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Phase Determination by Multiple-Wavelength
X-ray Diffraction: Crystal Structure of a Basic

"Blue" Copper Protein from Cucumbers

J. MITCHELL Guss, ETHAN A. MERRIiT,* R. PAUL PHIZACKERLEY, BRITr HEDMAN,
MITSUO MURATA,t KEITH 0. HODGSON, HANs C. FREEMAN

A novel x-ray diffraction technique, multiple-wavelength
anomalous dispersion (MAD) phasing, has been applied
to the de novo determination of an unknown protein
structure, that of the "blue" copper protein isolated from
cucumber seedlings. This method makes use of crystallo-
graphic phases determined from measurements made at
several wavelengths and has recently been made technical-
ly feasible through the use of intense, polychromatic
synchrotron radiation together with accurate data collec-
tion from multiwire electronic area detectors. In contrast
with all of the conventional methods of solving protein
structures, which require either multiple isomorphous
derivatives or coordinates ofa similar structure for molec-
ular replacement, this technique allows direct solution of
the dassical "phase problem" in x-ray crystallography.
MAD phase assignment should be particularly useful for
determining structures ofsmall to medium-sized metallo-
proteins for which isomorphous derivatives are difficult
or impossible to make. The structure of this particular
protein provides new insights into the spectroscopic and
redox properties of blue copper proteins, an important
class of metalloproteins widely distributed in nature.

T HE CLASSIC PHASE PROBLEM IN X-RAY CRYSTALLOGRAPHY
can be solved with the use ofanomalous scattering effects. As
the energy of an incident x-ray beam is varied across the

absorption edge of an element, there may be substantial changes in
the real and imaginary components (f' and f') of the x-ray
scattering. In crystal structures that contain atoms with large
"anomalous scattering" effects, the net observed intensity of each
Bragg reflection will then be energy dependent. In such cases, the
differences between the Bragg intensities measured from a single
crystal at several x-ray energies may be used to directly derive
crystallographic phases and hence to determine the crystal structure.
Multiple-wavelength anomalous dispersion (MAD) phase assign-
ment is potentially applicable to any macromolecular crystal struc-
ture that contains one or more anomalous scatterers (1). Metallopro-
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Table 1. Anomalous dispersion terms and RrYM values at the four x-ray
wavelengths used in data collection.

Rsym -{E yII- IIi l}I { SIi}
hkl i hkl i

where the second summation is over all redundant and all space-group
symmetry-equivalent measurements at a given hkl. The Rsym values under (1)
were obtained when the data were processed with a conventional model for
coincidence loss as a function of detector count rate. The values under (2)
resulted from the empirical scaling procedure described in (12). All Rsym
values are for the data to 2.5 A resolution.

Maxi-
fi

r
Rsym mum UniqueX-ray energy (elec- (elec- count reflec-

(wavelength) rate tionsU trons) trons) (1) (2) (kHz)

10.0301 keV -1.61 3.27 0.120 0.046 68 14109
(1.2359 A)
9.0022 keV -6.17 4.17 0.107 0.045 66 10830
(1.3771 A)
8.9900 keV -8.11 2.54 0.097 0.045 66 10781
(1.3790 A)
8.0414 keV -2.55 0.60 0.055 0.043 57 7746
(1.5416 A)

teins are obvious candidates for the technique; even proteins
without metal atoms in their native state may be made amenable to
MAD phase assignment by chemical modification or by co-crystalli-
zation with an anomalous scatterer (2). Many of the difficulties
inherent in isomorphous replacement methods are thus bypassed:
data are collected from a single crystal form, a laborious search for
derivatives is unnecessary, and the question of imperfect isomor-
phism does not arise. The phasing power of the MAD technique
actually increases for higher resolution data, since the magnitude of
the anomalous dispersion scattering does not decrease with scatter-
ing angle. The application ofMAD phasing has been made techni-
cally feasible through the use of intense polychromatic synchrotron
radiation together with accurate data collection from multiwire
electronic area detectors.
The MAD phasing technique appeared particularly well suited to

