strong re¯ections [I/�(I) > 2] for crystal 1 did not exceed the

2 AÊ resolution sphere and the post-re®ned mosaicity in

MOSFLM was estimated to be of the same order as the

oscillation (0.81� compared with 0.39� for the ethyleneglycol-

protected crystal).

The main concern, however, resided in obtaining an

anomalous signal that could be used for phasing. The signal-

to-noise level of the anomalous differences from crystal 2

appeared to be quite strong [overall �F/�(�F) ' 4] and

remained signi®cant (>1.0) over the entire resolution range

(20±1.78 AÊ ). Furthermore, only for the highest resolution bin

did the increased measurement noise assessed by the Rsym

curve start to bury the anomalous contribution. Starting at a

comparable level [�F/�(�F) > 7], the anomalous signal for

crystal 1 fades away quickly at medium resolution and levels

off around the noise level in the 3±2 AÊ range. The reliability of

this source of information therefore remains questionable

above 2.6 AÊ . However, its overall level remains appreciable

[h�F/�(�F)i ' 2.6] compared with the non-optimized

differences obtained from four disul®de bonds at 1.5418 AÊ

(�1.8), which was still suf®cient to phase the lysozyme struc-

ture (Dauter et al., 1999).

Calculation of anomalous difference Patterson maps (Fig. 3)

is also a pertinent indicator to judge the reliability of the

anomalous signal and eventually to estimate the number of

scatterers present in the structure. Based on the pTS molecule

as observed in the lysozyme structure (Vaney et al., 2001), one

peak related to a high-occupancy anion

site in the structure was expected in the

Harker sections de®ned for the P4/

mmm Patterson space group. Indeed, in

both cases one common peak appeared

at the 14� (using data to 1.78 AÊ ) and

10� (using data to 2.0 AÊ ) levels,

respectively. The Patterson map derived

from crystal 2 difference amplitudes

unexpectedly revealed a second peak at

8�. A third minute peak was con®rmed

in a residual anomalous map at the end

of a SHARP re®nement. Neither in a

Bijvoet difference calculation nor in a

®nal difference Fourier map could these

secondary sites be retrieved in crystal 1.

In contrast, a similar experiment

conducted on a complex glycerol-cryo-

preserved crystal with ortho-arsanilate at 1.004 AÊ on DW32

beamline at LURE showed the second binding site to be

occupied.

Note that over the 5±2 AÊ range of both data sets, h�F/Fi
takes a value of 9% which is close ± and in reasonably good

agreement with crystal 2 ± to the theoretical value estimated

according to Hendrickson & Teeter (1981).
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Figure 3
{w = 1/2, 0 � u � 1/2, 0 � v � 1/2} Harker sections of anomalous difference Patterson maps for (a)
crystal 1 and (b) crystal 2. Levels are contoured in 1� steps starting at 2�.

Table 2
Re®ned heavy-atom parameters.

Parameters were calculated using SHARP. Parameters given in parentheses
were calculated using BUSTER/TNT.

MAD crystal 1,
16±2 AÊ

SAD crystal 2, 16±1.78 AÊ

As sites 1 1 2 3

Occupancy 1.18 (0.84) 0.70 Ð Ð
0.59 0.37 Ð
0.82 (0.92) 0.37 (0.62) 0.31 (0.49)

B factor 28.6 (44.6) 20.1 Ð Ð
19.7 21.8 Ð
23.9 (30.0) 18.0 (36.3) 14.8 (38.9)

Scattering factors (eÿ)
f 0 ÿ8.8 ÿ8 (not re®ned)
f 00 9.2 7.6 8.9 7.5

Table 3
Phasing statistics output by SHARP.

Remote Edge Peak

Wavelength,
MAD 2.0 AÊ Iso Ano Iso Ano Iso Ano

Ano SAD 1.8 AÊ

site No.

1 2 3

RCullis²
Centric Ð Ð 0.64 Ð 0.58 Ð
Acentric Ð 0.80 0.61 0.76 0.61 0.65 0.72 0.67 0.56

RKraut³
Centric 0.071 0.141 0.113 0.143 0.083 0.186
Acentric 0.018 0.035 0.029 0.036 0.021 0.047 0.050 0.052 0.043

Phasing power§
Centric Ð Ð 0.91 Ð 0.88 Ð
Acentric Ð 2.12 1.59 2.41 1.39 2.79 1.64 2.00 2.82

