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Regular arrangement of periodates bound to

lysozyme

The structure of tetragonal hen egg-white lysozyme soaked in
a periodate solution has been determined to a resolution of
1.8 A. Four high-occupancy periodate positions have been
identified on the basis of the anomalous signal of the I atoms.
The four periodates exhibit a regular rectangular arrangement
on the surface of the lysozyme molecule. No similar regular
arrangement was found either in lysozyme crystals soaked in
other heavy-atom anions or in other structures from the
Protein Data Bank. Depending on their position on the
surface of the protein, the periodate ions deviate to a varying
extent from ideal octahedral geometry.

1. Introduction

Many complexes of proteins with inorganic oxoanions can be
found in the Protein Data Bank (PDB). As of 10 January 2005
there are complexes of proteins with sulfates (2960 entries;
PDB chemical component ID SO4), nitrates (70 entries; ID
NO3), phosphates (804 entries; ID PO4), carbonates (81
entries; ID CO3) efc. Only 63 PDB entries containing heavy-
atom oxoanions have been found (Table 1): 31 for vanadate
(IDs VO3, V40, V70, VO4), 21 for tungstate (ID WO4), eight
for molybdate (ID MOO), two for perrhenate (ID REO) and
one for selenate (ID SE4); no entries were found for bromate,
tellurate or periodate. In the Heavy Atom Databank, only
sodium perrhenate and tungstates are mentioned.

The chemistry of protein-heavy atom complexes in which
the heavy atoms comprise inorganic oxoanions has as yet been
little studied. Some of the above-mentioned heavy-atom
anions have a simple and regular shape: perrhenate and
selenate are tetrahedra, bromate is a deformed tetrahedron
and tellurate and periodate are octahedra. In addition, vana-
date, tungstate and molybdate can polymerize. The structure
of the resulting polymeric anion depends strongly on both the
local pH and the surface contour of the protein. In the protein
crystal, polymeric ions can be formed that may differ from
those present in solution. Thus, new inorganic compounds may
be obtained inside protein crystals (Ondracek & Mesters,
2002). Similarly, the protein surface may stabilize inter-
mediates and catalyse chemical reactions.

Anomalously scattering heavy atoms can also be exploited
for experimental phase determination. Recently, the quick
soaking of protein crystals with a solution containing 0.25-
1.0 M Br™ or I” was proposed as a new and universal method
for protein phase determination (Dauter & Dauter, 1999,
2001; Dauter et al., 2000, 2001). Bromine has an absorption
edge at 0.92 A and is therefore suitable for MAD
analysis (Hendrickson & Ogata, 1997). With Af” =1.28 ¢~ at
A =1.54 A, it can be used successfully for structure solution by
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Table 1
Protein structures containing selected heavy-atom oxoanions as found in
the PDB as of 10 January 2005.

Oxoanion PDB code No. of sites Resolution (A)
Selenate SeO3~ 1fga 2 22
Perrhenate ReO3~ 1hnu 2 21
1k4j 7 2.5
Molybdate MoO?%~ 1h9m 8 1.6
1h9s 2 1.8
lamf 1 1.7
leoi 3 2.4
lgun 8 1.8
1guo 8 2.5
1h9j 2 1.8
1071 5 2.8
Tungstate WO3~ 3kbp 4 3.0
le3p 1 2.5
1dko 1 24
1gug 16 1.6
1h9r 2 1.9
1lgp 1 2.0
1fez 2 3.0
1r3 16 1.5
1h9k 4 1.8
2ush 4 22
latg 1 1.2
1bys 1 2.0
1ckj 5 2.5
lcws 1 2.0
1j9k 2 2.1
1wod 1 1.8
lytw 1 2.4
2hnq 1 2.8
1mu7 2 2.0
lohd 2 1.9
1u7p 2 1.9
Vanadate V,0f; (V40) 17v 2 32
luiz 1 1.9
Vanadate V,01; (VO3) 1e59 1 13
Vanadate V,03; (V70) 1dkt 1 2.9
1rxs 20 2.8
Vanadate VO,~ (VO4) 1bo6 2 2.1
lvnc 1 2.1
3rnt 1 1.8
1dfl 2 42
lidq 1 2.0
lidu 1 22
1rpt 1 3.0
1qi9 2 2.1
1j91 2 19
1vnf 1 2.4
lvne 1 22
lvng 1 22
1vom 1 1.9
1vni 1 22
1vnh 1 2.1
11kx 4 3.0
1mu9 2 21
1nop 2 2.3
lovi 1 2.5
1rff 2 1.7
1rfi 2 22
1rgl 2 2.1
luzi 3 1.89
1rg2 2 2.1
1rgt 2 2.0
1rgu 2 22
1rho 2 2.3

SIRAS (Dauter & Dauter, 1999). Todine, with Af” = 6.84 ¢ at
A =1.54 A, has been used successfully for structure solution by
SAD (Chen et al., 1991). The use of I” was extended recently

Table 2

Data-collection and processing parameters.

