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SUMMARY 

The structure of crystalline carp muscle calcium-binding 
protein (parvalbumin) has been determined by x-ray diffrac- 
tion techniques to nominal 1.85-A resolution. Isomorphous 
and anomalous scattering data were measured for three 
heavy atom derivatives, 3-chloromercuri-2-methoxypropyl 
urea, mercury bromide, and ethyl mercury chloride, to 2.0-A 
resolution using precession photography. As described in 
Paper III in this series the 2.0-A phases were refined and 
the 2.0- to 1.85-A phases were determined by use of the 
tangent formula. 

The electron density map is interpreted in terms of the 108 
amino acid sequence described in Paper I in this series. A 
calcium ion is bound in the loop between helix C and helix D 
and a second calcium is bound in the EF loop. The entire 
CD region is related to helix E, the EF loop, and the terminal 
helix F by an approximate intramolecular 2-fold axis. Al- 
though it does not bind calcium the AB region has a structure 
similar to the CD and EF regions and appears to have resulted 
from a gene triplication. 

The molecule is generally spherical with a well defined 
hydrophobic core, one-seventh of its total volume, composed 
of side chains of phenylalanine, isoleucine, leucine, and 
valine. All of the polar side chains are at the surface except 
those associated with calcium binding and with an invariant 
internal salt bridge between arginine-75 and glutamic 
acid-81. 

In the first paper of this series C~offee and Bradshaw (1) de- 
scribe the determination of the amino acid sequence of carp 
muscle calcium-binding protein component B. They also dis- 
cuss t.he general characteristics of the molecule. In this second 
paper we describe the solution of the three-dimensional structure 
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by means of x-ray diffraction. The structure is discussed in 
terms of its assumed role in muscle contraction and in terms of 
its apparent evolution via gene triplication (2). In the final 
paper by Hendrickson and Karle (3) the tangent formula re- 
finement and extension of phases is described. 

EXPERIMENTAL PROCEDURES 

Preparation of Muscle Calcium-binding Protein-All of the 
protein used in these studies came from one preparation made in 
the summer of 1968 (4). The steps through Sephadex G-75 
chromatography were based on the procedure of Pech&re and 
Focant (5). Fillets, free of skin, from 500-g carp (Cyprinus 
carpio) were homogenized. The homogenate was centrifuged 
30 min in a Sorvall GS-3 rotor at 9,000 rpm (9,300 to 14,700 x 
g). The lipid film on the surface was aspirated off. The super- 
natant was dialyzed in preboiled Visking tubing (40/32 inches) 
for 3 days against five changes of water. The dialysate was 
centrifuged and the substantial pink precipitate discarded. Al- 
though muscle calcium-binding protein is found only in “white” 
muscle (6) we did not dissect away the superficial median strip 
of “red” muscle rich in myoglobin. Solid ammonium sulfate, 
530 g per liter original volume, was slowly added with stirring 
over 24 hours to the solution of albumins. The red precipitate 
was discarded and the supernatant was brought to saturation 
with ammonium sulfate and stirred for 24 hours. The pH was 
maintained between 6.0 and 8.0 with phosphate. All of these 
procedures were performed in a 4” cold room. The 75 to 100% 
saturated cut was dissolved and dialyzed against Tris-HCl buffer, 
pH 7.3, 5 mM. The low (1.4 S) and high (7.05 S) molecular 
weight albumins were well resolved on Sephadex G-75 chroma- 
tography. 

Hamoir et al. (6, 7) identified by moving boundary electro- 
phoresis three main low molecular weight components in carp 
myogen. We separated these components by DE-32 diethyl- 
aminoethyl cellulose chromatography at pH 7.0, in 2 mM phos- 
phate, with a 0.0 to 0.5 M KC1 linear gradient. The three com- 
ponents can be resolved and identified by electrophoresis on 
acrylamide gels (4). Recently PechGre et al. (8) have described 
a DE-11 preparation using a piperazine buffer and a NaCl elu- 
tion gradient. We find this method to give higher resolution 
and to be more reproducible. They found that a single carp 
contained five components having the following isoelectric points: 
5a, 4.47; 6b, 4.37; S, 4.25; 9, 3.95; and 1, <3.9 (8). Gerday and 
Bhushana Rao (9) also isolated the first four and have called 
them IVa, IVb, III, and II. To be consistent with our original 
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(4) notation we call La and 5b (which are not resolvable on acryl- 
amide gel electrophoresis) -1, S is U, and d is C. 

Jrbsen and Hamoir (10) found that, per 100 g of fresh muscle, 
the total protein content is about 16 g and that the content of 
muscle albumiu (myogen) is 2.0 g for plaice and 2.7 g for carp. 
Focnnt and Pechitre (11) explored the phylogenetic distribution 
of t,l?c low molecular weight components, as defined by Sephadex 
G-775 chromatography. Reptiles, birds, and mammals have 
none, while the content of the low molecular weight component, 
which consists solely of muscle calcium-binding protein or 
“par\-albumins” (12), ranges from 15% in amphibia to 28% in 
teleost fish. Our yield for thr sum of the three fractions was 
somewhat less than the predicted 700 mg/lOO g of fresh muscle. 
This is hardly surprising, since we were exploring preparative 
techuiques. 

Crystallization and Heavy Atom Derivatives-We initially chose 
to work with Component 13 because it gave the best crystals 
(4, i). We were never able to obtain large crystals of Com- 
ponents ,i or C. 130th lyophilized protein and frozen solutions 
were used. Subsequently we have failed to grow usable crystals 
from other fish, pike, hake and Tilapia, and from frog. We 
took no special precautions either to add or to remove calcium. 
Only after the data collection was completed did we realize that 
the protein binds calcium (8). Flame absorption spectropho- 
tometryi performed on some of the crystals actually used for 
data collection gave a calcium to protein molar ratio of 0.75 
(13). However, due to the very small amount of material ac- 
tually available, this result could easily be in error by a factor 
of two. As will be discussed by Hendrickson and Karle (3), 
we feel that the crystals used for data collection had high cal- 
cium occupancy at both sites. 

-1hhough a wide variety of crystallization conditions were 
explored, we succccdcd in growing crystals only from solutions 
of 70 to 85% saturated ammonium sulfate at pH 5 to 8. Hoping 
that the various heavy atom compounds would be more soluble 
in phosphate, we t,ransftrred the crystals through several stages 
to 4.0 IVI phosphate, pH 6.8. We never grew usable crystals 
directly from phosphate. As it turned out, t)he derivat)ives we 
finally chose to use would probably have bouud as well in am- 
mouium sulfate. The transfer to phosphate caused a slight 
change in unit cell dimensions, space group C2, 

Sulfate: a = 28.7 A Phosphate: a = 28.2 A 
b = 61.1 A b = 61.0 .4 
c = 54.5 A c = 54.3 A 
p = 94” 37’ p = 95” 10’ 

as cited in Reference 4. Subsequently we found that the angle, 
/3, varied from 94” 50’ to 95” 10’ in the phosphate-soaked crys- 
tals. Standardizing the transfer conditions reduced this vari- 
ability. In our calculations we have used /3 = 95” 0’. None 
of the heavy atom derivatives used changed the unit cell dimen- 
Eiorls by over 0.4 %. Crystallization conditions were tested and 
crystals for use were grown by the microdiffusion technique (14). 
Possible heavy atom derivatives were screened by soaking four 
to six crystals in 0.5 ml of 4.0 M phosphate containing the heavy 
atom compound in concentrations of 0.5 to 5.0 mM. Crystals 
were soaked 10 to 30 days at room temperature. They were 
briefly washed in phosphate (free of heavy atoms) before being 
mounted in quartz capiharies and photographed. 

