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Abstract The available macromolecular sequence mformation exceeds far i number the avalable three-dimensional structuies thigh throughput
tedmques are henee necessary to unravel the three-dimensional structures of selected mactomolecular sequences in the area of Structual Genomices i
2 shoit ume The structure solutton program SHELXID 1s usctul for locating the anomalous scatterers fiom SIR. SAS, SIRAS or MAD data SHELXE

wies the native phases and the weights from SHELXD. OASIS 15 a computer program for bicaking phasce ambiguity in one wavelength anomalous
sattcing data The phases obtained from SHELXE and OASIS are of supetb quality to allow automated model building to be carried out i ARP/WARP
Ancmpts are here made in eatending the applications to the high thioughput structure clucidation of thermolysi of approximately 34 kDa molccular
waeht using 17 A single wavelength anomalous scattering (SAS) data and 2 A truncated data and also of glucose 1somerase of approximately 44 hDa

moleeular werght using 145 A SAS data

heywords  © SAS, glucose isomerase, thetmolysin

PACS Nos. 61.10 Nz, 87 14 Ec¢

1.Introduction

he High Throughput Crystallography Consortium was
eveloped to refine and extend the powertul software tools that
lve forward the development and validation of rapid methods
or X-ray structure determination, protein model building,
tlinement and structure validation. X-ray crystallography has
‘come a central tool in modern drug and target discovery,
roviding important insights into molecular interactions and
:’“\“glcnl function. The past few years have seen many
dvances in the methods underlying macromolecular
"ystallography such as protein production, crystallization,
Yo-crystallography and synchrotron technology. Together,
¢ advances mean that X-ray data can be collected extremely
ickly for many different crystals and ligand-bound complexes.
he challenge is to ensure rapid and accurate interpretation of
¢data to provide valuable structural information.

Correy pondinm

Recently, there has been tremendous interest 1n the use of
dircct methods for phase determination for macromolecules. This
surge of interest has primarily resulted from two factors: the
ability to obtain atomic resolution data in favorable cases and
the development of powerful phasing methods including
traditional direct methods so called half-baked and combinations
of direct methods with isomorphous replacement and/or
anomalous scattering [1]. Attempts have long been made to
resolve the phase ambiguity arising from single-wavelength
anomalous scattering (SAS) without using additional multi-
wavelength or isomorphous derivative diffraction data. Multi-
wavelength anomalous diftraction approach (MAD) generally
requires a minimum of three wavelengths and the development
of SAS is, therefore, highly significant given the explosion of
synchrotron-based structural biology research. SAS experiment
is straight forward and data can be collected in the standard
way. There has recently been a great deal of interest using single-
wavelength anomalous diffraction data in the elucidation of
macromolecular structures [2,3], with investigations showing
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that the SAS technique may be apphed to many diverse problems.
ranging from weak anomalous signals to highly complex
substructures. Once experimental intensity data have been
collected and processed, in the majority ot cases, structure
determination using the SAS techmque proceeds via a three-
step process. Firstly, the determination of the positions of the
anomalous scatterers is carried out; phases are then developed
in order to produce electron-density maps and in the final stage,
these are interpreted using cither manual or automatic methods
to produce a starting maodel for refinement procedures [4.5].

2. Description of the program

Figure | shows the flow chart of the present work.

Anomalous
scattering data

l Substructure determination using SHELXD J

v

I Phasing with SHELXE, OASIS l

——->| Automatic Model Building l

Satistactory”?

———-——‘{ Get Partial Structure J

Figure 1. Flowchart

Information on anomalous scattering 1s important for the
determination of protein structures. However, the single-
wavelength anomalous-scattering method yields two possible
solutions to each reflection which is known as the problem of
phase ambiguity. If a method can be found to resolve the
ambiguity, the SAS method would be useful technique in protein
crystallography, since it is possible to solve a protein structure
by either skipping the step of heavy-atom-derivative
preparation if it contains suitable anomalous scatterers, or using
only a heavy-atom derivative which may not be isomorphous to
the native protein. Attempts that have been made to resolve the
phase ambiguity arising from the SAS technique by direct
methods since 1960’s have succeeded in deriving a large number
of three-phase structure invariants from the error-free data of a
model protein structure [6].