Values in parentheses correspond to the last resolution shell.

Unit-cell parameters

a (A) 77.03

¢ (A) 37.12
Wavelength 1.54178
Crystal-to-detector distance (mm) 100

Resolution (A) 99.0-1.83 (1.88-1.83)

No. of images 2 x 118
Exposure time per image (s) 900

® rotation per image (°) 1
Completeness (%) 99.3 (99.3)
No. of unique reflections 10310

No. of unique reflections, F > 40(F) 9837
Rumerge (%) 73 (156)
Runom (%) 6.0 (83)
Ilo(I) 6.6 (4.4)
Redundancy 15.9 (15.7)

by the use of I5 (Evans & Bricogne, 2002). The study has been
expanded to include lanthanides (Nagem et al., 2003) and
uranyl compounds (Djinovic Carugo et al., 2005) and may also
be applicable to heavy-atom oxoanions.

This study is a contribution to establishing a relation
between the size, shape and chemical properties of the various
heavy-atom oxoanions and their binding modes to the
proteins. In addition, it may be possible to exploit the anom-
alous signal for the determination of new protein structures.
The structure and binding mode of periodate anion is the first
result presented.

2. Materials and methods
2.1. Crystal soaking

Tetragonal crystals of lysozyme (lysozyme chloride from
egg white, dried; Roanal, Budapest, Hungary) of size 0.1-
0.2 mm grown by the hanging-drop method from 50 mM
sodium acetate pH 4.5, 1-1.2 M NaCl were used for this study.
Lysozyme crystals were soaked at room temperature for S min
in solutions made up from one part of aqueous saturated
NalO, and 11, five and two parts of 50 mM acetate pH 4.5, and
then for 15 min in a solution made up from two parts aqueous
saturated NalO, and one part 50% PEG 2000. Before flash-
cooling, crystals were briefly immersed in paraffin oil.

2.2. Data collection and refinement

Diffraction data were collected on a Cu rotating-anode
generator (FR591, Nonius, The Netherlands) operated at
50kV and 80 mA equipped with a cold nitrogen-stream
generator (Oxford Cryosystems, UK) at 150 K and a MAR
imaging-plate detector (MAR345, X-ray Research, Germany).
The inverse-beam technique was used for data collection. The
raw data were integrated using DENZO (Otwinowski &
Minor, 1997) and scaled using SCALA from the CCP4 suite
(Collaborative Computational Project, Number 4, 1994) using
the SCALA-Det scaling protocol as described in Mueller-
Dieckmann et al. (2004). Further data reduction and refine-
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Table 3
HipHop refinement parameters.

The values given are for reflections with F > 40(F).

Refinement Input 1 2 3 4 5 6 7 8 9 10 Mean (e.s.d.)  Average structure
R, full data (%) 1735 1563 1579 1579 1557 1578 1579 1573 1568 1577 1567 1572 (7) 1531
R (90% set) (%) 1689 1538 1541 1548 1528 1552 1543 1545 1542 1554 1536 1543 (7) 15.03
Riee (10% set) (%) 244 218 232 224 219 221 226 222 221 221 219  222(4) 21.0
wRZ, full data 4353 39.08 3949 39.53 39.00 3947 39.56 39.57 3930 3940 3925 3937 (19) -
S, full data 298 2653 2676 2679 2646 2671 2677 2677 2661 2671 2659 2668 (11) -
Waters 155 185 176 176 185 173 172 170 175 178 178 177 (5) -
Riee — R (%) 755 64 78 6.9 6.6 6.6 72 6.8 6.7 6.6 6.5 6.8 (4) 6.0
Table 4 . . Briefly, in the ‘Hip’ step 150 maxima
Bond lengths (A) in periodate I_A and possible hydrogen bonds (A). in the difference Fourier synthesis were
The bond lengths in the periodate I_A correspond to the structure [I(HO),0,] . filled with water molecules provided
Refinement 1 5 3 4 5 6 7 3 9 10 Mean they fulfilled the geometrical criteria for

water molecules. The ‘Hop’ steps were
I-01 140 158 158 157 165 152 162 152 148 152 1.54(7) . :