In order to assure constant heavy atom occupancy for all of 
t,he crystals used in recording three-dimensional data for each 

1 Performed by J. Turnipseed, Chemistry Department, Uni- 
versity of Virginia. 

0-x-a h01 CMMPU /IF2 CMMPU (Fe-F-j2 

’ q 

@ 

: 
EMC CMMPU Hg Br 

FIG. 1. All difference Patterson syntheses are calculated with 
2.0-A resolution data and are contoured at arbitrarily chosen, 
but equal, intervals. The map in the upper left is a projection 
difference Patterson for chloromercuri+methoxypropyl urea 
(CMMPU) calculated with h01 coefficients [F(nat) - F(CMMPU)lz 
from the comnlete set of hkl data. The nzaz) in the middle of the 
upper TOW is the Harker section, y  = 0, calculated with complete 
three-dimensional data IF(nat) - F(CMMPU)]2. The ho1 pro- 
jection has a higher relative background. It shows translational 
symmetry due to the c face centering. The Harker section on 
the upper right illustrates the information content of the Bijovet 
pairs [F + (CMMPU) - F - (CMMPU)12. The three Harker 
sections on the bottom row (C2HSHgC1 (EMC), CMMPU, and 
HgBr) were calculated using as coefficients. 

F2(nat) + P2(der) - 2,F(nat).F(der). 

[I - K(F -+ (der) - F - (der))/2.F(nat)]l’z 

(Ref. 36) with K = 5.0. This formula combines heavy atom dif- 
ference and anomalous dispersion information. The circles mark 
the positions of mercury self-vectors as calculated from least 
squares refinement coordinates. The crosses mark the positions 
of major site to minor site cross-vectors. These appear in the 
Harker section because, by coincidence, the two sites differ by 
only 0.8 A in u. 

of the three derivatives, all the crystals for that particular deriva- 
tive were soaked together in the same vial. The conditions were: 
C&IIgCl, 0.8 ma%, 4 days; HgBrz, 1.2 InM, 4 days; and chloro- 
mercuri-2.methoxypropyl urea, 1.5 mM, 3 days. These condi- 
tions had been judged to give masimum peak background ratios 
in the difference Patterson maps (Fig. 1). 

Initially we processed data from only those films showing 
visible intensity changes relative to native films. Subsequently 
difference Patterson and difference Fourier syntheses were cal- 
culated for less promising derivatives. As summarized in Table 
I most of the compounds either did not bind to the protein or 
else bound to the sulfur atom of cysteine-18. Several of the 
compounds which did not show a significant reaction with the 
protein were soluble to less than 0.1 mM in phosphate and are 
indicated in Table I by ( < 10-3. -1 third group of compounds 
either distorted the unit cell or bound at several sites with very 
low occupancy. 

We are now testing the ability of various lanthanide series 
compounds to replace calcium. The results will be described 
later. 

Data Processing-Since most of the procedures involved have 
been well described and are becoming routine, we will emphasize 
only those aspects which are somewhat unique to the present 
problem. Much of this information is summarized in Tables II 
and III. The data-processing procedures and evaluations are 
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TABLE I 

Heavy atom compounds 

-SH site(s) 

ClHg OCH, 
I I 
CH=-CH-CH-NHCONHS 

HgBn 
GHsHgCl 
CHsHgCI 
C6HjHgNOz 
HgGH& 
Hg(CH,CO,), 
CsII,HgO,CCH~ 
p-ClHgCsH,COnH 

o-CH&HpHgSC6H4C02Na (thimerossl) 
o-NaC020C6H&ONHCH&H(OCHz)CHEHgOH (mersalyl) 

Film packs 

Native 5G 
CMMPUa 25 

34 
EhlC 30 

HgBr 32 

TABLE II 

Summary of data processing and heavy atom parameters 

R 
merge 

z Y  z (B&T- B 

~_____ 

0.067 
0.100 Hg 0.2570 0.0 0.0931 0.490 12.0 
0.112 
0.102 Hg, 0.2546 0.0 0.0921 0.250 9.0 

Hgz 0.4354 -0.0146 0.0613 0.130 13.0 
0.103 Hg, 0.2608 0.0 0.0917 0.346 8.0 

Brl 0.1817 0.0154 0.0988 0.150 28.0 
Ha 0.4363 -0.0058 0.0650 0.113 20.0 
Br2 0.5000 0.0121 0.0600 0.050 18.0 

n CRIMPU, chloromercuri-2.metboxypropyl urea; EMC, C*Hs- 
HgCl. 

sunm~arized for the native data, chloromercuri-2-methoxypropyl 
urea, C&H&l, and I-IgBrz (bound as -HgBr). About 30 
zones or packs of one-zone precession photographs arc required 
to record essentially all of t,he 2.0-A resolution data, using nickel- 
filtered CUKCX radiation at crystal to film distance of 6 cm. 
Fifty-six native planes were processed in checking reproducibil- 
ity of the densitometry procedures and in obtaining intense 
enough photographs to record 1.85-A data. For chloromercuri- 
2-methosypropyl urea, 34 all-zone (no layer line screen) film 
packs were processed and compared with the 25 one-zone photo- 
graphs in evaluating the all-zone method. 

To a great extent we followed the procedures described by 
Xuong and Freer (15) for treating the all-zone data. Crystals, 
(0.3 mm)3, were mounted with the b axis (61.0 A) parallel to 
the rotation or spindle axis of the camera to b2.5’. Six- to 
eight-hour photographs were taken at 6” intervals on the spindle 
axis using a 0.5-mm collimator and tube settings of 40 kv, 16 
ma. The precession angle was 3” 30’; data beyond 3” 10’ were 
not processed because of the uncertainty in assigning the Lorentz 
correction. This procedure recorded a set of data in reciprocal 
space as a torus whose inner radius is zero, or in fact slightly 
negative, and whose outer radius is 2/XCuKa = 1.30 A-l. At 
a cassette advance setting of d = 0 mm only data to about 1.9-A 

Disorder or weak 

KzHgI, 
PbBrp 
KgPtC14 
ThC14 
AgNO, 
UWC&COd2 
o-(OHHg)C6H&Ot 
p-ClHgCsH&Hs 
p-ClHgCLH,CHz 
(NOGH~(CHO)O)& 

So reaction 

KAuCld 
NaW04 
ClHgCLjH,OH 
Pb(CH,CO,), 
Pb(NWz 
KnPtIa 
HzPtC16 
IrCL 
UOP(NOA 
Ba(CH&02)2 
CH,HgCl (< 10-4) 
Hg(CeH& (<10-4) 
CHaHgI (< 10-4) 
CH,C&H4HgCI (< 10--4) 
NH&H,NH,PtC12 (<lo-“) 

resolution fall on the film. We processed data to 2.1-A resolu- 
tion. With 3” 10’ data at 6’ intervals, even on the torus equator 
there is a 20’ overlap of data between film sets; reflections away 
from t.he torus equator may be recorded on five or more different 
photographs. Since all photographs were taken about the b 
axis, 13ijvoet pairs occur on the same fihn and are related by 
mirror symmetry. This symmetry is a great aid in checking 
crystal alignment, reflection indexing, and intensity measure- 
ment.. There is a cone-shaped volume of reciprocal space not 
recorded in the torus of data. It consists of 5yo of the volume 
of the 0.5-,4-l sphere of 2.0-A data. Most of this volume can 
be recorded in eight b axis, zero level photographs. 

Although we have not yet completed an analysis of this no- 
screen method, our impressions seem to correspond to those of 
other users. Exposure times are reduced by a factor of six to 
ten; however, one requires a better crystal than those often used 
in one-zone work. Data processing is more expensive and man- 
ual checking of questionable reflections is much more tedious. 
The internal consistency of measured intensities is slightly poorer; 
however, this may be attributed to an inadequate computer 
algorithm. The intensities were measured using a rotating drum 
densitometer at 0.2.mm raster with magnetic tape output. In- 
tegrated intensities were determined using a modification of an 
algorithm previously described (15). 

The data from each film pack, consisting of from two to four 
films in both one-zone and all-zone procedures, were corrected 
for Lorentz and polarization factors and scaled internally. Data 
from different film packs were scaled together in four equally 
populated shells of sin 0/X (17). Using the scale factor from 
these four zones one could calculate a relative temperature factor 
in the expression exp-B (sin e/Q2 so that all of the data had the 
same average intensity distribution as a function of sin 0/x. 
The residual for the merging of all data into one set is defined: 
R(merge) = Z(al1 reflections) Z(al1 packs) [ f(average) - 
I(pack) 1 /Z(all reflections) Z(all packs) ?(pack). The residuals 
for the one-zone and all-zone data of chloromercuri-2-methoxy- 
propyl urea are presented separately; the r(average) were deter- 
mined for all 59 packs. In the native data the Bijvoet pairs 
within each pack were averaged before merging, whereas in the 
derivative data they were carried separately. This accounts to 
some extent for the lower R value of the native data. Native 
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TABLE III 

Summary of phase calculations 

As defined in the text ~2 is the estimated isomorphic error. 
A+ is the average error in the Bijvoet difference per film pack. 
l f  is the estimated average anomalous dispersion error per re- 
flection. l j is the average lack of closure calculated in the phase 
determination procedure. Dj is the average calculated anomalous 
dispersion error. The numbers beneath the name of the deriva- 
tives indicate, respectively, the total number of reflections used 
in the phase calculations and the number for which the Bijvoet 
difference was used. 