The phase problem is reduced to a sign problem once the

anomalous scatterers or the replacing heavy atom sites are
located. OASIS is a computer program and it works on a direct-

method procedure to break the phase ambiguity intmq W,
wavelength anomalous scattering (OAS) or single 1SOMO1 iy,
replacement data [7]. All Friedel pairs (includine
reflections) were evaluated. It adopts the CCP4 forn, ;l ani,
been written in Fortran 77. 1t is available in the CCP4 0, P
X-ray diffraction data and heavy atom site are the input. 1.,

program. The E-values are calculated based on the

S an
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temperature factors obtained from the Wilson plot 4,
absolute values of the phase doublets are calculated 4 g,
stage. Then for each reflection /i, sigma2 relationships 4 a1
/" are found and stored. The probability of phase donble, 1 .
positive and the best phase are calculated and then the fioy,
merit associated with every phase value 1s calculea i,
resulting phase sets are further subjected nte dey oy
modification.

The structure solution program SHELXI s useful ton log e,
the heavy atoms or anomalous scatterers from SIR.SAD S \;
or MAD data. Itis aterative dual- space direct methods basg
phase refinement in reciprocal space and peak prching ey
space. SHELXD locates relatively large numbers of ancmab .
scatterers efticiently from MAD or SAD data. Truncation oy
data at a particular resolution in the range 3.0 - 35 % i
critical to success. The efficiency can be improved byowon
an order of magnitude by Patterson-based seeding insien: -
starting from random phases or sites | 8].

The program SHETLXE can read the heavy atom sites wiitic
by SHELXD and estimates the native phases and correspondin.
werghts (figures of mer). SHELXE outputs the phases o
XtalView format. The map can be viewed usmg iterative graphie
of the phases which can be improved by density modit aiior
SHELXE was designed to provide a simple, tast aml obs
route from substructure sites found by the program SHEL \D&
an initial electron density map. if possible with an mdication @
to which heavy-atom entantiomorph is correct. The new sphoe
of influence algorithm combined with fuzzy solvent boundan
enables some chemical knowledge to be incorporated mto the
density maodification 1n a general and effective manner [n i
special cases of high solvent content or very high-resolunct
data, high quality maps can be produced |9].

The phases obtained from SHELXE and OASIS are of suput!
quality to allow automated model building to be cained o
using APR/WARP {10} followed by the refinement proghi?
REFMAC |[11]. Attempts are here made in extending I
applications to the high throughput structure elucidation with
1.7 A resolution anomalous scattering data of thermolysin ¢!
approximately 34 kDa molecular weight and also for 2 Au uncated
data obtained from it. In both cases, the starting is based on '
zinc position obtained using SAS data. Application is also M
with 1.45 A resolution anomalous scattering data of gluc®
isomerase of approximately 44 kDa molecular weight using one
manganese position obtained from the SAS data. These heas}

e
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jons were revealed by SHELXD. All the computations

aomf » A |
pene  Lhereare carricd out using the Pentium 1V PC.

me

3. O view of the method

won us scattering data from two known proteins.
phermi~in and glucose isomerase, were used as test samples.
s 1 molysun

Ihe dis . wction data were collected at a temperature of 100 K an
the X91 synchrotron beamlince at the National Synchrotron 1.ight
Source t Brookhaven National Laboratory, USA) using the ADSC
Quantunt CCD dctector. This enzyme contans 316 residues.
one Zn site and four calcium ions. Table la shows the
crystallographic details of this protemn for 1.7 A data and 2.0°A
Ir\.mcmcd data.

table ta. Details ol the arvstallographie data of thermolysin

for 17 1 data
AV V2738
b\ V2 74K
Y 129 334
) 90
0o

1) 120

Space group Po 22

Resolution range (A) 20-1 7 (1 756-17)

Completeness o) 98 S (90 1)
v th S3IS (149
Feast value of anomalous signal-to-noise ano I X1