run fi im n rs not fulfillin
I-02 1.96 201 204 194 185 196 207 197 201 189 197(6) un five times and Wa_tes_ ot fu ng
1-03 191 189 187 174 176 188 189 177 184 180 184 (6) the ball shape or criteria of density
I-04 178 187 184 177 18 179 175 180 183 186 1.81(4) greater than 0.09, 0.13, 0.18, 0.23 and
I-05 166 167 165 160 151 174 170 1.68 174 165 1.66 (6) - 3-3
I—06 180 1.88 188 1.83 1.86 1.80 188 185 186 182 1.85(3) 0.25 ¢ A were gradually removed.
Ol---Asn930D1 339 326 328 348 341 331 309 317 331 319 329(11) Every Hip and every Hop step was
Ol --Asn93ND2 360 337 332 348 319 348 335 328 345 334 3.39(11) followed by 1000 cycles of CGLS in
O2--HisI5ND1 287 268 261 272 259 276 256 274 278 291 272(11) SHELXH.
02---Argl28 NH2' 270 287 301 290 329 279 269 250 252 252 278(24) o L .
03---His15 ND1 327 327 298 311 331 263 263 283 265 268 294(27) During the preliminary HipHop
O4..-Lys96 NZ 345 345 339 347 348 347 336 342 347 350 345 (4) cycles the structure was inspected and
O4---Argl28 NH2' 252 246 258 256 258 263 257 255 259 252 256(4) . . :
04.--His15 0 366 357 356 3.64 355 379 373 359 368 361 3.64(7) some  side Cl,lams were ,reoflented
06 - Hisl5 O 340 336 332 322 327 330 338 335 334 334 333(5) manually. In this way the static disorder
06 - ‘His15 ND1 327 327 333 341 329 339 339 335 333 332 334(5 in Ile55, Asn77 and Lys97 and the
06---Asn93ND2 283 275 281 286 290 288 280 281 281 278 2.82(4) di : . . .

ifferent side-chain orientations of

06- - -Lys96 NZ 360 361 346 334 354 338 324 344 343 357 346 (11)
O1- - -water 1173 _ _ 330 — 271 — _ 330 — _ 3.10 (28) Leu83 and Vall09 were found. After
O1- - -water 1179 — — — — — — — — 337 — stabilization of the model, the final ten
O3- - -water 1179 — — — — — — — — — 321 —

Symmetry code: (i) —y, —x,  — z.

ment of the structure were carried out with other programs
from the CCP4 suite. Unit-cell parameters, data-collection
details and statistics are given in Table 2.

The PDB entry lhel (Wilson et al., 1992) without solvent
molecules was used as the starting model for structure deter-
mination. For preliminary refinement, the conjugate-gradient
algorithm (CGLS) was used as implemented in the program
SHELX97 (Sheldrick & Schneider, 1997). After determina-
tion of the whole structure of lysozyme and the positions of
periodates and nearly all waters, the full-matrix (least-squares)
refinement was also used. The parameters of this refinement
are given in Table 3 in the ‘input’ column.

Although the reliability parameters for the preliminary
refinement appear to be satisfactory for the resolution, it
was impossible to determine the individual iodine—oxygen
distances in the periodate structures. The structure was
therefore re-refined wusing the HipHop refinement
method (Ondracek, 2005; Ondracek & Mesters, 2004;
http://www.img.cas.cz/hiphop). A paper with further details
of HipHop is currently in preparation (Ondracek et al.,
2005).

cycles were run and statistics of HipHop
refinement were calculated.

Table 3 shows the final refinement
results of the final ten HipHop cycles
and their mean values. In the column ‘Average structure’
crystallographic (vector structure factors) averages of all ten
structures are given. In the multi-conformer PDB entry 1hc0
the single structures are labelled by different MODEL
numbers.

2.3. Structure comparisons

Three-dimensional structure superpositions were carried
out using the program LSQKAB (Collaborative Computa-
tional Project, Number 4, 1994). Since the Hip Hop refinement
protocol yields an ensemble of ten models describing the
refined structure, the values for the superpositions given are
average values over all ten structures.

3. Results
3.1. The overall structure of lysozyme

The global refinement parameters (Table 3) are comparable
in quality with the parameters for other published structures
of native hen egg-white tetragonal lysozyme (Table 9). The
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Table 5 . .
Bond lengths (A) in periodate I_B and possible hydrogen bonds (A).

The bond lengths in the periodate I_B correspond to the structure [I(HO)sO].

basis of HipHop refinement (Ondracek
et al., 2005). Other cases of disorder
were observed for Lys97, Asnl03,