ChlMPU” E, 2. 33.0 24.7 
4640 ej..... 27.5 25.0 23.7 25.7 

Cj/j;. 0.098 0.108 0.137 0.181 
8320 A&. 11.0 12.4 14.6 15.5 

Ezk..... 5.2 6.6 7.6 7.4 
Di..... 5.3 6.3 6.9 9.1 

EMC e,*. 38.2 27.9 
4085 ‘j. 24.8 23.9 21.2 23.5 

?i/f. 0.088 0.104 0.124 0.150 
2405 A&.. 13.7 17.9 18.9 19.3 

e*.. 9.5 10.8 11.4 12.4 
Di. 8.8 11.6 11.4 10.0 

SinB/X .._....._......._.._.... 0.000 0.126 0.179 0.219 0.25 

res (A). m  4.0 2.8 2.3 2.0 
I 

HgBr 612. 
3565 q. 

Pi/j. 
22Y2 Art.. 

ct..... 
Di. 

33.2 21.8 
23.4 22.7 20.5 22.0 

0.083 0.098 0.116 0.153 
15.8 21.0 20.3 19.4 
9.1 12.1 14.4 16.9 

10.3 11.9 12.2 11.2 

Figures-of-merit. 0.887 0.817 0.748 0.612 
No. of native reflections. 795 1378 1496 1386 

a CMMPU, chloromercuri-2-methoxypropyl urea; EMC, CzH,- 
IIgCl. 

tlatn were put on an absolute scale by standard Wilson statis- 
tics. Derivative data were scaled to the native data by apply- 
ing relative scale factors and temperature coefficients. 

Phase Determination-Initially we calculated h01 (centric 
projection, a! = 0 or r) difference Patterson syntheses for each 
heavy atom derivative showing large intensity differences. Sev- 
cm1 of the derivatives gave similar difference Pattersons. We 
explored binding conditions for chloromercuri-2-methoxypropyl 
Irma and collected three-dimensional data for it because it had 
given the “cleanest” appearing projection Patterson (Fig. 1). 
\Ve calculated the three-dimensional difference Patterson and in 
particular the Harker section at y  = 0. In the Harker section 
one should see only those vectors between heavy atoms at the 
same “height” or y  coordinate. The difference Patterson func- 
tions in Fig: 1 illustrate the improvement in going from projec- 
tion to three-dimensional data. 

All of the other compounds, Table I, which reacted with the 
protein bound at the chloromercuri-2-methoxypropyl urea 
(major) site. Two of them, HgBr and CzHSHgCl also bound 
at :I nearby minor site. Subsequently we have interpreted the 
major site as a rather large pocket on one side of the sulfur atom 
of cysteine-18, while t.he minor site is a smaller pocket on the 
opposite side of the sulfur atom. The chloromercuri-2-methoxy- 
propyl urea, molecule is apparently too large to fit into the smaller 

pocket. As judged by the mercury-sulfur distances there must 
have been a movement of the sulfur atom of some 0.5 to 1.0 A 
upon bonding. The heavy atom occupancies are low enough, 
Table II, so that one need not postulate simultaneous binding 
of a mercury at both sites of an individual protein. 

The Harker sections of HgBr and CzHsHgCl (Fig. 1) illustrate 
an unfortunate coincidence. Not only are the major site and 
minor site self-vectors seen, but also the pair of major-minor 
cross-vectors. The major and minor sites differ by only 0.8 A 
in y. This means that the 2-fold phase ambiguity associated 
with having only 1 heavy atom derivative (the major site chloro- 
mercuri-2-methoxypropyl urea) is not generally resolved by the 
second derivative (the minor site HgBr or C2H6HgCl). We, 
therefore, had to rely on the anomalous dispersion effect to resolve 
the phase ambiguity. The information content of the Bijvoet 
pairs is illustrated in the anomalous dispersion Patterson of 
Fig. 1. 

Heavy atom coordinates were determined by least squares 
refinement with Patterson-determined coordinates as starting 
values for both major and minor site mercury atoms. The y  
coordinates of the major site for all three derivatives are assumed 
to be 0. The sense of the y  coordinate for the minor mercury 
site in both HgBr and CzHsHgCl was determined by refining 
both choices against the experimentally observed anomalous 
dispersion differences. Both major and minor bromine sites 
were located in a difference, difference Fourier synthesis and 
subsequently refined. In Table II these coordinates are listed 
in fractions of the unit cell. The occupancy, W, is given rela- 
tive to 80 electrons for both mercury and bromine. 

Phases were calculated by the method of Blow and Crick (18) 
as described by Wyckoff et al. (19). In this method an estimate 
of input error is required to determine the phase probability 
distribution in the complex plane. As is routinely done, we 
estimate the three-dimensional isomorphic error, e12 in Wyckoff’s 
notation, from the residual errors in the centric zone least square 
refinement of heavy atom parameters, e12 = X(all reflections) 
/ F(obs) - F(calc) 1 /n(all reflections), where F is the structure 
factor amplitude as observed experimentally and as calculated. 
The phase determination calculation yields a final estimate of 
lack of closure error. Our estimate of isomorphic error corre- 
sponded rather well with the calculated lack of closure, ej (see 
Table III). 

In estimating the anomalous dispersion errors, tf, we took 
advantage of the considerable amount of redundancy in our data. 
We first determined population statistics by analyzing all those 
cases in which a Bijvoet pair of reflections had been observed on 
four or more film packs. The average error in the Bijvoet differ- 
ence, AP f = F, - F-, per film pack is 

Af = 2 1 (M&i - sdc j /(n(n - l))liZ 
i-1 

where n is the number of observations and 

The distribution of this average error was recorded as a function 
of sin 0/x; it did not show any variation as a function of F. For 
input to the phasing calculation, the reflections were divided 
into two classes. For those reflections where the Bijvoet pair 
had been observed six or more times, the anomalous dispersion 
error was calculated directly as E f  = A &/(n)i’z. For the re- 
mainder of the reflections we set ef = A *(sin e/x)/(n)rla, 
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where --I *(sin 0/x) is the value of the average error derived 
from the siu 0/x distribution. For all three derivatives the 
estimated anomalous dispersion error per reflection, E f, agrees 
rather well with the calculated error, Dj = 1 AT+ - (F + j - 
F - j) 1. The calculation of the anomalous dispersion differ- 
cme, (F + j - If’ - j), is thoroughly discussed by Wyckoff et al. 
(19). The ratio of the imaginary and real components of the 
mcrcur\- atomic scattering factor was used as K = 0.12. The 
average error per refleetion, cf, is significantly lower than the 
avcrngc error per reading, A &, because so maiiy Rijvoet pairs 
wcrc recorded on different film packs. 

Within the 2-.\ sphere there are Gi25 lattice points in the 
quadrallt, with I/. > 0, k > 0, of which 306 are centric reflections, 
i.e. 1101. Of these, 5055 (226 of which were centric) reflections 
wcrr assigned phases and used in the electron density map cal- 
culation. This means that both the native and at least one 
derivative were esperimentally observed as nonzero. Although 
we judged chloromercuri-2-methoxypropyl urea to be the best 
derivative, the ratio of the average lack of closure to average 
structure factor amplitude, ej/‘F, is actually higher than for 
other derivatives. This is due partly to the fact that the chloro- 
Iliercuri-2-metllosypropyl urea films are more intense and in- 
clude more weak reflections. 