Por 20 trunc ated data

Resolation 1ange () 20-20 (2 0066-20)
Completeness (Yo) W6 74 (V3 V)
1 ath 52 4 (29 K89)
Feast value of anomalous signat-to-noise ratio 2.29

The position of the anomalous scatterers in this enszyme
(/1) was located by dircet methods program SHEL XD. It gives
three positions with a Correlation Coctficient (hereafter CC) value
of51.52 The top most peak was given to SHELXE for phasing
and the CC has increased to 74.74. A map was calculated for the
SHEL vk output phases which showed 6043 peaks which were
hove ¢ 3 cut-off. The phases were then fed to ARPwARP
and R "MAC. After the initial model was refined. ten cycles of
do-t yiding using ARP/WARP along with five cycles of
REFN' (' in each auto-building cycle were performed. Finally.

ARP;  \Rp was able to build 310 out of 316 residues in three
;‘hams nd has located 676 dummy atoms. At this stage, the
"..,.,‘( rcafter, R )and R, (hereafter. R ) values were 16.0 and
21 0. . .o fre / .. .

Ve aspectively. The map also showed the densitics in the
misgy,

‘cgion, so the manual model building was carried out
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for the nussing residues. After the manual model building, 20
cycles of maxmum-likelihood refinement were performed using
REFMAC and solvent atoms were updated after the refinement
using ARP/WARP *build solvent atoms” script. The final R, and
R, values were 17.7 and 20.4%, respectively. The average thermal
factor (hereatter, B factor) tor the current model is 14.9 A2, The
backbone of'this final model was superimposed with the reported
model (PDB 1FJQ). 'The root-mean square deviation is 0.307 A
and all these details are shown in Table 1b. The Map Correlation
Cocfficient (MCC) between the SHEL XE map and final map is
0.7704. Figure la shows the final cartoon diagram of this enzyme.
Figurce b shows a section of the final model superposed with
the clectron density of SHELXE map and also the final 2|F |
|£ | map.

Figure la. Input' I SHE L XD peak to SHELXE  Auto Built 310 residues

o

Figure 1h. [ mal modcel supcrposed with SHEEXE map and final 277§
Flmap at b o

Truncated data of 2 A resolution of this enzyme was prepared
from SCALEPACK2MTZ, option in CCP4 using 1.7 A data and
SHELXD gave three positions with a CC value of'54.20. The top
most peak was given to SHELXLE for phasing and the CC has
increasced to 69.45. The SHELXE map showed 4003 peaks which
were greater than 3¢ cut-off. The phases were then fed to ARP/
wARP and REFMAC. Ten cycles of auto-building along with
five cycles of REFMAC in cach auto-building cycle were
performed. Finally, ARP/WARP was ablc tobuild 311 out of 316
residues in four chains and has located 618 dummy atoms. At
this stage, the R and R, values were 14.5 and 22.5%, respectively.
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Table Id. Detals of SHELXD, OASIS, ARP/WARP and REFMAC 1esults for 1.7 A data of theimolysin
OASIS input
ATOMI 7n 0 88054 054905 005460 1.00 00 BFAC 20.000 (output from SHELXD)
PROGRAM Resolution hrmint 20-17
SHELXD Thice peaks CC =5152 C'C(weak) = 3267
OASIS Once peak 472 8 Sce 2090 PPcaks MOC -
Initial R = 45.2 R=46.3
No of auto building cycles 10
No of Refmae eycles e cach auto butlding cycle 5
ARP/WARDP — | Final R = 287 R= 47.9
Connectivity index 076
No chains 9
No 1es built 75
No of dummy atoms 2582
Initial R, = 28.7 R, =479
No of auto butlding cycles 10
No of Refmace cycles in cach auto building cycle 5
ARP/WARP - 11 Final R = 312 R= 474
Connectivity mdex 0 83
No chains 17
No 1es built 185
No of dummy atoms 1811
Initial R, =312 R, =47.3
No of auto building cycles 10
No of Retmac cycles in cach auto butlding cycle 5
ARP/WARP- 111 Final R = 169 R= 218
Conncctivity mdex 0 o8
No. chans 3
No res bult 309
No of dummy atoms 705
R, .« and R, without dummy atoms K, =275 R, = 28.6
Final model with solvent atoms R = 181 R, =205
[solvent building cantied out using 20 cycles of ARIP/wWwARP
building solvent atoms sceript] 1 m s deviaton of backbone atoms(1FJIQ) 0 340 A

