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Abstract

The crystal structure of the photoprotein obd@2.2 kDa from Obelia longissiméas been determined and refined to

1.7 A resolution. Contrary to the prediction of a peroxide, the noncovalently bound substrate, coelenterazine, has only
a single oxygen atom bound at the C2-position. The protein-coelenterazine 2-oxy complex observed in the crystals is
photo-active because, in the presence of calcium ion, bioluminescence emission within the crystal is observed. This
structure represents only the second de novo protein structure determined using the anomalous scattering signal of the
sulfur substructure in the crystal. The method used here is theoretically different from that used for crambin in 1981
(4.72 kD3 and represents a significant advancement in protein crystal structure determination.

Keywords: bioluminescence; crystallography; obelin; photoprotein; single wavelength anomalous scattering; solvent
flattening; sulfur phasing

The calcium-regulated photoprotein obelin, a 22.2 kDa single subhuman calmodulin, shows that the second calcium-binding site
unit protein, consists of 195 amino acid resid(iigsrionov et al.,  of calmodulin is missing in the corresponding sequence position
1995. Obelin together with aequorin and other photoproteins thain the photoproteins. Also, the sequence distance between the
originate mainly from marine bioluminescent coelenteréakésrin, second and third calcium-binding sites in the photoproteins is
1974 are a subfamily of calcium-regulated photoproteins that isfound to be identical to the distance between the third and fourth
part of the larger calcium-binding protein familiMoncrief et al.,  calcium-binding sites in calmodulin, suggesting that these pro-
1990. The defining property of these proteins is that the calciumteins have a common evolutionary origifisuji et al., 1995
ion binding triggers the bioluminescence response through the ox- The three-dimensiondBD) crystal structures of two biolumi-
idative decarboxylation of a tightly bound coelenterazine-oxygennescent proteins, bacterial lucifera$asher et al., 1996and fire-
substratgShimomura & Johnson, 197.8All photoproteins show  fly luciferase(Conti et al., 1995 have been published. However,
high sequence homology and contain three “EF-hand” calciumihese structures are without the substrates that are required for the
binding sites(Charbonneau et al., 1985; lllarionov et al., 1995; bioluminescence reaction. Consequently, not much insight into the
Tsuji et al., 1995 nature of the catalytic center or the mechanism of the biolumines-
Some calcium-binding proteins, for example sarcoplasmiccence process has been obtained. The structural information of a
calcium-binding protein, also have three EF-hand siteer- calcium-regulated photoprotein with the coelenterazine-oxygen mol-
mann & Cox, 1995 However, the majority of the calcium- ecule bound is therefore very desirable, because it represents a
binding proteins contain an even number, 2 or 4, EF-hand sitesatural and stable reaction intermediate, which is a snapshot of the
(calmodulin, troponin C, ett. Comparison of the amino acid bioluminescent pathway.
sequences of the photoproteins aequorin, clytin, mitrocomin, and This paper describes the crystal structure of the biolumines-
obelin with those for the luciferin-binding protein &fenillaand  cent photoprotein obelin fronObelia longissimacontaining a
coelenterazine-oxygen molecule at 1.73 A. A new approach was
Reprint reauests to: B.C. Wana. Department of Biochemistry and Mo use for the structure solution where the sulfur atom substructure
Iecule?r Biolo(g;y, Unive.rsi.ty.of Gegc;rgia,pAthens, Georgia 3060%; e-mail: naturally present. in t.he pro'Feln IS used asa phas!ng probe in t.he
wang@BCL1.bmb.uga.edu. structure determination. This technique can be viewed as a sig-
3These authors contributed equally to this work. nificant advancement in methods of protein structure determina-
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tion. Additionally, a brief comparison with a 2.3 A structure of Intermotif interactions occur via the loops and the helices. Two
the related photoprotein aequorin that has just appeé@reéd loops of the adjacent HTH motifs interact via hydrogen bonding
et al., 2000 is also made. in the form of antiparalleB-sheets. The loops of motifs | and Il
interact through hydrogen bonds between lig3j7and 11e83N)
(2.81 A), and 1le37N) and 11e830) (3.04 A). The loops of
Results motifs 1ll and IV form hydrogen bonds between lleX30 and
Leul760) (2.88 A), 11e130(0) and Leul66N) (2.99 A). Sim-
ilar intermotif interactions have also been observed in other