solving a difficult and long-standing problem. In 1971 and 1974,
two groups of investigators independently reported the occurrence
of a basic copper-containing protein in cucumbers (3, 4). In view of
the occurrence of the protein in several plant sources (5, 6), the
names "cusacyanin" and "plantacyanin" were proposed. As the
protein has spectroscopic and redox properties that show that it
belongs to the class of blue copper proteins, we refer to it merely as
CBP, "cucumber basic blue protein." We crystallized CBP in 1976,
and preliminary crystallographic data were recorded (7). Only one
heavy-atom isomorphous derivative was successfully prepared (with
mercuric acetate), and then only from crystals of the native protein
cross-linked with glutaraldehyde. A map calculated by single iso-
morphous replacement techniques defied interpretation. Our at-
tempts to solve the structure by molecular replacement with models
based on the known structure of another blue copper protein,
plastocyanin, also failed. However, the structure was readily solved
with MAD phasing.

Because MAD phasing for protein structure analysis is so new,
too few experiments have been completed to determine how large
an anomalous dispersion signal is required to solve a protein
structure of a given size [although we have studied this question
theoretically (1)]. The phasing power of the MAD technique is
greater when the signal is large, as is the case at the L absorption
edges of the lanthanides (8). The large signal at the Tb LI,, edge (f'
-28 electrons, and f" --20 electrons) was exploited by Kahn et al.
in the determination of the Opsanus tau parvalbumin structure (9).

The substitution of Tb3+ at the two Ca2+ binding sites in this
protein (molecular weight, Mr 10,100) introduced a large anoma-
lous dispersion signal. In contrast, the magnitudes off' and f" are
typically less than 10 electrons at the K absorption edges of the
transition elements. Thus it is significant that in the present work
the signal from a single Cu atom in the native CBP (Mr 10,100) was
sufficient for structure determination with MAD phasing (Table 1)
(10).
Experimental. Crystals of CBP were grown by hanging-drop

vapor diffusion against 40 percent polyethylene glycol-6000 in
0.1M phosphate buffer (pH 6.0). The x-ray energies for data
collection were chosen after characterization of the energy depen-
dence ofthe anomalous dispersion terms f' and f" exhibited by the
sample crystals in the x-ray region that spans the CuK absorption
edge. For this purpose, the x-ray fluorescence from a single, oriented
crystal of CBP was measured as a function of the incident x-ray
energy with a scintillation counter positioned in the horizontal plane
and within 2 cm ofthe sample crystal at 90 degrees to the 95 percent
horizontally polarized incident beam. Figure 1 shows the variations
in f' and f" observed near the CuK absorption edge. Two ofthe x-
ray energies used for the data collection were chosen to lie at the
absorption edge: one at the point of maximum f", and one at the
point of maximum negative f'. The remaining two energies were
chosen approximately 1 keV above and below the edge (the latter
specifically at the CuKY line). Bragg intensities were measured from
two crystals ofCBP with dimensions 0.37mm by 0.37mm by 0.13
mm and 0.37mm by 0.37mm by 0.08 to 0.12 mm, respectively, by
using the area detector facility built specifically for exploiting the
MAD phasing technique at the Stanford Synchrotron Radiation
Laboratory (SSRL) (11, 12). To the extent possible, the diffraction
geometry was chosen so that Bijvoet pairs ofreflections (F+ and F-)
were measured simultaneously on different portions of the detector
(13). The 85,374 integrated Bragg intensities were partitioned into
140 bins, each bin corresponding to a rotation of the sample crystal
by about 8 degrees at a single energy. A linear scale factor was
assigned to each bin to minimize the overall Rsym, and the redun-
dant and symmetry-equivalent observations were averaged to yield a
consensus value of F+ and F- for each reflection at each energy
(Table 1).
The data used for the MAD phase assignment comprised 3550

independent reflections (99 percent ofthe accessible data) measured

4 -

-0

8600 8800 9000 9200 9400
Energy (eV)