Arg21 and Argl25. These and the side-

Refinement 1 2 3 4 5 6 7 8 9 10 Mean > 3
chain disorder observed for Ile55,
1-01 159 161 156 160 164 163 166 172 177 182 166 (8) :
1-02 181 1.89 188 185 1.8 1.84 183 184 187 184 185(2) Asn77 and Lys37 were not present mn
1-03 192 198 201 196 189 197 190 195 192 196 195 (4) PDB entry 1hel, which was used as the
1-04 199 195 200 198 190 207 202 198 199 202 1.99(4) starting model for refinement. Further-
1-05 197 202 199 201 202 197 206 207 204 206 202(3) L
more, PDB entry 1lhel significantl
1—06 © 188 205 210 196 191 184 190 199 193 198 1.95(8) o y gniicantly
Ol---Glu7OE2 280 275 272 275 276 275 265 258 259 248 268(10)  differs from our refined model in the
Ol --Argld NH2 249 249 249 249 249 250 249 249 250 250 249 (1) side-chain orientations of Lys13, Arg21,
02--Tle88 N 283 284 286 291 290 291 292 298 294 300 2091(5)
02---Ser86 O 339 332 335 336 332 333 333 330 336 333 334(3) Asn>9, Argbl, Tip62, Ser86, Lysd7,
03---HisSNE2 370 365 359 372 375 374 374 371 373 362 370(5) Asnl03 and Argl2s.
O4...Glu7 OE2' 354 344 338 346 354 358 351 348 349 342 348(6) In PDB entry 1dpx, the disorder
O4---Asp87TODI 369 3.69 364 365 369 364 359 364 361 361 3.65(3)
04-- 1LFO2 241 238 253 249 256 237 246 251 244 249 246 (6) observed for Af%“ (atoms NE, CZ,
05---Argl4 NH2 320 329 332 322 327 324 335 337 331 326 328(5) NHI1 and NH2) differs from that found
05---HisISNE2 279 284 290 283 278 282 287 279 277 270 281(5 in our final ten models (only the CG
05---Asp870OD1 296 278 269 280 283 293 287 289 290 290 286 (8) ~ )
05 1188 N 348 347 349 354 350 357 343 351 361 360 352(6) and ,C_D atoms are. _dlsordered’ tl,le
O1---water 1080 275 284 285 284 292 293 299 302 302 316 293(11) remaining atom positions are again
O1.--water 1064 345 354 349 351 349 347 351 352 351 351 350(2) similar). The disorder for Lysl NZ
02---water 1181 290 278 279 273 266 273 278 275 273 272 276 (6) . .
O3 water 1080 235 233 232 230 253 249 260 253 258 261 246(12)  observed in 1dpx was not found in our
06---water 1064 283 247 253 263 282 28 270 263 271 265 268(12) models. The disorder of Asn77 deter-
06---water 1064 309 329 329 319 316 309 317 311 326 317 318(7) mined in 1dpx is practically identical to
OG- water 1181 267 259 251 254 256 260 278 286 274 256 264(1)  that found in the first steps of HipHop
Symmetry code: (i) -y, —x, 3 — z. refinement.
No disordered residues were
Table 6 observed in ljis and 11z8. In ljis, the
Bond lengths (A) in periodate_C and possible hydrogen bonds (A). orientation of Argl4 is identical to that
The bond lengths in the periodate correspond to the structure [I(HO);03]*". fOl.lnd 11.1 one set of our models, the
R n 5 3 . s . . . . TR orientations of Ile55, Asn77 and Lys97
efinement ean are similar and the orientations of
1-01 168 160 164 164 164 161 159 156 165 156 1.62(4) Arg2l, Asnl03 and Argl25 are
1-02 156 140 145 146 149 151 148 138 145 149 147 (5) different. In 11z8. the orientations of
1-03 203 203 204 206 204 207 202 206 207 207 205(2) 1655 and S dentical with th
1—04 192 187 197 18 197 193 1.8 198 192 195 1.92(5) Tle55 and Asn77 are identical with that
I-05 1.66 171 1.64 158 155 141 171 167 146 167 161 (10) found in one set of our models, the
1-06 © 207 213 202 208 200 211 219 208 205 208 208(5) orientations of Arg2l, Lys97 and
Ol---Arg68 NHI" 317 317 314 323 317 312 316 316 310 314 316 (3) e o :
03---Glu35 0 265 266 272 266 268 262 258 257 256 256 263 (5) Argl25 are similar and the orientations
03.--AsnddND2 276 274 276 270 271 272 279 275 275 271 274(3) of Argl4 and Asnl03 are again
05---Asnd4OD1 330 324 336 345 350 354 330 331 351 339 339(10)  gifferent.
05---Asn44ND2 288 287 289 289 304 294 287 285 291 298 291 (6) . L .
05---ArgdSNH2" 300 296 299 300 306 319 289 299 311 299 3.02(8) More interesting is the comparison
O5---Argb8 NH1" 3.61 351 343 3.63 356 369 358 350 354 357 3.56(7) with the high-resolution structure liee
06 - Ser36 O 353 337 337 332 339 326 343 321 327 322 331(1)  (resolution 094 A). The disorder
06---Asn37 N 345 333 340 337 338 331 324 334 334 334 335(5)
Ol.-.water 1024 2.66 281 265 263 268 277 278 282 271 294 275(9) observed for Ile55, Asn77 and Lys97
02---water 1039 3.18 330 317 323 337 329 355 340 340 334 332(11) found and refined during HipHop
02---water 1094 357 356 349 357 330 329 345 3.69 335 340 347(13)  refinement in our model is almost
O3---water 1094 394 393 381 390 3.64 354 355 394 360 355 374(17) .. . S
O5.--water 1067 2.60 267 271 268 263 273 250 259 280 254 2.65(9) identical to that found in liee. The
06- - -water 1039 275 283 285 298 300 312 333 319 310 311 3.03(17) side-chain orientations for Asn59,
O6---water 1024 369 359 348 349 354 350 341 349 341 348 351 (8) Ser86 and Lys97 in our models are