calcium-binding proteingStrynadka & James, 1989
The structure of the obelin molecule, as shown in Figure 1A, is Although no hydrogen bonding was identified between the eight
highly compact and globular with a radius 25 A. The molec-  helices in the obelin structure, several close interhelical contacts
ular structure is formed by two sets of four helices designated A<3 A) were observed including a salt bridge between ArgE21)
(16-29, B (39-54, C (58-74, and D(85-105 in the N-terminal  of helix E and Asp16€0D1) of helix H (2.97 A).
domain, and E110-122, F(132-142, G (148-157%, and H(168—
180 in the C-terminal domainFig. 1A,B). Both the N- and
C-terminal domains can be thought of as a cup whose insides a
lined with hydrophobic residues. The overall structure of obelinThe coelenterazine-oxygen substrate and surrounding residues
can then be considered as two “cups” joined at their (iFig. 1A). (within 4 A) are shown in Figure 2B. The binding pocket is highly
The coelenterazine-oxygen substrate resides in an internal cavitilydrophobic and is formed by residues originating from helix A
which is surrounded by hydrophobic residues from the eight heli{Met25 and Leu2§ helix B (lle42, Ala46, and lle5 helix C
ces(Fig. 1A). (Phe72, helix D (Phe88 and Trp92 helix E (lle111, Trpl14,
Analysis of the obelin structure reveals that the obelin mol-Val118, and Phel119helix F(Trp135, lle144 from the loop link-
ecule consists of four sets of helix-turn-heliKiTH) structural  ing helices F and G, and helix HWet171 and Trp17P In addition,
motifs, which are characteristic of EF-hand calcium-binding do-several hydrophilic side chains are directed into the pocket. These
mains. The A- and B-helices are joined by a 9-residue loopare His22, Tyrl38, and His175 localized in helices A, F, and H,
which together with three residues of the B-helix forms the firstrespectively, and Tyr190 located near the C-terminus of the pro-
expected calcium-binding site. The amino acid composition oftein. The most protein-coelenterazine contacts are observed be-
this site is similar to the calcium-binding sites of other calcium- tween residues of helix E in HTH motif Ill including a short
binding proteins(Kretsinger & Nakayama, 1993The C- and  (3.45 A) contact to the main chain of Gly115. Almost all the
D-helices are linked by a 10-residue I06fbCGMEYGKEIA89. residues forming the coelenterazine binding pocket are conserved
The amino acid residues forming this loop are known to beamong all calcium-regulated photoproteiffSg. 1B) and conse-
unable to coordinate calciurtKretsinger & Nakayama, 1993 quently, the structure of the coelenterazine-oxygen binding sites
and, consequently, this HTH motif Il is not functional for cal- should be conserved for all calcium-regulated photoproteins.
cium binding. This was also observed for cardiac troponin C Site-directed mutagenesis and direct chemical modifications of
(Van Eerd & Takahshi, 1976and troponin C from crayfish photoproteins have shown certain amino acid residues to be im-
(Wnuk et al., 1984 The E- and F-helices are connected throughportant for photoprotein bioluminescence. These are Trp, His, Cys,
a 9-residue loop, which together with three residues of the F-helband the C-terminal Pro. Mutants of aequorin with replacement of
forms HTH maotif Ill (the second expected calcium-binding site Trp residues for Phe exhibited various luminescent activity and
The G- and H-helices are linked via a 10-residue loop, nine ofspectra including a W86F mutant that gave a bimodal emission
which together with three residues of the H helix forms HTH spectrum with maxima at 455 and 400 ri@hmiya et al., 199R
motif IV (the third calcium-binding sije The amino acid com- It was suggested that Trp86 in aequorin may be involved in the
position and structural organization of calcium-binding sites Il generation of the product excited state during photoprotein lumi-
and IV are typical for canonic calcium-binding sitésretsinger  nescencéOhmiya et al., 1992 The obelin structure supports this
& Nakayama, 199Band consequently, both HTH motifs of the suggestion since Trp92, Trp114, Trp135, and Trp(Hig. 2B) are
C-terminal can be expected to bind calcium ions. All loops of among the residues that make close contact with the coelenterazine-

Overall structure

r%tructure of the coelenterazine-oxygen binding pocket

the HTH motifs are exposed to the solvent. oxygen substrate. For example, the side chains of Trp92 and Trp179
The electrostatic potentialdNicholls et al., 1991 of the sur-  “sandwich” the p-hydroxyphenyl ring of coelenterazine. The planes
faces of the three potential calcium-binding sitesTH motifs |, of the phenyl ring and the Trp92 indole are almost parallel. The