Fig. 1. Energy dependence of the anomalous dispersion termsff andf' in
the region ofthe CuK absorption edge. Values off ' and f' are in electrons.
Experimental values for f" (heavy line) were obtained from x-ray fluores-
cence from a single crystal ofCBP; ideal f" values (thin line) for atomic Cu
are from (58). Experimental values for f are derived by numerical integra-
tion from the f" spectrum with the Kramers-Kroenig relation; ideal f'
values (thin line) are from Honl theory (59). Derivation of the experimental
f" and f' values was performed with an in-house program DISCO (60).

RESEARCH ARTICLES 80712 AUGUST I988

 o
n 

Ja
nu

ar
y 

6,
 2

01
2

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://www.sciencemag.org/


to a 2.5 A resolution; 2095 were represented by all eight possible
observations (F+ andF at four energies) and 3430 were represent-
ed by four or more observations. From the multiple observations for
each unique reflection we derived an estimate of the partial scatter-
ing contribution FcU of the Cu atom to that reflection with the
algorithm suggested by Karle (14) and implemented by Hendrick-
son (15) in his program MADLSQ. A Patterson map that used
coefficients F2u from the data arbitrarily limited to 3.5A resolution
revealed the Cu atom location (subject to a sign ambiguity in one
coordinate). The Cu coordinates thus obtained were refined by least
squares against the estimated FcU for the entire data set. At this
point, we could calculate the scattering contributions Fcu and 4cu

A

of the refined Cu atom partial structure factor at each energy. From
these and the measured intensities we derived a crystallographic
amplitude Fp and phase 4)p for the normal (nonanomalous) scatter-
ing component ofeach reflection with a procedure analogous to that
used for the assignment of multiple isomorphous replacement
(MIR) phases, but with the additional need to estimate the "native
protein" amplitude Fp. The phases were assigned as follows: for
possible values of 4p taken at 10-degree intervals, the estimate ofFp
was refined to minimize the lack-of-closure residual expressing the
disparity between the observed amplitudes Foi and the predicted
amplitudes Fci:

Lack of closure = I (Fo4 -FC,2)2 (1)
where

FciP12 = [Fc,cos4c, + Fpcos4p]2 + [Fcusinocu + Fpsin(p]2
(2)

By analogy with the Blow-Crick formulation for MIR phases (16),
the likelihood associated with the phase angle 4p was taken to be:

P(4p) = exp[-_(Fo, - Fc,)2I2nE2]

Fig. 2. Stereo sections from electron density maps at 3.0 A resolution, (A)
before and (B) after solvent flattening. Seven successive sections separated by
intervals of 1.1 A along z are shown. The contour intervals are 1a, beginning
at the 1ca level (a being the estimated standard deviation of the electron
density). To produce map B, MAD phase likelihood distributions were input
in the form of Hendrickson-Lattman coefficients (61) to the molecular
envelope and phase recombination stages ofWang's ISAS program package
(62). The data to 3.0 A resolution were used to generate a molecular
envelope corresponding to 35 percent solvent (the theoretical solvent
content being 47 percent). The map was calculated after three cycles ofphase
recombination.

Table 2. Comparison between cucumber basic blue protein (CBP) (3, 5, 17)
and stellacyanin (Sc) (32-34, 39, 57).

Parameter CBP Sc

Molecular weight M, 10,100 20,000
Cu atoms per molecule 1 1
Cys residues per molecule 3 3
Met residues per molecule 2 0
pI -10.5 9.9
E° (mV) 317* 184t
Electronic absorption bands

Xmax (tM),iEmax (M-Icm) 443, 2030 450, 942
597, 3400t 617, 3549§
750, 1800 789, 341

X-band EPR parameters
gx 2.021 2.025**
gy 2.08 2.077
gz 2.207 2.287
Ax (cm-l) 0.006 0.0057
Ay (cm- ) 0.001 0.0029
AZ (cm-l) 0.0055 0.0035

*Other values: 270 mV (30), 340 mV (54). tA recent redetermnination: 191 mV
(55). tOther values: 593 nm (90OM- 1 cm-1) (4), 593 nm (2900M-1 cm-') (31),and 595 nm (2000M-1 cm-) (54). §From (39). Other values: 604 nm (3820M-
cm-) (33), and 605 nm (4050M-I cm-1) (56). ¶From (3, 5). Similar values are
reported in (30). **From (57).