² RCullis = hphase-integrated lack of closurei/h|FPHÿ FP|i. ³ RKraut = hphase-integrated
lack of closurei/h|FPH|i. § Phasing power = h[|FH(calc)|/phase-integrated lack of
closure]i.
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Table 2 lists the re®ned parameters of the heavy-atom

subset on an absolute scale (one molecule of lysozyme per

asymmetric unit) and scattering factors performed by SHARP

with respect to the phasing protocol that led to the best result

for each case. The ultimate criterion for judging the phasing

quality was the advancement of the model autobuilding in the

®nest density-modi®ed electron-density map as described

below. The main site (i.e. highest peak in the speci®c Harker

sections) is almost fully occupied, while the minor sites in

crystal 2 have occupancy of about a half. Subsequent re®ne-

ments of the entire structures con®rmed the level of occu-

pancy and increased the B values of the two other sites to

twice that for the overall atomic model, testifying to their

looser binding. Final phasing statistics depending on the

number of sites subjected to re®nement in SHARP are

reported in Table 3. Fig. 4 illustrates the phasing power by

showing the evolution of the map tracing for the best phasing

protocols applied to both crystal data sets; Fig. 5 compares the

experimental phases at successive stages during the phase-

improvement process with those pertinent to the re®ned

relevant structures.

In fact, using the SAD protocol for the re®nement of a

subset that included As 1 and 2 against data to 1.78 AÊ (crystal

2) provided the case which led, after density modi®cation with

SOLOMON (starting solvent �40%), to a map which was

interpretable under full automation by ARP/wARP/REFMAC

Figure 4
Electron-density maps of the region 52±63 superimposed with the relevant lysozyme model calculated subsequently from left to right with experimental
phases after SHARP, then after solvent ¯ipping by SHARP/SOLOMON and ®nally the automatic SHARP/ARP/wARP/REFMAC procedure. (a) MAD
protocol using 2.0 AÊ amplitudes from crystal 1 that contains one arsenic site. (b) SAD protocol using 1.8 AÊ amplitudes from crystal 2 with one arsenic site
and (c) with two arsenic sites. The contouring level is 1.2� above the mean background. Values below the ®gures are hRSCCi values for residues 1±129.



(Fig. 4c). Indeed, 115/119 residues were built

out of 129 and the phase error with the ®nal

re®ned model was only 19� (Fig. 5). Addition

of the third minor site to the treatment

offered only marginal improvement. As

highlighted by the dramatic improvement of

the map quality (Figs. 4b and 4c), the phases

estimated by the SAD method bene®tted

much more from the improvement of the

anomalous subset, even with a partially

occupied additional site, than from attempts

to reduce phase ambiguity using the disper-

sive signal, which were likely to be corrupted

by insidious non-isomorphism arising from

radiation damage. This reinforces the current

tendency to suggest that, in many respects, a

SAD approach is actually safer and less time-

consuming than a MAD approach in order to

obtain readily a rapid structure solution.

In the 2 AÊ experiment (crystal 1) recorded

at twice the speed of crystal 2 and comprising

only one As site, combination of anomalous

and dispersive signals appeared to be more

successful in deriving a Fourier difference electron-density

map which bene®tted from accurate low-resolution centroid

phases (acentric re¯ections to 3.0 AÊ have ®gures of merit

>0.73): it distinctly features a protein tracing as assessed by the

0.6 value for the overall correlation ®t (real-space correlation

coef®cient) to the corresponding re®ned model. This value

increased slightly to 0.7 after application of the density-

modi®cation procedure, followed by an attempt at automated

model building that nevertheless aborted after <20 residues

were placed. With 2 AÊ resolution data, we may be on the

boundary for successfully exploiting the ARP implementation

into SHARP. Fig. 5 possibly suggests in the present case that

an overall phase error above 50� after density modi®cation is

the frontier for model auto-building to proceed to completion.

3.2. Crystallographic model refinement and bound crystal-
lizing anions to protein molecules

Starting from the ARP/wARP/REFMAC map obtained

from the crystal 2 data set, a total of 1011 non-H protein atoms

and three arsanilate anions were ®nally introduced to comply

with the peak-wavelength amplitudes. The average correlation

value between the model and the ®nal SIGMAA map is better

than 0.93. The standard deviation on coordinates estimated

from the Luzzati plot (Luzzati, 1952) within SFCHECK

(Vaguine et al., 1999) is 0.16 AÊ and all non-glycine residues are

in the favoured and allowed regions of the Ramachandran

diagram (Ramachandran & Sasisekharan, 1968). In addition

to these counter-anions, the ®nal model comprises 121 water

molecules with three on special positions and ®ve ethylene

glycol molecules and has an Rfree of 21.3% and an R factor of

16.4% (see Table 4). Loop 70 has been modelled with an

alternate ¯ipped position at the level of the peptide bond

between Arg73 and Asn74, making possible the binding of a

sodium cation as previously described in Vaney et al. (1996).