Ill, and 1V) are negativeFig. 2A). These provide likely regions side chains of Trp114 and Trp135 are localized near the hydroxy-
for binding of calcium ions. On the other hand, the electrostatichenzyl group of coelenterazine.
potential at the corresponding position of the loop of HTH motif I Calcium-regulated photoproteins contain from 3 to 5 Cys resi-
is neutral. This explains that while 1, Ill, and IV HTH motifs can dues(Fig. 1B) and it was shown that one of them is important for
bind calcium ions, HTH motif Il cannot. In addition, the surface the bioluminescence function of photoprote{isirose et al., 1989;
electrostatic potential of the loops at the HTH moitif Il and IV is Bondar et al., 1999 However, in the current structure no Cys
more negative than that of HTH motif I. This indicates that the residues are observed near the coelenterazine-oxygen molecule.
calcium-binding constants for 11l and IV calcium-binding sites are Also there are no disulfide bonds. Probably the Cys residues play
probably higher than for site I. some role in apoprotein “charging” with coelenterazine or can
As described previously, the N- and C-terminal domains formstabilize an active conformation of the photoprotein molecule since
cup-like structures. The N-terminal cup is formed by the inter-chemical modification of cysteine initiates a slow biolumines-
actions between HTH motifs | and Il while the C-terminal cup cence. A low rate of bioluminescence could be a consequence of
is formed by the interactions between HTH motifs 1l and IV. destabilizing the photoprotein conformatidBondar et al., 1999
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E; Aeguorin MTSKQYSVELTSDFDNPRWIGRHKHMFNFLDVNHNGKISLDEMVYKASDI 50
Clytin MADTASKYAVEKLRPNFDNPEWVNRHEKFMFNFLDINGDGKITLDEIVSKASDD 52
Mitrocomin MSMGSRYAVKLTTDFDNPKWIARHKHMFNFLDINSNGQINLNEMVHKASNI 51
Obelin MSSKYAVEKLKTDFDNPRWIKRHKHMFDFLDINGNGEKITLDEIVSKASDD 49

A I B
Aequorin VINNLGATPEQAKRHKDAVEAFFGGAGMKYGVETDWPAYIEGWKKLATDELEKYAK 106
Clytin ICAKLGATPEQTKRHQDAVEAFFKKIGMDYGKEVEFPAFVDGWKELANYDLKLWSQ 108
Mitrocomin ICKKLGATEEQTKRHQKCVEDFFGGAGLEYDKDTTWPEYIEGWKRLAKTELERHSK 107
Obelin ICAKLEATPEQTKRHQVCVEAFFRG FPQFLDGWKQLATSELKKWAR 105
C D
Aeqguorin NEPTLIRIWGDALFDIVDKDQNGAITLDEWKAYTKAAGIIQSSEDCEETFRVCDID 162
Clytin NKKSLIRDWGEAVFDIFDKDGSGSISLDEWKAYGRISGICSSDEDAEKTFKHCDLD 164
Mitrocomin NQVTLIRLWGDALFDIIDKDRNGSVSLDEWIQYTHCAGIQQSRGQCEATFAHCDLD 163
Obelin NEPTLIREWGDAVFDIFDKDGSGTITLDEWKAYGKISGISPSQEDCEATFRHCDLD 161
Aequorin ESGQLDVDEMTRQHLGFWYTMDPACEKLYGGAVP 196
Clytin NSGELDVDEMTRQHLGFWY TLDPNADGLYGNFVP 198
Mitrocomin GDGKLDVDEMTRQHELGFWYSVDPTCEGLYGGAVPY 198
Obelin 1985