occupied by Mn?* ion and the other by Mg*. The data was  of REFMAC in cach auto-building cycle were performed. Fimall
collected at a wavelength of 0.98 A and belongs to 1222 space ARP/WARP was able to build 384 out of 388 residues i twe
group. The K X-ray absorption edge of manganese lies at 1.90  chains and has located 902 dummy atoms. At this stage. the K
A and at the wavelength used in this experiment, the imaginary  and R, valucs were 16.8 and 20.5%, respectively. The map alw
component of the anomalous scattering (f") of manganese varies

. Table 2a. Details of the crystallographic data of glucose isometase
between 2.8 and 1.3 electron units. The strongest anomalous - .

scattering is provided by Mn, especially at shorter wavelengths 8 (A) 92 812
where the anomalous effect of sulfur is very small. Table 2a b (A) 97.684
shows the crystallographic dctails of this protein. ¢ (A) 102 682
The location of the anomalous scatterers in this enzyme a=Lfg=y") 90

(Mn>*) was performed by dircct methods program SHELXD. Space group 1222
SHELXD gave three positions with a CC value of 29.69. :l‘hc Resolution tange (A) 20-145 - 514
top most pcak was given to SHELXE for phasing and the final . )

. Completeness (%) oo (1 10
CC value was 81.79. A map was calculated for the SHELXE

Rmerge 47 (11

output phagcg and we were able to find 1812 peaks which were
above the M cut-off. The phases were then fed to ARP/WARP /o (D) 62.3 (29 )
and REFMAC.«}@ cycles of auto-building along with fivecycles  Least value of anomalous signal-to-noise ratio 1.22




showe:
purldit
manti
wehinet
were b
solven:
18 0%

897/
with the

Direct phasing of one-wavelength anomalous scattering data ete 353

e densities in the missing region and manual model
was carried out for the missing residucs. After the
aodel building. 20 cycles of maximum-likelihood
it were performed using REFMAC and solvent atoms
ated after the refinement using ARP/WARP ‘build
‘oms” script. The final R, and Rj values were 17.3 and
-spectively. The average B factor for the current model
The backbone of this final model was superimposed

one in P2, 2,2 space group of this enzyme (PDB 10ALY).

The roc mean square deviation is 0.184 A and all these detaids
ueshownn Table 2b. The Map Correlation Coefficient (M(_‘?)

between the SHELXE map and final map is 0.8127. Figure 2a
shows the final cartoon diagram of this enzyme. Figure 2b shows
asection of the final model superposed with the clectron density
Of SHELXE map and also the final 2|/ | - |F, | map.

As an alternative method, OASIS was run for the top most
peak obtained from SHELXD. Density modification (DM) using
the CCP4 program was then carried out with the resulting phase
sets. A map was calculated for the OASIS output phases and
we were able to find 908 peaks which were above the 3o cut-
off. The automated model building was performed using ARP/

Table 2b. Details of SHELXD. SHELXE, ARP/WARD and Rlil"l\‘/\(‘ 1esults for glucose somerase

SHELXD output

Mnl 1 0.583054 0.133270 0 066371 10000 02
Mn02 1 0.631714 0.147301 0080120 02927 02
Mn03 1 0.612625 0175293 0241702  0.2350 0.2

SHELXE input

Mno! I 0.583054 0133270 0066371 1 0000 02
PROGRAM Resolution it 20-1 45
SHELXD 3 peaks CC =29069 CC(weak) = 19 10
SHELXE I peak CC = K179 1812 peaks MO = 08127
Initial R, = 335 k,= 327
No of auto building cycles 10
No of Refmac cycles i cach auto building cycle S
ARP/WARP Final R, =108 R~ 205
Conncectivity mdes 0 99
i No chins
No res built 384
No of dummmy atoms 202
R, and R, without dummy atoms R, = 26.1 R, =269
Fial model with solvent atoms R, =173 R, =189

[solvent butlding carned out using 20 cycles of ARP/WARP.
butldicg solvent atoms scnpt]

1 m s deviation ol backbone atoms(1OAD) 0 184 A

Table 2c. Detals of SHELXD. OASIS. ARP/WARP and REFMAC 1¢sults for glucose isometase.