808

(3)
The 2n observations Foi are not independent in the sense that the Fo
from different derivative crystals are independent in the Blow-Crick
formulation. The Fp term (which in the MIR case is simply the Fo
for the native crystal) is a refined quantity rather than a constant.
For both of these reasons, the "error" term E2 is not strictly
equivalent to that in the Blow-Crick formulation; here E2 was
treated as an empirically determined constant. As in MIR phasing,
given the likelihood distribution one may choose either the most
probable phase or a "best" centroid phase estimate and a figure of
merit.
Two electron density maps were calculated at this point, one for

each of the possible signs of the z coordinate of the Cu atom. Both
used data to 3.0 A resolution and figure-of-merit-weighted centroid
phases. Only one ofthese maps was clearly interpretable as a protein
structure with a well-defined molecular boundary, thus resolving the
ambiguity in the z coordinate of the Cu atom. Prior to fitting a
model, we reduced the noise in this map by solvent flattening (Fig.
2). The polypeptide backbone corresponding to 90 of the 96
residues in the known sequence (17) could be traced in a minimap at
this point. The electron density ofonly six residues (12 to 14 and 23
to 25) was sufficiently weak or discontinuous to cause uncertainties
in interpretation. Further model-building and optimization were
performed on an Evans and Sutherland PS300 display system, with
the program FRODO (18). The remaining six residues were
identified; further refinement by means of the program PROLSQ
should provide additional information (19). The present residual R
is 0.22 for the 7167 reflections recorded at X = 1.2359 A in the
range 1.8 A c d c 6.0 A; at 1.8 A resolution the data set is 84
percent complete at this wavelength, whereas at 3.0 A resolution the
data set is 98 percent complete.

Structure ofCBP. The structure ofCBP is shown as a Cot plot in
Fig. 3. The backbone consists of eight strands of polypeptide. Part
of strand 1 and all of strand 2 have irregular conformations. The
NH2-terminal region of strand 1 and substantial portions of the
remaining strands have P conformations. Only five of the strands-
1, 3, 6, 7, and 8-form a 13 sandwich. Strand 2 covers one side ofthe
sandwich. Strands 4 and 5 are bent and twisted so that their
directions are roughly perpendicular to the other polypeptide
strands. Near the beginning of strand 4 lies His39, one of the Cu-
binding residues. The other Cu ligands are Cys79, His84, and Met89.
These three residues are located on a double loop linking strands 7
and 8. A second Cys residue, Cys85, also lies on this double loop, but
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Fig. 3 (top). Stereoview of the CBP molecule, showing the Ca
atoms of the polypeptide backbone, the side chains of the Cu-
binding residues (His39, Cys79, His84, and Met89), and the cys-
tine disulfide bridge between Cys52 and Cys85. Fig. 4 (bot-
tom). Stereoview of the Cu site in CBP. The exposed imidazole
ring edge of His84 is surrounded by the side chains of Phe'3, Met38,
Phe81, Pro82, and Ser87; that of His39 by the side chains of Thr'2
Phe13, Asn35, and Met38. The side chain ofTrp" is seen below that
of Met89.