NSGDLDVDEMTRQHLGFWYTLDPEADGLYGNGVE

IV H

Fig. 1. A: A stereoview(Esnouf, 1997 of the overall crystal structure of obelin. The N- and C-terminal calcium-binding domains of

the molecule are colored red and yellow, respectively. The coelenterazine-oxygen molecule is colored blue. The helices are marked by
capital letters A through H. Roman numbers | through 1V designate the loops of HTH motifs. The overall structure can be thought of
as two “cups” joined at their rims. The top “cup” is formed by the N-terminal domain, which consists of helices A, B, C, and D, while

the bottom “cup” is formed by the C-terminal domain, which consists of helices E, F, G, aBdAdsequence alignment among the
calcium-regulated photoproteins, aequdiimouye et al., 198 clytin (Inouye & Tsuji, 1993, mitrocomin(Fagan et al., 1993and

obelin (lllarionov et al., 199% showing the relative locations of residues forming the coelenterazine-oxygen binding pocket in obelin
with respect to the secondary structure. Strictly conserved residues among these sequences, which are found in the substrate binding
pocket, are shown in red. Other residues found in the substrate binding pocket are shown in green. The secondary structural features
of the obelin sequence are shown below the sequence alignment. Helices A-H are shown green. The three predicted obelin calcium-
binding loops(l, Ill, and IV) are shown in pink. Residues corresponding to the loop of the inactive HTH motif Il are shown in dark
yellow.

It has also been shown that one of His residues is important foFigure 2B shows that His22 and His175 are in the vicinity of the
photoprotein bioluminescené®hmiya & Tsuji, 1993; Bondar etal., coelenterazine-oxygen molecule. The Btom of His22 is very
1999. It was suggested that a side chain of histidine could par<lose (2.87 A) to the oxygen atom of the coelenterazine phenyl
ticipate in molecular oxygen binding@Ohmiya & Tsuji, 1993. ring implying a strong hydrogen bond or even complete proton
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Fig. 2. A: (Left) A view of the solvent-accessible surface of obelin colored by electrostatic poteregative is red, positive is blue
(Nicholls et al., 1991 a andc represent the molecular surface of the N- and C-terminal domains respectively, showing HTH motifs
I and Il (@) and lll and 1V (c). (Right) The corresponding worm drawings of the N- and C-terminal domains of obelin having the same
orientation as shown ia andc. Roman numbers | to 1V designate the loops of HTH mots A stereoview of the coelenterazine-
oxygen binding pocket showing residues withi A of thecoelenterazine-oxygen molecule. Atoms are colored by elementdypg,

C; red, O; blue, N; yellow, §with bonds colored by residue locatigyellow for residues located in HTH motifs | or II; red for residues
located in HTH motifs IIl or V).
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transfer leaving the phenolate anion. The &lom of His175 lies  result the N- and C-terminal domains form a closed conformation,
near the carbonyl oxygen of coelenterazit%20 A), and it is inside of which the coelenterazine-oxygen substrate is contained.
probable that this residue participates in some steps of the biolu-
minescent reaction. For instance, it could assist the formation o
the transient anionic dioxetane in the course of the luminescen
reaction. Shimomura and Johns@h978 suggested that in the photoprotein
Among other residues surrounding the coelenterazine-oxygeaequorin, the coelenterazine was bound to the protein through a
molecule in obelin are Tyr138 and Tyr190. The hydroxyl oxygen peroxidic linkage substituted at the C2-position of the imidazopy-
atom of Tyr138 lies 2.75 A from the N1 atom of coelenterazine,razinone ring. The peroxide structure was based on early experi-
implying a strong hydrogen bond between them. The hydroxylments where attempts to remove molecular oxygen from the reacting
group of Tyr190 lies 3.16 A from the oxygen at C2 and only 2.6 A solutions failed to ever change the kinetics of the bioluminescence,
from the Ne atom of His175. implying that the oxygen must be bound with the coelenterazine on
One other important residue for the bioluminescence of photocharging the apo-aequorin. The C2-position of substitution was
proteins is a Pro residue at or near the C-termid@mura et al.,  supported by NMR observation of a chemical shift of i€2-
1991). Deletion or replacement of this Pro residue destroys theenriched coelenterazine on charging apo-aequadfnsicki et al.,
luminescent capacity of photoproteins. Analysis of the obelin struc-1986.
ture reveals that this residue can probably support the active con- In the obelin structure shown here, however, the electron density
formation of the photoprotein through interaction between its oxygerdistribution (Fig. 3B) near the C2-position of the coelenterazine
atom and the N atom of Arg21, localized in the A-helix. As a molecule clearly corresponds to only a single oxygen, not peroxy,

tructure of the bound coelenterazine-oxygen

Y190

WiTa

Fig. 3. A: The interaction of the coelenterazine-oxygen molecule with the Tyr-His-Trp(mésiues Y190, H175, W17@nd residue
Y138.B: A stereoscopic view of the fit of the coelenterazine-oxygen molecule to the 1.73 A simulated ann&glindr2omit map
contoured at 1.&. Note that the electron density next to the C2 position can only be fitted by a single oxygen atom, not by a peroxide

group.
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with no covalent binding to the protein. In addition, a hydrogenrest of the coelenterazine molecule and that radiation damage
bond is evident between the C2-O and the hydroxyl oxygen ofcould be responsible for the “loss of peroxide” density. In our
Tyr190(3.16 A) (Fig. 3A) leaving no space for a second oxygen structure, however, we have no evidence for a peroxide.

atom.