OASIS mput

ATOMI Mn 0.58305 013327 0.06637 1.00 0.0 BFAC 20 000 (output from SHELXD)

PROGRAM Resolution hmit 20-1 45
OASIS One peak (from SHELXID) 1463 0 Scc 908 peaks MCC = 0.2978
Initial R =477 R/=47.8
No. of auto building cycles 10
No. of Refmac cycles in cach auto building cycle 5
ARP/WARP Final k= 169 k= 203
Conncctivity index 099
No chains 2
No. res built 385
No of dummy atoms R7K
R, and R, without dummy atoms R, = 26.1 R, =270
Final madel with solvent atoms R, =175 R =193

[solvent building carricd out using 20 cycles of ARP/WARP:

building solvent atoms seript]

r.m s deviation of backbone atoms(10AD). 0.170 A
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wARP for these modified phases. Finally, ARP/WARP was able
to build 385 out of 388 residucs in two chains with a connectivity

Figure 2a. Input 1 SHELXD peak to SHFI.XE  Auto Built 384 residues

Figure 2b. I'inal model superposed with SHFLXL map and final 2|77 |
|# ] map at 1.

index of 0.99. At this stage. the R and R, values were 16.9 and
20.3%, respectively. Manual model building was carried out for
the missing residues and solvent atoms werc updated after
the refinement using ARP/WARP ‘build solvent atoms” script.
The final R, and R values were 17.5 and 19.3%, respectively.
The average B factor for the current model is 9.5 A2, The
backbone of this final model was superimposed with that of
P2,2,2 form of this enzyme (PDB [OAD). The root-mean square
deviation is 0.170 A and all these details are shown in Table 2c.
The Map Correlation Coefficient (MCC') between the OASIS
map and final map is 0.2978. Figure 2c shows the final cartoon
diagram of this enzyme. Figure 2d shows a scction of the final
model superposed with the clectron density of OASIS map and
also the final 2|F | - |F, | map.

4. Conclusion

The above work emphasizes the applicability of the SAS
technique to solve a macromolecular structure when data extends
to 2.0 A resolution. Only one anomalous scatterer is used here.
Many proteins host light metals such as calcium, manganese,
potassium as cofactors or recruit them as stabilizing agents.
These metals may provide an opportunity to bypass the
preparation of heavy-atom derivatives or the incorporation of
se]eno:%ionine residues into native sequences and allow de
novo ciﬁ!al structure determination.

S Selvanayagam, DD Velmurugan and T Yamane

Figure 2c. Input stcdues

I SHELXD pcak to OASIS Auto Built 38> -,

Figure 2d. Final modcel superposed with OASIS map and tinal 27
map at lg

The above results demonstrate that the direct method i
capable of discriminating the correct phasc in a bimodal
distribution of a protein reflection by cexploiting single-
wavelength anomalous scattering diffraction data which extends
to modest resolution. The combination of SAS data and dired
mcthods is a powerful approach for resolving phases for protew
structure determination; its wider adoption would result m
major saving of synchrotron-radiation experimental time, about
2/3". This work also adds substantial cvidence that even with
single-wavelength anomalous scattering data, a macromoleculy
structure can be solved with the existing sophisticated program
with the knowledge of just one anomalous scatterer and 1t
also seen from our above studies that the SHELXE phases aie
much better than QASIS phases, which is confirmed by map
correlation coefficient, electron density maps and their outpi!
peaks. The SAS method could therefore, play an important ok
in the high-throughput complete automatic procedures currenth
planned for structural genomics initiatives.
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