Cucumber basic protein

Cucumber basic protein

is not coordinated to the Cu atom. Between the end of strand 4 and
the beginning of strand 5 are two tums of helix. The second turn of
helix finishes at a third Cys residue, Cys52. A disulfide bridge joins
Cys52 to Cys85. With respect to the Cu site, the disulfide bridge lies
on the distal side of the double loop in the polypeptide backbone:
neither of the S atoms is within bonding distance of the Cu atom.
The Cu atom is located beneath the surface at one end of the

molecule (Fig. 4). The donor atoms are Nb(His39), Sy(Cys79),
NB(His84), and Sb(Met89). The coordination is distorted from a
tetrahedral geometry, but further refinement is required before the
bond lengths and bond angles at the Cu atom can be stated with
confidence. At this stage there is no evidence for a fifth Cu-ligand
bond or close Cu-polypeptide contact. Both of the His ligands have
their distal (Cb-Nc) imidazole ring edges exposed to the solvent,
the immediate environment of His being more hydrophobic than
that ofHis39 (Fig. 4). The accessibility surfaces ofthe two imidazole
rings appear to be contiguous. On the side of the Cu site remote
from the solvent, the side-chain methyl group of Met89 lies in
contact with the aromatic side-chain group of Trp".

Structural comparisons with other blue copper proteins.
Three blue Cu proteins-plastocyanin, azurin, and pseudoazurin-
have previously been characterized crystallographically. In each the
Cu atom is coordinated by the Nb(imidazole) atoms of two His
residues, the Sy(thiolate) atom of a Cys residue, and the
Sb(thioether) atom of a Met residue (20-25). Refinements of the
structures of plastocyanin and azurin have shown that the Cu-
S(Met) bonds are abnormally long (2.9 and 3.1 A) (21, 24) and that
the Cu atom in azurin makes an additional close contact (3.1 A)
with a backbone O(peptide) atom (24). Although the Cu-S(Met)
bonds are obviously weak, they seem to play a crucial role in tuning
the reduction potentials of the blue Cu site (26, 27).
The present work shows that the distorted tetrahedral NNSS'

coordination in CBP is analogous to that found at the Cu sites of
plastocyanin and azurin, lending further support to the hypothesis

12 AUGUST I988

that the high redox potentials of the proteins (CBP, 317 mV;
plastocyanins, from -360 to 370 mV; azurins, from -280 to 320
mV) have a common structural origin (26, 27). The folds of the
polypeptide backbones of the three proteins are, however, distinctly
different (Fig. 5). In azurin, strands 4 and 5 of the polypeptide
backbone are part of the 1 sandwich; connecting the ends of these
strands, a flap comprising about 30 residues and including three
turns of helix hangs off the main body of the molecule (23). In
plastocyanin, strand 5 is too irregular to be part of the 1 sandwich
(20, 21). In CBP, the P-sandwich structure is further depleted by a
bend and twist in strands 4 and 5 that place these strands at a large
angle from the other strands. These observations support a sugges-
tion by Adman that there are several subcategories of blue Cu-
protein structure (28). From the viewpoint of crystallographic
methodology, the remarkable difference between the tertiary struc-
tures ofCBP and plastocyanin explains why molecular replacement
methods failed for solving the CBP structure when a search model
based on plastocyanin was used.
The CBP structure confirms or explains the results of several

antecedent spectroscopic studies. Three of the Cu-binding residues,
a Met and two His residues, were predicted from 'H nuclear
magnetic resonance (NMR) redox titrations (29). The fourth, a Cys,
was to be expected from the intense charge-transfer band at -600
nm (30, 31). The locations of the His and Met ligands in the
molecule could be inferred from sequence homology with plasto-
cyanin and azurin in the vicinity of the Cu site (29). The prediction
ofthe Cu-binding Cys residue in CBP was less certain because ofthe
presence of two additional Cys residues that have no equivalent in
the other two proteins. The proximity of TrpII to the Cu site is
consistent with the observation that the quantum yield of a 340-nm
fluorescence band typical ofTrp is much higher in apo-CBP than in
Cu(I)- and Cu(II)-CBP (4). The observed close contact between the
side chain ofMet89 and the aromatic group ofTrp" accounts for the
large upfield shift of the e-CH3 resonance ofMet89 in the 'H NMR
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B