Sulfur SAS phasing

Crystal bioluminescence We would like to briefly describe the solvent flattening phasing

R . . . r r in this work and how it differs from other anom-

This Figure 3A structure is competent for the blolumlnescenceP ocedure _used s work a d ho . differs from other ano .
alous phasing techniques such as multi-wavelength anomalous dis-

reactlon.. A droplgt of CaGl(100 mM) was pltdced on a micro- lpersion(MAD) (Hendrickson et al., 199@nd resolved anomalous
scope slide and viewed under a low power microscope attached socatteringRAS) (Hendrickson & Teeter, 198 methods. The most
a monitor. A crystal that had been irradiated for the structural stud ' :

. . S . : —°popular MAD method requires the substitution of methionine res-
was inserted into the droplet and an easily visible bright biolumi-; - . .
idues by selenomethionine to introduce selenium as an anomalous

nescence emission resulted. On the monitor, the bioIuminescencenasing probe. MAD requires synchrotron X-ray data that are

emission was observed to be confined within the dimensions of t.hgollected at three or four different wavelengths close to the sele-

crystal, with a slow rise and decay of intensity over about 1 min . im X-ray absorption edgé0.97 A). Despite the fact that the

_appa_lrently limited b.y the d'ﬁUS'.O n of th? €a |_nto the crystal . Se-MAD method has been very successful for X-ray analysis, the
interior. In contrast, in free solution the bioluminescence reaction

is finished within a few seconds. At the same time the Crystalprepara‘[ion of selenomethionine substituted protein is not always

disintegrates and loses its yellow color, thus it is not possible tostraightforward.
9 S y . - . p Earlier, Hendrickson and Teet€t981) used what they termed
exclude solubilization of the obelin prior to the bioluminescence

reaction. A fresh crystal, unexposed to X-rays, produced biolumi-the RAS method in the structure determination of the sial2

. X . k| rotein crambin using the single-wavelength anomal -
nescence of the same intensity. Because the crystal size is small, IP_a)pote crambin using the single-wavelength anomalous scat

is not feasible to make quantitative statements about the relativteerlng (SAS signal of the six sulfur atoms present in the asym-

activity of the obelin before and after irradiation. We conclude Metric unit. Here, data were recorded to 1.5 A resolution on a Cu

. sealed tube diffractometer system. The RAS method used in the
nevertheless that the crystals are made up of obelin molecules thai . R . o
’ . . .~ crambin structure determination requires a large contribufiot?o
are fully competent for light emission regardless of the irradiation

by X-rays of the total scattering powgrnof the sulfur substructure to the
' Bijvoet differences, which is greater than that observed for most

proteins. This is because phase estimate is based on sulfur phases
that are assumed in the RAS method to be close to the protein
phases. Thus, this assumption is valid only when the sulfur sub-
After submission of this work described here, an independent studgtructure dominates the protein structure, which is not the case for
of the related photoprotein aequorin at 2.3 A resolution appearedost proteins.
in publication(Head et al., 2000A brief comparison of these two The procedure used here is called the iterative single-wavelength
structures will be appended here to be expanded in a followinggnomalous scatterindSAS) method(Wang, 1985. It uses anom-
work. alous scattering signal of sulfur to first estimate the image of the