Symmetry code: (ii) y, x, 1 — z.

three-dimensional structure of lysozyme is very similar to
other published hen egg-white lysozyme structures. A
comparison of the ten models generated by HipHop refine-
ment yielded r.m.s. deviations in the range of the expected
coordinate error of the structure (Table 9).

The static disorder of Argl4 and the dynamic disorder of
Trp62 will be discussed in detail in the paper describing the

identical to one of the multiple side-

chain conformations in liee, while the

side-chain orientations for Lys13, Argl4, Arg21, Arg6l, Trp62,
Asn103, Argl25 and Argl28 differ between the two structures.
With respect to the water molecules, a total of 291 water
molecules were found in different positions in the ten models.
The average number of waters per model is 177 (5) (Table 3).
The distribution of water molecules is as follows: 112 water
molecules occurred in all ten models, 18 waters in nine, ten in
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Table 7 . .
Bond lengths (A) in periodate_D and possible hydrogen bonds (A).

The bond lengths in the periodate correspond to the structure [I(HO)4]".

eight, 11 in seven, nine in six, 12 in five,
12 in four, 17 in three, 26 in two and 64
in only one. The stable water-molecule

content and the limited water capacity

Refinement 1 2 3 4 5 6 7 8 9 10 Mean ) ) -
is in agreement with our other
I1-01 1.84 180 179 177 177 178 182 177 178 170 1.78 (4) results
1-02 199 201 194 183 196 188 196 184 193 182 1.92(7) ’
1-03 193 189 18 191 1.8 183 183 1.75 182 184 1.85(5)
1-04 201 203 204 206 209 208 207 200 204 202 204(03)
1-05 1.80 188 185 1.8 192 177 195 190 191 191 1.88(5)
1-06 L74 191 189 184 191 185 189 195 196 185 188(6) 3.2, The structure of the periodate ions
O1---Glu35 OE1 259 262 268 268 265 265 262 267 269 276 2.66(4)
O1---Asp520D2  3.14 315 312 317 319 319 319 319 314 313 3.16(Q3) Nine possible periodate positions,
02---Alal07 O 341 334 339 344 334 339 335 342 331 350 339(5) : g
0O2---Vall09 N 264 264 269 279 274 275 271 275 269 274 271(5) four maxima at the sulfur positions of
03---Glu35OEl 3.1 314 309 314 305 310 310 305 307 312 3103)  Cys6, Cys76, Cys80 and Cys115 and one
03---Glu35OE2 230 230 230 230 229 230 229 230 230 232 230(1) for a chloride corresponding to the
0O3---Alal09 N 290 284 289 279 3.00 291 296 306 299 295 293(8) : .
O3---AlallON 289 292 298 291 298 298 297 307 301 298 297(5) Chl(?rlde 205 in 1128 were foun_d on Fhe
O4---Asp520D2 232 230 230 229 229 230 230 230 229 230 230(1) Dbasis of the anomalous diffraction
O5---Glu35 OE1 330 336 341 334 342 332 341 337 340 345 338(5) (Fig, 1), Four periodates exhibited
O5---Glu35sOE2 311 310 319 313 320 312 318 317 307 314 314(4) :
O5---GIn57 O 320 310 310 3.07 3.05 319 3.03 303 305 305 3.09(6) hlgher occupancy than 0.5. These were
05---Asp520D2 363 361 353 354 355 354 352 351 350 350 3.54(4)  termed periodates I_A, 1B, I_C and
O1- - -water 1007 299 308 302 301 307 301 300 310 310 314 3.05(5) I_D. After HipHop refinement and on
O1- - -water 1146 316 — — — — — — — — — 3.16 . . : :
Ol - -water 1168 — - - — — 301 308 313 320 321 3.13(7) the l,)aSIS of the static eyaluatlon it W?S
02---water 1169 — 251 263 266 249 — — — —  — 257(7)  possible to study their structures in
O2. - -water 1184 — — — — — 263 261 264 261 263 262(1) detail.
O3- - -water 1146 341 — — — — — — — — — 3.41 : :
O4. - -water 1059 229 230 229 229 229 229 229 229 229 229 229(1) The bond lengths mn peHOdate I,_A
O4. - .water 1181  — _ — _ _ 205  _ _ _ _ 205 (occupancy 0.6) and the possible
O4- - -water 1184 — — — — — 3.06 312 311 3.06 318 3.11(4) hydrogen bonds to protein atoms and
O4. - -water 1169 — 299 310 312 3.00 — - - — - 3.05 (6) : .
04 water 1169 — = 0 70 337 3m 3a1 333 329 326(x ater molecules are shown in Fig. 2(a)
06- - -water 1146 333 — _ _ _ _ _ _ _ _ 333 and the distances are given in Table 4.
06- - -water 1168 ~ — 289 267 278 — — — — — — 2.78 (9) The values show that two of the iodine—
O6- - -water 1169 — - - — — 289 294 289 3.09 298 296 (7) o
O6- - -water 1168 — — - — - 337 333 333 340 321 333(6) oxygen bonds seem to be Slgnlﬁcantl_y
shorter then the other four. Thus, this
structure corresponds to the formula
[I(OH),0,]", with two short I—O
bonds and four longer I—OH bonds. One of the negative
charges of the periodate is in the neighbourhood of the
positively charged Argl28 of a symmetry-related molecule
: 1
described by the symmetry operator —y, —x, 5 — z.
The bond lengths of periodate I_B (occupancy 0.7) and
possible hydrogen bonds are summarized in Table 5 and
© shown in Fig. 2(b). Only one bond length in this periodate
differs statistically from the others. Thus, this periodate
corresponds to the formula [I(OH)sO]. This formula is also
supported by its neighbourhood: the two negatively charged
P side chains Glu7 (position -y, —x,  — z) and Asp87, and one
- positively charged side chain Argl4 are close to I_B. The
interaction of Argl4 with I_B may explain the static disorder
observed for Argl4. The side chain of Argl4 exhibits two
& different orientations with relative frequencies of 6:4 in the ten
final models.
The geometry and interactions of periodate I_C (occupancy
[ 0.5) are given in Table 6 and Fig. 2(c). The bond lengths of this
periodate correspond to the formula [I(OH);0])*". The two
Figure 1 negative charges of this periodate are stabilized by Arg45 and