The distribution of calculated phases angles for the native 
protein is essentially flat bctwecn 30 and 150” (as well as 210- 
330”) with an average of 51.6 phases per 5’ interval. The dis- 
tribution then rises toward 0” and peaks sharply with 311 re- 
flections (rscluding h01 reflections) in the -2?$O to +2$5” inter- 
val. Of the 4829 noncentric reflections there are 773 more near 
0 or 180” than predicted by a random distribution of relative 
phase angle (see also Fig. 2 in Paper III (3)). 

Elertron Density Jlap Calculations and General Characteristics- 
The maps are calculated at intervals of O.iO5 A in X and 0.762 
A in I- :md in layers 0.676 A in 2, that is perpendicular to tht? 
c face of the unit cell. The map was contoured on paper with a 
Calco~~~l~ plotter at 2 cm = 1 A and traced onto Perspes sheets. 
These were mounted vertically and viewed through a half- 
silvered mirror (20) so that one could visually superimpose a 
Keudrew skeletal model on the electron density. 

The first map was calculated in 1\Iay 1971 (13) with the 2.0-A 
data from chloromercuri-2-methoxypropyl urea and with two- 
thirds of the 2.0-A data from HgBr2 and C2H5HgCl. The gen- 
eral course of the main chain and about one-third of the side 
groups were correctly interpreted during the few weeks before 
Coffee and Bradsham had the sequence data for the tryptic 
peptides. As discussed in their paper (1) our tentative inter- 
pretation of the electron density map allowed them to assign 
the relative order of most of the peptides. Later in the summer 
of 1971 we calculated an improved map with the data summarized 
in Tables II and III. In general this map was easily interpreted; 
however, several regions, particularly the CD calcium-binding 

the previous map (see Fig. 8 in Paper III (3)). The density at 
sulfur and calcium positions is more distinct. The continuity 
of density is strengthened at some weak places along the chain. 
Spurious joins between groups in van der Waals contact are 
diminished. We initially built the molecular model using only 
those chemical constraints implicit in the wire model, i.e. canon 
ical bond lengths and angles. Subsequently we examined the 
model in terms of van der Waals contacts, hydrogen bonds, and 
4,$ angles. In a few instances the model was altered to relieve 
bad contacts but in general we tried to avoid incorporating 
preconceived notions. 

At only two regions in the molecule is there any significant 
uncertainty in the interpretation. The loop preceding helix A 
has low electron density, particularly residues alanine- and 
glycine-4. The exact course of the chain is not well defined; as 
can be seen in Table V the +,fi values of residues 1, 2, 3, and 5 
are outside normally observed ranges. We are therefore not 
certain of the bond direction between the (Y carbon and the car- 
bony1 carbon of phenylalanine-2. The positions of the side 
chain of phenylalanine-2 at the surface and the N-acetylated 
alanine-1, tucked into the interior of the protein, could con- 
ceivably be interchanged. However the present interpretation 
is reinforced by the finding of a tyrosine at position 2 in carp 
component C.3 The additional hydroxyl group is readily ac- 
commodated in the present structure; it would make unaccept- 
able van der Waals contacts if the phenylalanine side chain were 
built into the interior. 

The other uncertainty concerns an ellipsoidal mass (2 x 2 x 
3 A) of electron density approximately at the position of the 
side chain of leucine-35. There seems little doubt of the cor- 
rectness of glycine-34 or of lysine-38. Threonine-36 and serine- 
37 are in a /I bend (21). Coffee and Bradshaw4 found no cova- 
lently attached phosphate in the molecule. Neutron activation 
analyses” ruled out the presence of mercury, iron, manganese, or 
magnesium. Electron microprobe analyses6 of the crystal reveal 
no atoms of atomic number greater than 20. In hake muscle 
calcium-binding protein there is neither attached phosphate nor 
metal ion other than calcium (22). As will be described later, 
there is an intramolecular 2-fold axis relating the CD and the 
EF regions of the molecule (see Table IV for direction cosines). 
It is suggestive that this 2-fold rotation places the mass of elec- 
tron density only 1.3 A from the major heavy atom site. Fur- 
ther, even though it is not in a special position, its y  coordinate 
is very near 0 (Z = 0.2713, y  = -9.0025, z = 0.2775). 

DESCRIPTION OF MOLECULE 

General Sllape-The molecule has the approximate shape of a 
prolate ellipsoid of revolution (Fig. 2). The course of the main 
chain is best visualized in terms of the six helices A, B, C, D, E, 
and F which have been interpreted as being derived from a gene 
triplication (2). Helix C, the CD loop, and helix D are related 

loop, could not be interpreted until the tangent formula map2 to the EF region by an approximate a-fold axis (Table V and 
was calculated by Hendrickson and Karle (3). Consistent with Fig. 3), which roughly coincides with the long axis of the ellip- 
the objective evaluation presented in Paper III (3) it is our sub- soid. The over-all configuration of the EF region is remarkably 
ject,ive impression that the tangent formula map is more readily similar to a right hand with thumb and forefinger extended at 
interpreted. The electron density protrusions of carbonyl approximate right angle and the remaining three fingers clenched 
groups are enhanced and in 95 instances appear as a distinct 
knob of electron density. Five of the phenylalanine benzene 

3 C. J. Coffee, R. H. Kretsinger, and R. A. Bradshaw, rnanu- 
scrint in nrenaration. 1 ---A~ ~-~~ 

rings show a dimpling at their center; whereas only one did in 4 C. J. Coffee and R. A. Bradshaw, personal communication. 

* Structure factors, phases, and atomic coordinates have been 
5 Performed by R. Allen, Chemistry Department, University 

of Virginia. 
deposited with Protein Data Bank, Department of Chemistry, 6 Performed by F. W. Fraser and E. J. Brooks, Central Ma- 
Brookhaven National Laboratory, Upton, N. Y. 11973, and Uni- terials Research Activity, United States Naval Research Lab- 
versity Chemical Laboratory, Cambridge CB2 lEW, England. oratory. 
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(Fig. 4). The thumb points toward the COOH terminus of 
helix F. The forefinger points along helix E in the NHz-terminal 
direction. The clenched fingers trace the course of the EF loop 
about the calcium ion. The two right hands representing the 
EF and CD regions are related by a 2-fold axis. The D thumb 
is tilted outward representing the bend in helix D at residue 65. 

Again in Fig. 5 one views the entire molecule looking down the 
2-fold axis. The AH loop does not bind calcium, as do the CD 
and EF loops, and is 2 residues shorter. It covers the end of 
helix E and the arginine-75 to glutamic acid-81 internal salt 
bridge. The ,4B region can be represented by a third right hand 
covering the top of the molecule. The thumb and forefinger 
must be drawn together almost parallel with one another be- 
cause the AB loop turns out from the surface of the molecule, 
while the CD and EF loops turn in. The palms of all three 
right hands face the interior of the molecule. 

Solvent Interactions and Core Formation-The ellipsoid volume 
is 16,900 A3. The molecule has 812 atoms excluding hydrogen 
atoms, or 20.8 A3 per atom. If the ellipsoid had a surface free 
of convolutions, one could estimate that a shell 2.7 A thick would 
contain those atoms, plus associated protons, exposed to the 
solvent. The “inside” of this ellipsoid would then have a vol- 
ume of 9700 AZ. That is 51.6% of the atoms would be inside 
or inaccessible to solvent. In Table IV each atom is designated 
I (int,ernal) or S (surface) as judged by the criterion of whether 
a water molecule, a sphere of van der Waals radius 1.7 A, could 
make contact with the van der Waals surface about each atom, 
or associated hydrogen atom. Of all 812 atoms, 43.2% are 
inside. Even for this smooth protein, seemingly free of clefts 
or grooves characteristic of enzymes, more of the atoms are 
exposed to the surface than predicted by the ellipsoid model. 

A general examination of solvent accessibility, as well as a 
subsequent consideration of hydrogen bonding, gives some in- 
sight into the forces stabilizing the protein. Of the 324 main 
chain atoms (nitrogen, carbonyl carbon, and oxygen) which 
c*arry a partial charge 54.30/b are internal (Table VI). It is not 
valid to say simply that nominally hydrophilic atoms are found 
at the surface. 