As expected from the homology of their primary sequenceprotein(not the image of the sulfur substructyrehich is in turn
(Fig. 1B), both aequorin and obelin have the same tertiary strucenhanced by solvent flattening. Thus, the protein phases are based
ture, a compact globule with four HTH motifs, and the secondon the initial protein image, not on the relative phases of the sulfur
EF-hand defective for Ca" binding. The root-mean-square devi- substructure as in the RAS method. Through simulation studies,
ation (RMSD) between the @ position of the two proteins is Wang(1985 showed that the structure of a 12.5 kDa protéine
1.48 A. The same “cup” analogy was also used in describing theontaining only a single disulfide could be solved using only the
aequorin structuréHead et al., 2000 The coelenterazine-oxygen sulfur SAS data at 3.0 A resolution. Wang’s results demonstrated
substrate in both photoproteins lies in a corresponding positionthat if the signal could be measured accurately, solvent flattening
and, interestingly, proximate to a Tyr-His-Trp trigibr example,  could be an effective means of estimating protein phases based on
Fig. 3A). This supports the notion that the triad is involved in the only the protein’s sulfur substructure, even when the sulfur content
biochemistry of the bioluminescence reaction. Other residues iin the protein is relatively low. A recent study on egg-white lyso-
the two binding sites are also similar. No Cys residues are near theyme (Dauter et al., 1990confirmed Wang's idea that sulfur SAS
coelenterazine-oxygen molecule in either photoprotein. data combined with solvent flattening could be a useful tool for

The striking difference between the two studies concerns therotein crystal structure determination.
oxygen atoms attached to the C-2 position of the coelenterazine. The obelin structure described here represents the first de novo
In the obelin electron density, we were only able to fit a singlestructure that has been determined using solvent flattening from
oxygen at this position and this gave us some pause beforsulfur SAS data. Figure 4 shows a representative section of the
preparing this work for publication because previous studiesSAS electron density mapt & A resolution illustrating the qual-
particularly on the photoprotein aequorin, strongly indicated thatity of the sulfur phasing results. This approach, which will be
a peroxy-coelenterazine molecule was the bound state. Head et dlescribed in detail elsewhere, appears not to be limited1by
(2000 conclude that in aequorin, the electron density near thedata resolution,(2) the requirements of selenium substitution,
C-2 position is consistent with the coelenterazine bound with a3) a large sulfur substructure, ¢4) data collected at multiple
peroxide. They fit two oxygen atoms between C-2 and the equivivavelengths as required by other anomalous scattering methods
alent Tyr hydroxy atom(cf. Y190 in Fig. 3A. They point out, and should therefore be generally applicable to most structure
however, that the electron density is weaker here than for theleterminations.

Comparison of structure between obelin and aequorin
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Fig. 4. An experimental ISAS electron density map3aA resolution overlapped with refined coordinates of helices B and C to
illustrate the quality of the sulfur phasing results by the current approach.

Materials and methods the data and when high intensity synchrotron radiation is used it
can cause radiation damage to the sulfur substructure resulting in
Protein expression, purification, and crystallization the loss of the sulfur SAS signal. We have found that a wavelength

between 1.5-1.8 A gives a reasonable compromise between max-
imizing the sulfur SAS signal and minimizing problems associated
. g ’ ] _ with using longer wavelength X-rays. In addition, we have con-
modlflcatloqs. Apoobelin was f:onverted to obelin V\{'th synthetic centrated our attention on obtaining the best possible anomalous
coelenterazin¢Prolume Ltd., Pittsburgh, Pennsylvanidhe pro-  geattering datant3 A resolution since the phasing procedure does
tein was homogeneous according to LC-EI_ectrospr_ay |0I‘l_|2a’[|0q.|ot require high resolution data. This allowed us to place the
Mass Spectrometry. As shoyvn by N-_terrr_nnal amino acid ?e'detector as far as possible from the crystal to reduce the back-
quence of recombinant obelin, Metl is digested on producing . n4 noise level and increase the signal to noise level in the data
recombinant apoobelin ifE. coli cells. Thus, Ser2 corresponds for phasing purposes.
to _the first amino acid reS|due_ of the recomblnant proteln Data for phasing were collected to 2.5 A resolution on two obelin
Iarlonoy et. al.., 199% The obelin mass obtained from electro- crystals, flash-cooled to 100 K, at beamline IDAMCA-CAT ), Ad-
spray lonization mass spectrometry measurements was I),nced Photon Sourd&PS), Argonne National Laboratory using
qgreement with the amino acid sequence resu_lt. Crystals of ob%[ MarResearch 165 mm CCD detector and 1.74 A X-rays. The lon-
lin were grown as described preV|ousﬂyy§otsk| et f’"l" 19_99 ger wavelength is used for the reasons discussed above. HKL2000
The crystals belong to space group,Rgith cell dimensions  oy\inowski & Minor, 1997 was used to determine a data collec-
a=b=28155A,c=86.95A, and there is one molecule per 4, strategy(98% completioh, and data were collected using the
asymmetric unit. “Freidel-flip” method(Derewenda et al., 198Data processing was
carried out using HKL2000Otwinowski & Minor, 1997. The pro-
Data collection and data processing cessed data from the two data sets were merged to increase redun-
dancy. Data used for the high resolution refinement of the protein
were collected to 1.7 A resolution on a single obelin crystal, flash-
! . cooled to 100 K, using the experimental setup described above and
2.0 A of most synchrotrons. For comparison, selenium hag’a o g4 A X-rays. The shorter wavelength used in this study was cho-
of 3.85 electrons at the Se X-ray absorption ey®797 A. Thus, e to decrease radiation damage to the crystal, reduce errors due to