The side chains of Asn59 and Asn103 display alternate

conformations.

The 2.0 AÊ (crystal 1) MAD model essentially differs from

the crystal 2 model near Pro70, which is the cornerstone of the

loop 66±73, the r.m.s. backbone coordinate difference other-

wise being 0.26 AÊ . In this ¯exible region, Pro70 has moved

away by more than 1.2 AÊ from the position it takes when the

phenyl ring of the second arsanilate (Asr141) is stacked on it

(Fig. 6b), suggesting that absence in crystal 1 of Asr141 is at

least real and not blurred by inaccurate data.
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Figure 5
Average non-weighted difference �' between the phases calculated from the corresponding
re®ned model and the different sets of phases output ®rst by SHARP (dotted lines) then by
SOLOMON (thin solid lines) and ®nally by ARP/wARP/REFMAC (thick solid lines) versus
resolution for each of the different phasing methods. An averaged phase difference value
after solvent density modi®cation that lies below the shaded region may lead to automatic
model building.

Table 4
Re®nement statistics from BUSTER/TNT.

HEWL
Crystal 1,
MAD

Crystal 2,
SAD

No. re¯ections (total) 7959 11331
No. re¯ections (|F| > 3�) 6698 10741
No. re¯ections used for re®nement 7181 10217
No. re¯ections used for Rfree 775 1113
No. protein atoms 1004 1011
No. solvent non-H atoms (water) 126 (109) 175 (121)
Average B value for protein atoms (AÊ 2) 25.2 20.2
Average B value for solvent molecules (AÊ 2) 38.6 34.1
Range of spacings (AÊ ) 16.0±2.0 16.0±1.78
R value² (%) 18.5 16.4
Rfree³ (%) 24.1 21.3
Weighted r.m.s.d. from ideality

Bond length (AÊ ) 0.014 0.009
Bond angle/dihedral angle (�) 1.295/15.2 1.212/23.2

Ramachandran plot: residues in
Most favoured/additional allowed regions (%) 87.6/12.4 86.7 /13.3
Generously allowed/disallowed regions (%) 0/0 0/0

² The crystallographic R factor is de®ned as
P jFoj ÿ jFcj=

P jFoj and indicates the
accuracy of the model. ³ The free R factor is a cross-validation residual calculated
using 10% of the native data which were randomly chosen and excluded from the
re®nement.
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3.3. Binding of arsanilate anions

All three anions bind to protein interfaces. Vaney et al.

(2001) tentatively attempted to classify monovalent anion-

binding sites into three main categories. The pTs anion was

found to occupy a speci®c site (site 14 according to Vaney et

al., 2001). This site was also expected to bind pTAs. Never-

theless, in addition to its 17 additional electrons, pTAs also

differs from pTS by substitution of the hydrophobic methyl

group by a hydrophilic amine group. Fig. 6(a) shows that these

changes do not hamper the binding. In fact, binding bene®ts

from two new hydrogen bonds between the amine group and

two carbonyl groups from Lys33 and from the symmetry-

related Gly22. In contrast, two other anions managed to bind

to `lysozyme-speci®c' sites not speci®cally designed for pTAs

and therefore explain the random and looser binding, with

fewer interactions (Figs. 6b and 6c). The second site is near the

sodium location inside the loop 70±75, which also accepts a

chloride ion as in the 1gwd structure. The third site corre-

sponds to Vaney's site number 5 which is known to accom-

modate nitrate and/or bromine and whose main contact is

made to the hydroxyl group of Ser24.

We also checked the binding of the ortho form of arsanilate

and concluded that the amine position does not really matter

(i.e. both forms are basically interchangeable; see Figs. 6a and

6b) with respect to the overall tightness of interactions with

the proteins.

4. General applicability

Finding a crystallizing agent with pertinent anomalous prop-

erties is of great interest since it would permit the reduction of

two steps fundamental for crystallography to one. Co-

crystallization is certainly a preferable alternative to the post-

soaking method to produce strong substitution. Vaney et al.