Anomalous difference electron-density map (contoured at 3 standard
deviations above the mean value) and regular geometric arrangement of
periodates (green spheres). The additional maxima are from symmetry-
related molecules. The figure was produced using the program PyMol
(DeLano, 2002).

Arg68 (both in position y, z, 1 — z).

The structure of periodate I_D (occupancy 0.6) is described
in Table 7 and Fig. 2(d). The bond lengths correspond to the
formula [I(OH)¢]". The positive charge of the periodate is

Acta Cryst. (2005). D61, 1181-1189

1185

Ondracek et al. - Periodates bound to lysozyme



research papers

stabilized by the presence of Glu35 and Asp52 in its neigh-
bourhood.

The I—O bond lengths given in Tables 4-7 are in good
agreement with the published mean value of 1.803 A for the
distance I’*—O*~ (Wilson & Prince, 1999).

3.3. Exploitation of anomalous signal for structure solution

Our data measured were more than good enough for the
determination of periodate positions, the verification of these
positions on the basis of the anomalous difference map and
the determination of the periodate oxygen positions.
However, attempts to use the anomalous signal for phase
determination were unsuccessful. No easily interpretable map

G128

(b)

Figure 2

Stereoscopic views of the four periodate ions bound to lysozyme exhibiting ocupancy >0.5.
The figure was prepared using the programme Viewer Lite 4.2. (a) Binding position of
periodate I_A. (b) Binding position of periodate I_B. (¢) Binding position of periodate I_C.

(d) Binding position of periodate I_D.

was obtained by the SAD method using the programs
MLPHARE and DM (Collaborative Computational Project,
Number 4, 1994). However, it is planned to reperform the
experiment more carefully and to enhance the anomalous
signal by carrying out data collection at longer wavelengths
(Mueller-Dieckmann et al., 2004, 2005). This will be the subject
of a separate study.

3.4. Geometric arrangement of the four periodates with high
occupancy

Selected distances, angles and the plane through the I atoms
of the periodates I_A, I_B, I C and I_D are described in
Table 8. The I atoms of I_A, I_B, I_C and I_D form a
deformed rectangle ABCD (Fig. 1). The
deformation occurs because of the deviation
of I_A of about 3 A in the direction DA.
The angles BCD and CDA may be considered
to be regular, the sides AB and CD as
equivalent and the side BC as double this
value.