Fig. 5. Schematic representations ofthe polypeptide backbone folding in (A)
CBP, (B) plastocyanin [adapted from (20)], and (C) azurin [adapted from
(23)]. The solid black circles represent the Cu-binding residues. In each case
the c sandwich is viewed from the exterior. [(B) and (C) are with permission
from Nature]

spectrum of Cu(I)-CBP (29). In earlier work, this shift was ascribed
to a close contact with the phenyl ring of Phe'3, it being assumed
that Phe'3 in CBP occupies a position analogous to that of Phe14 in
plastocyanin and Phe'5 in azurin (29). This incorrect assumption is
another casualty of the large difference between the polypeptide
backbone folds of CBP and plastocyanin: in CBP, Phe' is not part
of the lining of the hydrophobic pocket surrounding the Cu site, but
rather is located on the surface of the molecule (Fig. 4).

Structure of a related protein, stellacyanin. The biological
function ofCBP remains unknown. CBP has nevertheless attracted a

great deal of interest because its spectroscopic properties and
primary structure closely resemble those of stellacyanin (Sc), an

intriguing member of the blue Cu protein family that-being an

outlier-may hold the key to an understanding of some of the
properties of the blue Cu site. Stellacyanin has the lowest E° (184
mV) so far reported for any blue Cu protein (32) and-among all of
the known blue Cu proteins-no methionine (33, 34). Thus the
fourth ligand at the Cu site of Sc must be different. An explanation
of the spectroscopic and redox properties of Sc awaits a determina-
tion of the structure of its Cu site. Unfortunately, Sc has yet to be
crystallized, possibly because of the presence of a substantial (40
percent) and heterogeneous polysaccharide component. Strong (44
percent) homology between the primary structures of CBP (96
residues) and Sc (107 residues) has been demonstrated (17). Neither
this homology, nor the spectroscopic similarities, provides proof of
a structural relation between CBP and Sc, but merely renders
plausible the hypothesis that such a relation exists (35).
Many of the reported properties of Sc can be readily explained if

this protein does indeed have the same molecular fold as CBP. In the
following discussion, several equivalences revealed by a published
alignment of the amino acid sequences of CBP and Sc (17) assume

special significance:

CBP: Trp ... His39... Cys52
... Cys79... His84... Cys85... Met89

Sc: Trp"I. . His46. . . Cys59. . . Cys87. . His92. .Cys93. Gin97

Three of the Cu ligands in Sc can be readily identified. Coordina-
tion by the imidazole groups of two His residues is consistent with
electron nuclear double resonance (ENDOR) (36) and indicated by
NMR (37) evidence, and the presence of a Cys thiolate group can be
inferred from the charge-transfer spectra of Co(II)-Sc as well as

Cu(II)-Sc (38, 39). According to the above alignment with CBP, the
residues involved in these interactions are His 1, His92, and Cys87.
Only the number and nature of any additional Cu-ligand bonds and
close contacts remain to be defined.
An important aspect of the sequence homology is that both CBP

and Sc have three Cys residues-two more than are generally found
in blue Cu proteins. In the case of Sc, the additional Cys residues
have been implicated as Cu-binding residues, either individually (37,
40) or in a Cys-Cys disulfide bridge (41). By analogy with the
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disulfide-bridged residues Cys52 and Cys85 in CBP, the Cys bridge in
Sc is now identified as (Cys59)S-S(Cys93). The distances of the two
S atoms of the disulfide bridge from the Cu site (9.4 and 10.8 A in
CBP) eliminate the hypothesis (41) that they contribute to the Cu
coordination.