In contrast, if one considers the partially charged atoms of the 
side chains, only 17.9y0 are internal. These partially charged 
atoms consist of all side chain nitrogen and oxygen atoms as well 
as the terminal carbon atoms of carboxyl and carbamyl groups. 
All 10 serine and threonine hydrosyl groups and all 13 lysine 
NH? groups are at the surface. Eight of the nineteen partially 
charged groups which are internal are y  carbon atoms of aspartic 
acid and asparagine or 6 carbon atoms of glutamic acid and 
glutamine. Excepting glutamic acid-81, at least 1 of the oxygen 
atoms bonded to these y  or 6 carbon atoms is at the surface. 
Six of the ten carboxyl osygens which coordinate the 2 calcium 
ions are internal. Finally the 2 carboxyl oxygens of glutamic 
acid-81 and 3 of the 4 atoms of the arginine-75 guanidino group 
are internal and hydrogerl-bonded together. All of the side 
chain dipoles are at the surface except those associated with the 
calcium ioris or the arginine-75 to glutamic acid-81 salt bridge. 

The tendency of these dipoles to be at the surface of the mole- 
cule is strong enough to bring 89.5% of the other side chain 
carbon atoms to the surface. For instance, all of the 52 p 
through E carbon atoms of the 13 lysine chains are at the sur- 
face except for 1 p carbon. 

Eighteen of the twenty alanine /3 carbon atoms, as well as the 
cysteine fi carbon, and sulfur are exposed to solvent. The 
COOH-terminal oxygen atoms of alanine- are at the surface. 
The acetyl group, APO, of alanine-l is buried. 

Even of the strongly hydrophobic side chain atoms, only 69.5% 
are internal. Hence the generalization that neutral atoms or 
even neutral side chains are found on the inside is not so valid 
as is the statement that side groups with dipoles are found at 
the surface. Nonetheless this protein has a well defined, strongly 
hydrophobic core consisting of all, or all except 1, of the side 
chain carbon atoms of 7 phenylalanine, 4 isoleucine, 5 leucine, 
and 3 valine residues plus half of the side chains of phenylala- 
nine-47, leucine-86, and leucine-105 (Table V and Fig. 2). The 
volume of this core (2370 A3) is about one-seventh that of the 
entire molecule. It is composed of 115 carbon (plus bonded 
hydrogen) atoms or 20.6 A3 per atom. The main chain encloses 
this core; it does not pass through it. 

The structural similarity of the A13, CD, and EF regions is 
seen in the composition of the core. Each of the six loops, either 
at its beginning or end, has one core group. The homology is 
strongest in the AU (phenylalanine-24) and CD (isoleucine-97) 
loops. In general at each turn of each of the six helices there 
are one or two groups contributed to the core from the inner 
aspect of that helix. Isoleucine-11 of helix A and the homologous 
valine-43 of helix C are both part of the core. Interestingly the 
homologous position 82 in helix E is threonine. Even though 
valine-43 and threonine-82 are related by the 2-fold axis and 
have exactly the same staggered configurations relative to the 
main chain, the hydroxyl group of thrconine-82 is just accessible 
to the solvent; the corresponding carbon of valine-43 is not, 
because helix D and helix E are 0.7 A further apart than arc 
helices C and F at the homologous level. The inner halves of 
phenylalanine-47 and leucine-86 form the surface of the cor(‘. 
The homologous leucine-15 is also half-internal, but helix A has 
a slightly different orientation relative to helix B, compared to 
CD and EF; so that leucine-15 is barely continuous with the 
core. The homologous positions in helices A and C are alanine- 
14 and alanine-46. These are the only 2 internal alanines of 
the 20 present. Particularly at alanine- there is space in the 
core for a larger group; in the hake protein position 46 is valine 
(23). As defined by +,$J angles helix C continues through posi- 
tion 50, which is a core isoleucine. Glycine-89, turns in such a 
way to terminate the helix; however, the amide hydrogen bond 
of aspartic acid-90 indicates that the same helical course in 
helix E is continued as far as it is in helix C. The p position of 
glycine-89 is oriented so that only an alanine could substitute for 
it without causing significant shifts of the main chain. The P-7 
bond of cysteine-18 does point to the inside of the molecule. 
There is just enough room for water to approach the sulfur from 

Tnrrr,ls IV (Table IV on pages 3319-3321) 
The atomic coordinntes were measured from the 2 cm per A wire sible atom is indicated by I. The coordinates are listed in A.100 

model. Refinement7 against observed bond lengths and angles with the origin on a crystallographic z-fold axis. The height of 
using the program of R. Diamond (35) produced an average shift the mercury atom in chloromercuri-2-methoxypropyl urea defines 
of 0.15 A per atom. In the second column the letter S indicates y  = 0; x coincides with crystallographic a and z with c*. The 
that the atom is on the surface or accessible to a solvent water intramolecular 2-fold axis intersects the :I = 0 plane at x = 1.82 A, 
molecule of van der Waals radius 1.7 A. An interior or inacces- z = !).28 A, with direction cosines: 01 = 0.258, p = 0.812 

5 P. Moews performed the refinement calculat,ions. y = - .521. 
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ASP IO 
f 3R3 941 
s ?98 972 
I 290 929 
I I67 A66 
I 39 921 
I -72 ai8 
I -94 739 
I -142 82C 

ILE II 
I -211 66% 
I -266 796 
I -344 770 
s -447 657 
I -252 725 
I -34rJ 717 
I -344 606 
s -45% RI9 

ALA 12 
c -545 962 
I -496 R?O 
s -409 770 
I -455 706 
s -2R5 a22 

ALA 13 
c -52 A42 
S -191 789 
I -177 6?% 

LILA 20 
s -970 -144 
s -943 -142 
I -936 -2A5 
I -843 -320 
q -1033 
‘ALA 

-365 
21 

s -1170 -565 

ATC )r X Y 2 PHE 79 
oc2 
OCI 
CG 
C@ 
CP 
co 
0 
N 

CO1 
CC1 
C@ 
CC2 
CA 
co 
0 
N 

927 
73% 
R 5.2 
912 
847 
a 5 6 
763 
967 

1303 
1237 
1105 
11n9 

OR9 
854 
801 
831 

680 
713 
596 
505 
598 

530 
491 
474 
363 
585 

722 
582 
543 
427 
641 

ACD 
560 
685 
716 
617 
475 
413 
425 

-39 
C 

18 
132 
252 
290 
163 

65 
166 

64 
50 
41 

-57 
145 

41% 
274 
150 
14% 
185 
104 

-194 
-65 
-59 

4% 
24 
9% 
27 
59 

CS 
CA 
co 
0 
N 

-279 
-144 

-90 
-15 

-12% 

-133 
-82 

-136 
-25% 

-45 

-84 
14 

-14c 
-95 

-171 
-156 
-279 

-77 

-111 
-204 
-134 

-18 
-31 

94 

56% 
689 
734 
6rJ2 
4ac 
465 
334 
214 
244 
234 
279 

35% 
149 
23r 
2.rJ2 
311 
449 
469 
543 

731 
671 
627 
E52 
719 
765 
68C 
684 
742 
621 

468 
567 
498 
598 
526 
617 
569 
609 
484 

29% 
429 
526 
534 
597 

cc2 
CE2 
cz 

s -195 -16 
I -301 54 
I -304 79 
I -2CII 23 
I -94 -43 
I -93 -66 
I 27 -175 
s 12% -4: 

737 
eo1 
935 

1011 
947 
813 
753 
693 
800 
831 
@56 

PCFTYL 
I -255 
I -23% 
I -330 
I -122 

ALA 
s -147 -94 

I -163 
I -169 

0 
-57 

92 
15% 
143 

CA 
cc 
C 
N 

1837 
1811 
176C 
1847 

CEI 
cc1 
CC 
Cl3 
CA 
co 
0 
N 

CC2 
CE2 
CZ 
CEI 
CO1 
CG 
CR 
CA 

Cl3 
CA 
co 
0 
N 

CA 
OC? 
cc1 
CG 
cl? 
co 
0 
N 

OG 
Ci? 
CA 
cc 
0 
K 

A 

2Rb 
364 
310 
3?% 
491 

2 
381 
359 
42% 
516 
535 
471 
495 
57% 
649 
736 
610 

3 
639 
671 
822 
876 
8P7 

4 
1032 
1031 
1122 

929 
5 
1092 

CA 
CC 
0 
CO 
N 

182% 
1947 
2t58 
17rJ4 
1923 

2153 

I -I?38 -505 
I -928 -594 I 219 14 

I 213 134 
I 393 -7n 

FHE 3r 

-918 -615 
-R46 -644 

asp 22 
s -735 -731 
5 -%50 -966 
5 -990 -974 
S -885 -973 
s -7RR -%46 
s -647 -672 
c -631 -634 
s -579 -547 