The regular arrangement of the periodate
ions is in good agreement with the unit-cell
parameters of several minerals and may help
to explain the phenomenon of epitaxy of
lysozyme on the minerals lepidolite and
fluorite (McPherson & Shlichta, 1988). The
only commonly accepted necessary condition
for epitaxy of one compound on another is
the presence of the same d value in both
compounds. In the case of proteins, the d
value of one compound can be changed by
the distance of possible binding points,
represented by periodate positions. The
average value of 10.23 A obtained from
AB, BD and CD used for this evaluation is in
excellent agreement with the unit-cell para-
meters ¢ = 1013 A in lepidolite C2/m
(Bernard & Rost, 1992), ¢ = 2020 A in
lepidolite C2/c or a = 520 A in lepidolite
P3,12. The agreement is evident for fluorite
P3,21 with a = 4.913 A or for fluorite P4,2,2
with a = 4.97 A.

The epitaxy of proteins on minerals has
been described (McPherson & Shlichta, 1988)
for proteins such as concanavalin B, catalase
and canavalin, but a similar analysis for these
proteins is so far lacking.

G128

3.5. Comparison of periodate positions with
positions of other ions

Various ions bound to lysozyme are often
found in structures deposited in the PDB. The
positions of chlorides in three selected
structures compared with the positions of the
periodate ions in our model yields the
following results: chloride ions 201, 202 and

1186 Ondracek et al. + Periodates bound to lysozyme

Acta Cryst. (2005). D61, 1181-1189



research papers

Table 8
Geometric parameters of the relative arrangement of the periodate ions I_A-I_D on the surface of lysozyme.
Refinement 1 2 3 4 5 6 7 8 9 10 Mean
Distances (A)
I_A---I.B 10.00 10.01 10.03 10.01 10.01 9.99 9.99 9.96 9.95 9.95 9.99 (3)
I.B--I.C 20.50 20.50 20.50 20.48 20.50 20.48 20.49 20.50 20.49 20.50 20.49 (1)
I.C.--I_.D 10.41 10.41 10.40 10.39 10.39 10.39 10.41 10.42 10.42 10.40 10.40 (1)
I.D---I_A 22.94 2291 2291 2291 22.81 22.92 22.92 22.92 22.90 2291 2291 (3)
Angles (°)
I_A---I.B---I.C 107.94 107.78 107.73 107.78 107.63 107.85 107.90 107.94 107.90 107.81 107.83 (9)
I_.B---I.C.-I_D 86.37 86.34 86.40 86.47 86.36 86.43 86.32 86.32 86.33 86.37 86.37 (5)
I.C.-.I.D---I_A 91.43 91.50 91.50 91.43 91.54 91.40 91.47 91.37 91.31 91.35 91.43 (7)
I_.D---I_A---I_B 74.24 74.36 74.35 74.30 74.44 74.29 74.27 74.35 74.44 74.45 74.35 (7)
Distances from plane (A)
I_A 0.061 0.071 0.057 0.077 0.071 0.072 0.074 0.080 0.074 0.070 0.071 (7)
I_B 0.069 0.079 0.064 0.086 0.079 0.081 0.083 0.090 0.082 0.078 0.079 (7)
1.C 0.064 0.073 0.059 0.080 0.073 0.075 0.077 0.083 0.076 0.072 0.073 (7)
I_.D 0.056 0.065 0.052 0.071 0.065 0.070 0.068 0.073 0.067 0.064 0.065 (6)
R.m.s. deviation of fitted atoms 0.063 0.072 0.058 0.079 0.072 0.073 0.076 0.082 0.075 0.071 0.072 (7)
205 found in PDB entry 11z8 (Dauter et al.,
SER 37 1999) correspond to the positions of water
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molecules in our structure, with deviations
of 1.05, 1.22 and 1.57 A, respectively. No
maxima in the anomalous difference Fourier
map were found for chlorines 203, 206, 207
and 208. Chlorine 204 is situated at a
distance of 2.45A from periodate 1_B
bound to Hisl15. Both chlorides in PDB
entry 1dpx (Weiss et al., 2000) are replaced
by water molecules in our crystal. Chlorides
201 and 202 found in PDB entry liee
(Sauter et al., 2001) are again replaced by
waters in our crystal, chloride 203 is located
1.13 A from periodate I_H (occupancy 0.4)
and chloride 204 1.41 A from periodate I_B.
Chloride 205 superposes with a chloride in
our crystal structure, with a difference in
position of 1.67 A.

The ion positions in two other lysozyme
structures determined under xenon and
krypton pressure (PDB entries 1c10 and
1qtk; Prangé et al, 1998) were also
compared with our model (Table 9). In
1c10, the chlorides 160, 161 and 164
correspond to water molecules in our
model, chloride 162 approximately corre-
sponds to the position of the low-occupancy
periodate I_H (distance 2.09 A), chloride
163 roughly superimposes with periodate
I_B (distance 2.69 A) and chloride 165 is
1.54 A from the position of the chloride in
our model. In 1qtk, chlorides 160 and 161
correspond to water molecules in our model
and the position of chloride 162 corresponds
to the position of the low-occupancy
periodate I_H (distance 2.01 A) As might
be expected, all xenon and krypton
positions are far from periodate positions.
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Table 9

Published structures of native hen egg-white tetragonal lysozyme and average values of r.m.s. deviations from our models (A).