special care must be taken to enhance the anomalous scatteriggsorption, and to obtain higher resolution data. Data collection and
signal as well as to minimize errofmoise in the experiment. In processing statistics are given in Table 1.

addition, one must continually check for the possible disappear-
ance of sulfur anomalous scattering signal in the data due to rad'b . _—

. S . hasing and model building
ation damage. To maximize the sulfur anomalous signal, longer
wavelength(1.5-2.0 A X-rays are preferred. However, using lon- Low-resolution data4.5 A) was used to locate the sulfur atom
ger wavelength X-rays can introduce crystal absorption errors intsites. A total of 1,949 Bijvoet reflection pairs2o, between 20.0

Recombinant obelin was expressedBscherichia coliand pu-
rified as previously reportedlllarionov et al., 2000 with small

The sulfur anomalous scattering sigfis”) is comparatively weak,
between 0.24 to 0.89 electrons in the tunable X-ray rafig@—
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Table 1. X-ray crystallography data statistics

A. Data collection and processing statistics

Data set used for phasing

Z.-J. Liu et al.

Refinement

The initial refinement was carried out using CNS QBxiinger
et al., 1998 and included all data to 2.5 A resolution. The reso-
lution of the structure was then extended to 1.73 A during the final

Wavelength(A) 1.74 > '
Resolutiord (A) 25 stages of refinement using data collected at an X-ray wavelength
Completenesé%) 99.9 of 0.94 A. Using the 1.73 A data, the structure was refined against
Bijvoet redundancy 5.8 all data between 20.0 and 1.73 A by simulated annealing and
Rmerge (%) 3.7(8.0 positional refinement using the Engh and Huber force fi&@dgh
Data set used for refinement & Huber, 199) as incorporated in CNS. Individual atoms were
Wavelength(A) 0.94 assigned isotropiB-factors, which were refined. A total of 268
Resolutio (A) 1.73 solvent molecules with peak heights aboveahd good hydrogen
Completenes$%) 97.5 bonding geometry were identified by difference Fourier analysis
Rmerge’ (%) 3.8(21.6 using CNS. In addition, one of the initial sulfur sites identified by
B. Refinement statistics SOLVE was located in solvent and modeled as Cl
R value 2+ cutoff 0.189 Thz_a final model includes 194 of 195 amino acids, one coelen-
R value all data 0.192 terazine-oxygen molecule, one Clon and 268 water molecules.
FreeR value 0.207 The R-factor is 18.9% for all data between 20.0 and 1.73 A reso-

FreeR value test set
RMSDs from ideality

2,665 reflections

lution. Using the 8% reflection test set the frRdactor value is
20.7%. The final model contains a total of 1,557 protein atoms, 32

Bond lengthgA) 0.005 coelenterazine atoms, one oxygen atom, 268 water molecules, and
Bond angles 11 1 solvent molecule assigned as a @n. The model has good ste-
Dihedral angles 19% reochemistry with RMSDs in bond length and angles of 0.005 A and
'm_lprf’per ar;gle?&z 0.70 1.1°, respectively. Analysis of the Ramachandran (RROCHECK
Wilson B val ue(2 ) 17.5 (Laskowski et al., 199@howed no residues in disallowed regions.
MeanB value (A?) 18.8 . . . . .
Coordinate errofA)° 021 Atomic cc_)ordlnates have been.deposned with the Protein Data Bank
Resolution rangéA) 20.0— 1.73 (Bernstein et al., 1997 accession code 1EL4.
Data cutoff 2.0
Number of reflections 33,058 reflections
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