SER P3 

I -174 
PHE 

s -527 
I 269 -2?4 
I 181 -342 
I I81 -458 
I 269 -479 
I 360 -374 
I 357 -254 
s 456 -149 
I 395 -27 
I 503 61 
I 575 133 
I 513 55 

ALA 31 
s 627 es 
I 612 176 
s 556 277 
s 627 376 
I 42% 2A5 

LYS ?? 
s 506 632 
s 370 614 

1172 
IZIC 
1144 
1344 
ICO9 
1069 
i029 

961 
899 
970 
768 

55c 
695 
687 
710 
654 

192 
247 
356 
439 
54% 
642 
702 
830 
844 

cc2 
CEF s -661 
cz s -710 

2105 
2011 

CEI S -631 
s -497 
S -44% 
s -3P5 
s -225 
S -109 
I -4-f 
s -85 

ALA 
s 159 
s 22 
s 3 
s -102 
s 106 

GLY 
s 101 
s 63 
S 100 
I -10 

VAL 
S -224 

1935 
1979 
2187 
2127 
2029 
2099 

CD1 
CC 
C@ 
CA 
co 
0 
N 

CP 
CA 
cc 
0 
N 

co 
s -631 -252 
5 -565 -737 
s -4ee -447 
S -405 -391 
s -338 -288 
5 -412 -460 

PHE 24 
I -36% -356 
I -205 -?A3 
I -224 -496 
I -216 -5R4 
c 
i 

-2e4 -556 
-3C? -446 

I -431 -422 
s -378 -417 
s -215 -501 
s -21% -624 
S -1C8 -477 

ASY 25 
S 707 -519 
5 316 -6?O 
S 252 -537 
c 121 -469 
s I? -501 
I 60 -453 
s 86 -374 
S 66 -546 

HIS 26 
r ?29 -764 
s 360 -A81 
S 251 -939 
5 14% -861 
I 195 -749 
I 103 -640 
I I"5 -513 
I 247 -44% 
I 262 -341 
s 378 -515 

0 
N 2045 

2223 

2242 
2?01 
2285 
271% 
2235 

2215 
2067 
1990 
202% 

1936 
1694 
1841 
leua 
181?P 
184% 
1695 

1631 
144D 
15e8 
1523 
1638 
15??: 
1555 
1407 

1YJ3r 
1129 
1215 
121% 
1313 
I241 
1llH 
1319 

1454 
1597 
1441 
1335 
1262 
1112 

Cl? 
CA 
cc 
C 
N 

CB 
CA 
co 
0 
N 

:I3 
:A 
:0 
.I 

C@ 
CA 
co 
0 
N 

OF1 
CC 

c 

i 
-100 5A5 
-149 571 

ALA 14 
I -I?1 37c 
Y -132 426 
I -268 369 
I -291 373 
I -756 361 

LEU I5 
s -729 554 
c 
i 

-730 497 
-646 505 

I -597 36% 
I -490 317 
I -541 334 
2 -606 249 
I -510 453 

cLU 16 
s -433 653 
s -454 R68 
s -476 752 
s -573 702 
s -504 6.74 
c -553 492 
I -516 416 
-5 -59? 417 
I -400 355 

ALA 17 
s -291 764 
I -352 279 
S -409 137 
S -38% 67 
I -479 97 

CYH IA 
S -469 5 
S -494 -in9 
1 -539 -36 
I -KRQ -14 
I -767 -163 
I -728 104 

LYT 19 
s -1015 629 
s -99% 557 
s -1EF7 421 
s -1026 314 
5 -%92 27C 
I -870 l-=8 
I -947 27 
S -1C63 -I! 

crl2 
CE2 
C-2 
CEI 
co1 
CC 
CE 
CP 
cc 
@ 
N 

uz 
:E CA 

cc 
C 

20 c 369 50% 
:G !: 242 513 

N :e 
:A 
:c 
3 

S 243 40% 
r 362 415 
I Jl7 45% 
I 355 566 
I 2'8 373 

VAL 33 
I -29 299 
I I@? 272 
I Ii% 2RO 
I I%7 4c3 
I 303 447 

CG2 
CGI 
CP 
CA 
co 
C 
N 

co2 
co1 
CG 
C@ 
CA 
co 
C 
N 

CC2 
CD1 
CG 
Cl? 
CA 
co 
0 
K 

CE? 

s -167 
s -119 

1044 
1045 

I -57 
I 70 
S lP3 
I 48 

LFU 
s 262 
I 71 
I 122 
I 11% 
I 159 
I 196 
z 2e3 
I 12% 

ASN 
S 386 
5 446 
I 375 
I 268 
S 154 
I 21 
I 12 

916 
881 
91? 
817 

6 
495 
416 
519 
656 
777 
897 
977 
907 

7 
1163 
IIIO 
IO%5 

S -79 
ASP 

S -3Al 
S -446 
s -374 
s -278 
I -212 
I -2C9 
S -283 
S -124 

ALA 
S 9 
S -111 
s -82 
S -137 
r 2 

979 
1017 
1043 
1026 
1073 
8 
1047 
1238 
1166 
1215 
1097 
1126 
1055 
1219 
9 
1349 
1257 
113[! 
1108 
1047 

1034 
1074 

911 
93' 
854 
745 
911 

NOD2 
NCPI 
CT: 
CF 

:G2 
ZGl 
:e 
:A 
:0 

1051 
1164 
1136 

979 
lOE% 
Ii%3 
I?13 

1@%7 
1226 
1326 
1229 

CA 
cc 
0 
N 

:A 
:C 

:A 
:02 
:01 
:G 
:e 
:0 

I 2e3 4R7 
I 422 441 

GLY 7'4 
S 542 481 
I 570 421 
S 576 493 
I 5RK 290 

LCU 35 
I 613 220 
s 465 lg% 
I 27% 65 
I 405 144 
I 552 116 
I 749 154 
I e37 177 
I 766 79 

THR JE 
s 1557 -32 
s 820 -h? 

CC? 
OGI 

CC 
Cl! 
CA 
co 
C 
N 

CP 
CA 
co 
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N 

St 
C!? 
CA 
co 
c 
N 

N7 
CE 
CO 
CG 
CR 
CA 
co 

cc2 
KE2 
CEI 
WC1 

NO02 
HO01 
CC 
CR 
CA 
co 
0 
N 

CG 
C@ 

1355 
162% 

CA 
CC 
0 
N 

NZ 
CE 

1472 
1494 
1383 
1343 
14?9 
1236 

1027 
ICC2 

LYS 27 
S 851 -941 
s 803 -843 
s 732 -72% 
s 654 -644 
S 567 -54% 
s 475 -464 
I 4eo -319 
s 56% -241 
I 3R5 -285 

ALA 28 
s 297 -15c 
s 378 -149 
s 302 -59 
S 32% 61 
S 218 -119 

cc2 cc 
CG OCI 

CG Cl? 
CA 
co 
0 
N 

cs 
CA 
co 
c 
N 

C@ 
CA 

S 921 18 1061 
I 892 9 1213 CP 

Cd 
cc 
0 
N 

C@ 
CA 
co 
0 
N 

co I 99% 77 
S I?62 13 
s 1013 207 

1300 
1384 
1279 

1'19 
1324 
1356 
150R 
15Rl 
1554 

N 
SER 37 

5 965 474 
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s 1112 284 
I 1101 270 
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T 992 239 
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CE) 
CA 
cc 
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N 
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NZ 
CE 
cc 
CG 
CP 
CA 
cc 
@ 
N 