If the fourth Cu ligand in Sc is neither a thiolate nor a disulfide
group, what can the structure of CBP tell us about it? In the
alignment of the sequences of Sc and CBP, the residue in Sc that
corresponds to Met89 in CBP is Gln97 (17). A Gln side chain,
-CH2-CH2-CONH2, has similar dimensions and conformational
characteristics to a Met side chain, -CHz-CH2-S-CH3. The substi-
tution of an O(amide) for a S(thioether) donor would provide a
"more Cu(II)-like" environment for the Cu atom, thus providing a
rationalization for the low E° of Sc (184 mV) compared with other
blue Cu proteins (27). It might also (depending on the relative Cu-
ligand distances) create an increase in the ligand field at the Met
position relative to plastocyanin, as required to account for the
rhombic splitting in the electron paramagnetic resonance (EPR)
spectrum according to a recent ligand-field analysis (42). If the same
explanation is applied to CBP, which also exhibits rhombic splitting
in the EPR spectrum but has the same combination of ligands as
plastocyanin, then the implication is that the Cu-S(Met) distance in
CBP is shorter than in plastocyanin. It remains to be seen from the
refined structure whether this is the case.

Coordination of the Cu atom in Sc by a side-chain amide group
was suggested in a recent conference report of 'H NMR relaxation
measurements on Co(II)-Sc (43), and would be compatible with x-
ray absorption fine structure (EXAFS) analyses ofSc (44) and metal-
substituted Sc analogues (45). Suggestions that the Cu atom in Sc
interacts with an amide group belonging to the polypeptide back-
bone have been made on the basis of resonance Raman measure-
ments on Cu(II)-Sc (46) and 13"CdNMR measurements on Cd(II)-
Sc (47). We note that the possibility ofan additional Cu-O(peptide)
contact in Sc is not eliminated by the apparent absence of such a
contact in CBP (just as the presence ofsuch a contact in azurin is not
prevented by its absence in plastocyanin).
The present description ofthe disulfide bridge between Cys59 and

Cys93 in Sc is in agreement with recent chemical evidence (48). An
earlier observation that Sc has a (Cys87)S-S(Cys93) bridge, implying
that the Cu-binding thiolate group belongs to Cys59 (34), is easily
explained. The protein used for the cited experiment (the determina-
tion of the amino acid sequence) was necessarily in the apo form: a
preliminary computer-graphics simulation with CBP as a model has
shown that once the Cu atom was removed, only modest rotations
of the Cys87 and Cys93 side chains about C,S-Cy and a <0.2 A
relaxation of the backbone at Cys87 are required to permit the
disulfide switch

(Cys87)SH + (Cys93)S-S(Cys59)
(Cys87)S-S(Cys93) + (Cys59)SH

postulated by Engeseth et al. (48). The three Cys residues in the
model holo-protein are so near one another as to suggest that the
disulfide switch would be hindered rather than assisted by denatur-
ation of the apo-protein.
The structure ofCBP provides explanations for two other aspects

of the chemistry of Sc. First, the quenching of a Trp fluorescence in
Cu(II)-Sc and Co(II)-Sc relative to that in apo-Sc (49) resembles the
fluorescence quenching ofCBP (see above) so closely that it would
be surprising if the locations of the homologous residue Trp" were
not similar in the two proteins. Second, if the surface of Sc over the
imidazole ring edges of His4 and His92 is as exposed as that over
His39 and His' in CBP (Fig. 4), then the accessibility of the Cu site
predicted from the high electron self-exchange rate (50, 51), the
close adherence to Marcus theory (52), the occurrence of redox
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reactions at electrodes in the absence ofmediators (52), and electron
spin-echo measurements (53), is dramatically confirmed.
The above results definitively demonstrate how MAD phasing

can be used to determine protein structures. These experimental
phasing results for CBP are consistent with those predicted for
MAD phasing based upon one Cs atom in a protein of Mr 12,000
(1). For CBP, the magnitudes of the anomalous scattering terms are
typically more than a factor of2 smaller (1). With the data collection
methodology currently available on synchrotron sources, it should
be feasible to obtain phases that are sufficiently accurate for initial
structure determination with K edge effects from one anomalously
scattering atom in a protein with Mr up to -25,000. The larger
effects from L edges should more than double this Mr range and
more accurate data collection should raise these limits even higher.
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