(2001) showed that a diffused pTS anion in a lysozyme crystal

bound more weakly to the main site than when it was incor-

porated during crystal packing. The main drawback of this

approach is that search for crystal-growth conditions may be a

non-trivial preamble. Here, the availability of solubility curves

for lysozyme in the presence of pTS at two pH values

(Retailleau et al., 2002) alleviated this task for the chemically

similar pTAs. However, the dual hydrophilic/hydrophobic

properties of arsanilate can be related to the non-detergent

sulfobetaines, which have been acknowledged to form a class

of compounds favouring molecular association (Vuillard et al.,

1998).

The general applicability of this method to other systems

cannot yet be asserted. A preliminary test with porcine

pancreatic elastase (PPE) showed that arsanilate could

replace a sulfate ion usually found on the surface of PPE

(unpublished results). Substitution of sulfate anions largely

utilized in crystal growth by arsenate HAsO2ÿ
4 may be more

appropriate, although preliminary tests on PPE crystals were

not conclusive, probably because the protein was not

previously deionized and thus carried residual sulfates

competing for binding.

A quantitative advantage that arises with arsenates is their

high degree of oxidation (V). Based on observations with fully

oxidized selenomethionines in crystals (Smith & Thompson,

1998; Sharff et al., 2000; Thomazeau et al., 2001), an important

gain in anomalous contribution is expected with AsV

compared with AsIII. On the other hand, another important

asset is the spontaneous reduction by organic thiols that can

lead to reactive intermediates with solvent-accessible free

cysteines. Such a mechanism was highlighted in biocrystallo-

Figure 6
Details of the interactions around the three p-arsanilate anions found in the crystal 2 SAD re®ned structure (PDB code 1n4f). (a) A close-up of the main
site Asr 1. The ortho-arsanilate anion is displayed as a transparency (coordinates not deposited). (b) The secondary Asr 2 site with the second ortho-
arsanilate and the backbone and side chains of the crystal 1 MAD-re®ned structure superimposed as a transparency (coordinates not deposited),
showing the ¯ip of residues 69±72, including Pro70. (c) The third minor site in crystal 2, Asr 3, close to the main site located at the lower right. Graphics
were created using MOLSCRIPT (Kraulis, 1991) and rendered by RASTER3D (Merritt & Murphy, 1994).



graphy by Maignan et al. (1998) and was further exploited by

Choe and collaborators for the ®rst MAD experiment around

the K edge of arsenic (Greenwald et al., 1999). This covalent

substitution would likely compensate for the loss in f 00

magnitude associated with AsIII and thus cacodylation would

be worth attempting in place of mercury derivatization, which

is sometimes blamed for non-isomorphism problems.

However, naturally occurring solvent-accessible cysteines are

often implicated in catalytic mechanism and cacodylation may

distort the active-site con®guration and impede structural

description of the enzyme function (Tete-Favier et al., 2000),

dissuading one to resort to this buffer (Maignan et al., 1998).

5. Conclusions

We have con®rmed that the existence of a sharp white line of

organic arsenic at a wavelength very near to the Se K transi-

tion can be routinely exploited for accurate and nearly auto-

matic phase determination. We have used small harmless

(�70 mg per protein droplet) amounts of an arsenic compound

to derive lysozyme crystals in a co-crystallized fashion which

seems to be the method of choice to strongly order particular

counter-ions within the crystal packing, provided there are

protein binding sites to host them. Arsenic-substituted sulfo-

nate salts associated with a hydrophobic moiety are assumed

to constitute a class of reagent that can bind to protein

surfaces and may favour crystal growth. Indeed, many of them

are dye molecules which are known to ®nd application in

protein-puri®cation methods by af®nity (e.g. recognition of

the helical motif by bis-arsenical ¯uorescein; Thorn et al.,

2000) and thus may form a reservoir of potent protein markers

also useful for crystallographic purposes. Another possible

method of labelling the protein that is under investigation

would be to pressurize crystals with the reducing gas arsine

which should target free cysteines.

The present result brings further evidence that arsenic,

which has thus far been underestimated and is sometimes

absent from libraries called by crystallographic software, can

contribute to the development of fast and full automation

for de novo structure determination, complementing other

current tools. The quality of data sets, however, remains a

main criterion to ascertain how many arsenic sites are required

per residue of the asymmetric unit for ef®cient anomalous

phasing. With particularly weak substitution, efforts towards

reducing systematic errors using appropriate strategies such as

having Friedel pairs on the same image or over-redundancies

in data collection may resolve dif®culties. In this regard, the

far L edge of As could also be exploited for in-house phase

determination using soft X-rays at the Cr K� wavelength

[f 00As ' 2eÿ], as shown by Kwiatkowski et al. (2000).
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