CG 
CP 
CA 
CO 
C 
N 

CF 
CD 
co 
C 
N 

OCP 
cc1 
CG 
C@ 
CA 
cc 
0 
N 

CD2 
CC1 
CG 
CP 
CA 
cc 
0 
N 

CC2 
CGI 
CP 
CA 
CO 
0 
N 

HZ 
CE 
cc 
CC 
C@ 
CA 
co 
C 
h 

NZ 
CE 
CO 
CG 
C9 
CA 
cc 
0 
N 

CR 
CA 
co 
0 
N 

Table IV-continued 

PHT 47 
c -17 -P79 
S -54 -10lR 
I -59 -1P87 
I -23 -ICE7 
I 17 -891 
s I7 -8IR 
s 67 -675 
I -41 -577 
I -163 -574 
I -271 -h23 
S -I45 -517 

DL A 40 
s -2:5 -415 
s -754 -5re 
I -389 -452 
s -492 -496 
I -3hl -354 

TLC 49 
c -.3c3 37 
S -437 -77 
I -431 -ISA 
S -525 -153 
s -473 -291 

GLY 56 LYS 30 
S 758 659 
S 743 577 
S 803 440 
S 729 3?4 

1533 
1656 
1636 
I717 

h7 
CF 
cc 
CG 
Cl? 
CA 
CC 
C 
N 

LYS 64 
S -1465 -1267 
s -14C4 -1174 
s -I?12 -1099 
c -1311 -95c 
f -1206 -914 
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I -1097 -6fi2 
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958 
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2107 
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N 

CC? 
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7 -376 -1387 

PHE 57 
s -IA2 -1675 
s -62 -1707 
s I -1779 
c -45 -1780 
s -161 -1705 
I -230 -1638 
c -351 -1560 
I -344 -1412 
I -444 -1371 
1 -552 -1297 
I -405 -Iii?0 

ILE 50 
I -492 -1222 
I -256 -917 
I -394 -9R3 

s Al0 206 1720 
s 958 273 1698 
s 1026 106 
S 1063 7 
s 1043 II9 

SEP ?9 
S 1097 Ill 
s llA3 74 
s 1107 I4 
I 1026 -97 
I 937 -89 
5 1095 -2CO 

ALA 4@ 
s 1135 -405 
s 1929 -116 
S 937 -271 
I 820 -326 
S 983 -173 

DSP 41 
s 1153 -99 
s IlF4 98 
5 1102 7 
s 959 I6 
s 905 -121 
s 755 -I>7 
s 675 -IA9 
I 720 -3 

ASP 42 
S 762 247 
s 595 352 
S 644 2hb 
s 565 IF.? 
S 579 72 
s 519 -84 
c 396 -I?1 
I 605 -155 

VAL 4: 
I 756 -278 
I 648 -493 
I 6RO -344 
I 561 -762 
I 457 -345 
: 33A -344 
I 504 -415 

LYS 44 
S 928 -585 
P 794 -527 
s 689 -675 
s 615 -618 
s 487 -547 
S 415 -51rr) 
S 789 -421 
c 177 -469 
c 311 -392 

LYS 45 
s 27 270 
s 73 189 
2 215 142 
s 222 -9 
S 242 -7c 
s 199 -216 
I R3 -2?4 
S -30 -252 
S 115 -198 

ALA 46 
s A4 -187 
I I4 -7l?2 
I -58 -336 
I -178 -343 
I 15 -441 

1768 
1705 
1899 

2201 
2095 
1978 
2043 
2c52 
2886 

2214 
2149 
2262 
2281! 
2337 

1113 
ICOP CA 

cc 
CZ 
CEI 12?b 

1321 
1481 
1385 
1280 
1227 
ItI:! 
1393 
1296 

0 
N 

2561 
2459 
2785 
2414 
2298 

ccj 
CC 
C9 
CA 
cc 
0 
N 

cc2 s -1Zfll -b42 
co1 s -136' -455 

CR 
CA 
cc 
C 
N 

co1 
CGI 
CQ 
CG2 
CA 
co 
C 
N 

CD1 
CGI 
Cf! 
CG2 
CA 
co 
0 
N 

CD1 
OCP 
CG 
c9 
CA 
cc 
0 
N 

NCFP 
HCEI 
co 
CG 
C9 
CA 
CO 
0 
N 

1892 
1856 
It38C 

CC 5 -1287 -543 
I -1221 -457 
I -1CR4 -5C2 
s -974 -439 
s -1CPO -348 
I -P53 -488 

FHF FE 
I -'zRi -493 
I -?Fb -441 
I -274 -395 
I -794 -3Ql 
I -513 -4?Q 
I -502 -L91 
I -h?A -536 
s -739 -436 
T  -7CI -304 
I -5f?? -2’S 
I -779 -265 

LEti 67 
I -560 -133 
z -742 -2C4 
I -hRq -2IC 
I -797 -154 
I -754 -179 
I -337 -35 

CP 
CA 

2271 
2257 
2161 
2c40 
2220 

cc 

CA 
CO1 
CGI 
CP 
CG2 
co 
0 
N 

cc7 
CE? 
C-L! 

I;"68 
l??D I -411 -1120 1809 

I -480 -1118 1677 

2525 
2589 
2537 
2491 
2449 
2424 
2470 
2351 

2334 
2582 
2727 
2253 
232P 
223F 
2223 
2162 

1916 
IQ98 
2028 
2071 
2147 
Eli? 
2248 

ZE"5 
2588 
25h8 
2436 
2457 
2329 
2363 
2343 
2415 

1173 
I -553 -1319 
I -513 -1348 
I -677 -1366 

1798 
1689 
1841 

2rt?2 
219? 
2393 
I972 
1834 
17EI 
lb24 
1596 
1542 

15"2 
1579 
1520 

CEI 
CC1 
CG 

1111 
1179 I -529 -383 2i2c 

S -661 -4co 21r;R 1324 
I -44c -445 2F47 

1685 
1802 
1854 
1747 
1934 
SC?? 
1947 
2124 

2344 
2435 
2369 
23lb 
2291 
2255 
2363 
2181 

FLU 59 CP 
CD 

I371 
1373 ILE 50 

I -177 -51;: 
I -754 -463 
I -359 -579 
I -426 -666 
S -480 -530 
I -554 -647 
5 -642 -708 
I -536 -677 

ASP 51 
I -612 -1028 
s -415 -1016 
s -5r1 -965 
s -4h9 -826 
I -564 -7et3 
I -7Pl -759 
s -711 -69(! 
s -8C4 -705 

t-L M 52 
s -13b7 -960 
s -1174 -1044 
Z -124C -961 
s -1164 -85Z 
s -i!T75 -PI5 
S -941 -754 
I -973 -8C5 
c -476 -727 
I -996 -934 

ASP 5? 
I -952 -115c 
r -1081 -1307 
S -1038 -1198 
5 -IS9(1 -1135 
s -1029 -995 
c -910 -1oc9 
S -976 -1C38 
I -792 -987 

LYS 54 
s -625 -456 
s -676 -544 
2 -636 -688 
s -740 -7R5 
s -683 -925 
S -669 -997 
S -646 -1147 
S -564 -1188 
I -719 -1226 

SEf? 55 
s -675 -1412 
S -758 -1438 
S -705 -1772 
S -560 -1409 
S -530 -1511 
I -472 -1326 

CEI 
OE2 
cc 
Cc. 
CP 
CA 
co 

S -87? -1361 
S -810 -1542 
c -849 -1477 
s -e64 -1576 
s -394 -15?A 

co 1107 
1347 
12EA 

904 
752 
89.7 
980 

1136 
1299 
1217 
1259 

1331 

N 

cc7 
cr1 
"F 
CF 

S -755 -1461 
I -8?5 -1412 
I -RG5 -1291 
I -846 -1506 

CLU E? 
N 

CA 
cc CEP s -973 -1897 

OFI s -844 -1736 I -799 R2 
I -951 -79 

GL N 63 
T -1041 IO 

cc N 

CA 
NCE2 
hOF1 

CG C -1C43 -1687 1449 
Cl? S -984 -1586 1348 
CA 
CO 
0 
N 

oc2 
OCI 
CG 
CP 
CA 
cc 
0 
N 

OF2 
@t-l 
cc 

s -396 -1473 
s -9RC -1346 
c -935 -1242 
s -1102 -1359 

ASP bl 
S -1231 -1431 
S -1246 -1240 
S -1257 -1315 
S -13Cq -1275 
C -1193 -1245 
s -1119 -1118 
S -1163 -1006 
I -1OC8 -II?6 

6LU 62 
I -718 -1173 
S -937 -1094 
I -RI9 -1081 
s -773 -9q9 
I -A02 -1068 
s -92R -1c22 
I -876 -429 
s -910 -310 
I -796 -984 

LEU 63 
T  -408 -965 
I -531 -1190 
I -528 -1056 
I -658 -994 
1 -739 -966 
I -A49 -844 
I -832 -735 
S -960 -915 

1407 
1405 
13EC 
1454 

17c4 
1786 
Ih9C 
1555 
1457 
149P 
1468 
1566 

2c:f3 
1981 
1957 
1025 
169G 
1612 
1502 
1499 
1414 

S -1396 -216 1195 
s -1436 -23c I174 

CC c -1365 -193 
I -1231 -1IC 
s -1156 -65 
s -970 62 
s -1019 154 
I -057 2 

ASN 64 
S -745 -295 
s -799 -212 
I -743 -194 
I -675 -66 
s -783 42 
I -711 176 
I -669 243 
T -700 21? 