PDB code Structure Resolution (/B\) R (%) Riree (%) R.m.s.d. (A) Reference

1dpx 177 waters, 2 chlorides 1.65 18.7 24.6 0.223 (5) Weiss et al. (2000)
liee 233 waters, 1 sodium, 5 chlorides 0.94 123 15.1 0.271 (6) Sauter et al. (2001)
1jis 141 waters 1.90 19.0 234 0.313 (3) Datta er al. (2001)
1128 224 waters, 1 sodium, 8 chlorides 1.53 22 31 0.343 (3) Dauter et al. (1999)
1hel 319 waters 1.70 152 Not given 0.279 (4) Wilson et al. (1992)
1c10 68 waters, 1 sodium, 6 chlorides and 3 xenons 2.03 17.2 22 — Prangé ef al. (1998)
1qtk 77 waters, 1 sodium, 3 chlorides and 1 krypton 2.03 173 21.6 — Prangé et al. (1998)
1gwd 103 waters, 1 sodium, 7 chlorides and 5 iodides 1.77 16.8 21.1 Evans & Bricogne (2002)

The periodate positions were also compared with ions
found in the tri-iodide derivative of tetragonal lysozyme
(Evans & Bricogne, 2002; Table 9). Tri-iodide is formed by
iodides A1130-A1147-A1130, with the I—I distance being
272 A (A1147 is placed on a special position). Tri-iodide,
iodides A1131 and A1133, and chlorides A1137, A1139,
A1142 and A1143 are distant from any periodate positions in
our model. The iodide A1132 position approximately corre-
sponds to the position of periodate I_E (occupancy 0.21); here,
the side chain of the nearby Aspl8 exhibits a different
orientation. The chlorides A1138 and A1140 practically
superimpose with periodate I_H and periodate I_B, with
differences in position of 2.01 and 2.41 A, respectively. The
chloride A1141 corresponds to the chloride ion in our model,
with a distance difference of 1.39 A.

The structure of lysozyme in complex with 2-methyl-2.4-
pentanediol and 2-amino-2-hydroxymethyl-propane-1,3-diol
(Weiss et al., 2000) and in complex with tri-N-acetylchitotriose
(Cheetham et al., 1992) as well as the structural effects of other
monovalent anions such as para-toluenesulfonate, NO73,
SCN™ and I on polymorphic lysozyme crystals (Vaney et al.,
2001) have also been studied. No similarities between the
binding of these ions and periodates in tetragonal HEW
lysozyme were found.

The characteristics of periodate-binding positions are
determined by its octahedral shape, size and charge flexibility.
Periodate can change its charge and I—O bond lengths and
thus adjust itself to the lysozyme surface. Surprisingly, per-
iodate oxidizes neither cysteines or methionines nor any other
parts of the lysozyme molecule. No similar structural flexibility
of inorganic oxoanions such as bromate, selenate, tellurate etc.
was found within lysozyme crystals (Ondracek, unpublished
results).

4. Conclusions

The soaking of tetragonal lysozyme crystals in periodate
solutions led to the binding of periodate in four highly occu-
pied positions. Standard refinement of the structure did not
yield the positions of periodate O atoms. Thus, the structures
of the periodate ions could not be determined exactly. A
standard single model is not capable of describing every
significant maximum in the difference Fourier map. However,
the oxygen positions in all four periodate ions could be
determined using the novel HipHop refinement procedure.

The structures of the four bound periodates differ and
depend to some extent on the binding position of the peri-
odate on the surface of the lysozyme molecule. The periodate
anion is able to accept or release H" and balance a partial
charge within lysozyme crystal. Thus, the structure of the
periodate depends on the local pH in the binding position.
Three of four periodates are bound to two neighbouring
symmetry-related lysozyme molecules.

Four periodates form a regular rectangular arrangement on
the surface of lysozyme. A similar arrangement was not found
after soaking tetragonal lysozyme in other heavy-atom oxo-
anion solutions such as tellurate, bromate, selenate, vanadate,
tungstate or perrhenate or in the structure of other complexes
of heavy-atom oxoanions with proteins listed in Table 1. The
reason can be found in the octahedral symmetry of periodate
and its structural flexibility as presented in this article. There is
a relationship between the dimensions of this rectangle and
the unit-cell parameters of some inorganic minerals that might
enable epitaxy of lysozyme on these minerals.

The support of this study by grant No. AV0Z50520514 from
the Academy of Sciences of the Czech Republic is gratefully
acknowledged.
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