PHE 70 
I -509 7F 
I -427 -45 
I -382 -35 
I -254 05 
I -337 199 
I -463 197 
T -543 310 
I -635 33q 
I -739 446 
I -707 565 
I -861 401 

CYS 71 
s -1099 979 
s -1017 A64 
s -1040 746 
s -1077 620 
s -953 553 
S -970 493 
I -IQ98 410 
I -1144 352 
s -1153 405 

1273 
1244 
1364 
1457 
152: 
1488 

1588 
I7A9 
1583 
lb40 
1606 
1582 
1677 
1456 

1273 
129C 
1339 
1'78 
1365 
1311 
1301 
1419 

CG 
:e 2IC4 

2?33 co 
2111 
2178 
212: 
2221 
2362 
2458 
2373 

2283 
233t 
2355 
248C 
2502 
2597 
2717 
2543 

2605 
2713 
2689 
2745 
2756 
2623 
2644 
2727 
?567 

YCO? 
hicc1 
CG 
CF! 
CA 
CC 
0 

CD1 
or2 
CC 
Cl? CG 

CO 2684 
2570 
2592 
2631 

CA 
cc 
0 
N 

NZ 
CF 
CO 
CC 
C? 
CA 
cc 
0 
N 

OG 
Cl3 
CA 
cc 
0 
N 

cc2 
CP 
cc 
C 
N 

CD2 
CC1 
Cc- 
CF 
CA 
CC 
0 
N 

1265 
1217 
1281 
1216 
1304 
1217 
II51 
1208 

CE2 
cz 
CEI 
cc1 
CC 
Cl? 
TA 
CC 
3 
K 

cz 
CE 
:C 
:G 
:a 
CA 
co 
_) 

2464 
2453 
2353 
2390 
2227 

1985 
2121 
2117 
2089 
2146 

1386 
I377 
13E7 

1112 
1153 
IC60 
1130 
II95 
1334 

2339 
2452 
P577 
260C 
2663 
2548 

1344 
1245 

N 1464 
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Table IV-continued 

THR 82 
I -075 -1132 
s -811 -1274 
S -808 -1227 
I -566 -1197 
I -580 -1323 
I -480 -1325 
S -621 -1415 

CYS 83 
2 
I 

-948 -1858 
-917 -1781 

f -775 -1727 
!: -728 -1681 

ZER 01 
s 676, -1785 
I; 625 -1913 
s 501 -1949 
S 452 -2084 
s 429 -2178 
S 416 -7092 

PSP 92 
I 224 -2030 
S 205 -2012 

ALA 72 
s -1351 4P5 

GLU 101 
s 210 -1632 
S 366 -1786 
S 322 -1672 
S 444 -1573 
I 413 -1426 
S 534 -133@ 
I 496 -1198 
S 524 -1174 
I 431 -1113 

PHE lP2 

1352 
1308 

CP 
CA 

1596 
1488 

Ctl 727 
893 
740 
691 
685 
757 
600 

213 
334 
335 
468 
454 
585 
580 
664 
482 

284 
254 
347 
465 
588 
633 
641 

OG 
CF! 
CA 
co 
0 
N 

002 
001 
CC 
C1! 
CA 
cc 
0 
N 

CA 
co 
0 
N 

OEI 
OE2 
cc 
CC 
CE 
CA 
co 
0 
N 

CD2 
CE2 
cz 

1675. 
s -1275 320 
s -1373 31@ 

CG2 
CF! 

lb65 
1667 
1657 
1691 
1797 
1641 
1523 
1718 

1372 
1373 

1309 
1362 
1204 
1492 

co 
0 
N 

CA 
oc2 

r -1455 216 
s -1364 398 

bSP 73 
5. -1452 392 
s -1309 527 
S -1472 632 
S -1421 566 
s -1487 534 

CA 

1605 
1557 
1614 
1716 
1761 
17CA 
1759 
1667 
1657 

1275 

1158 
966 
6.89 
978 

IIIP 
la?9 

945 
1044 

985 
935 
697 
980 
771 

289 
?53 
326 

co 
0 

1815 
1607 

N 

NZ 
CE 
cc 
CG 

CD1 
CG I 253 -2068 1705 

s 343 -2187 1700 cf? 
co 

I 126 -805 
I 71 -681 
I 102 -564 
I 193 -561 
I 251 -682 
T 216 -602 
I 203 -926 
I 388 -983 
I 511 -892 
I 545 -842 
I 577 -874 

TYR 1 0 3 
S 893 -737 
S 670 -777 

s 765 697 -816 -789 
I 700 -018 
I A2R -776 
S 819 -945 

ALA lC4 
5 912 -1139 
S 906 -996 
S A62 -950 
5 944 -910 
s 734 -966 

LEU 105 
I 3c3 -976 

I -1397 115 s 389 -2216 
s 276 -2260 
S 245.. -2399 
I 215 -22Cl 

GLY 93 
s 104 -2750 
s -q -2314 

z -38 -71 -24i3 -2233 
49 94 

I -ICI1 -2042 
S -69 -2127 

1556 
1476 
1494 
1389 

s -1470 279 
I -1266 290 

CE, S -592 -1615 
CA s -549 -1541 N CEl 

cc1 
CG 
Ct-2 
CA 
CC 
0 
N 

CC2 
OGI 
C? 
CA 
CC 
0 
N 

CP 
CA 
cc 
C 
N 

co2 
CC1 
CG 
CP 

ALA 74 
S -1364 173 
s -1202 217 
I -1276 9r! 
s -1345 28 
s -1262 52 

ARG 75 
I -914 -397 
s -1132 -432 

CC S -400 -1510 
s -322 -1558 
S -362 -1430 

THR e4 
S -78 -1297 
S -310 -1342 
c -214 -1293 
S -221 -1392 
I -154 -1332 
S -49 -1379 
s -215 -1229 

PHE 85 
I -285 -067 
I -224 -769 
I -91 -766 
I -12 -854 
I -71 -949 
I -205 -957 
I -261 -1e5B 
I -161 -1161 
I -i2a -1259 
I -12 -1272 
I -231 -1'Td 

LCU P6 
s -496 -1610 
I -275 -1528 
S -352 -1592 
s -342 -1506 
I -213 -1425 
I -101 -1527 
I -25 -1555 
I -92 -1580 

CP 
CA 

0 
N 1307 

1386 CC 
0 
N 

CG2 
Otl 
CE 
CA 
co 
0 
N 

1371 
1469 

1669 
1857 

1549 
1771 

NH2 
htll 
CZ 
NF 
co 
CG 
CB 
CA 
cc 
0 
N 

CP 
CA 
co 
0 
N 

cc2 

CC1 
cc2 1927 

2OC7 
1911 
1776 
1657 
1584 
lb40 

I -1031 -349 
I -1046 -215 

CG I -in0 -2139 1742 
CF 2 -142 -2278 1701 334 

375 s -1171 -152 
s -1173 -126 
s -13i3 -PZ 
S -1329 -68 
I -1283 -201 
I-1203 -205 
c -1335 -309 

CA 
CO 
0 
K 

CA 
co 
C 
N 

c -5.82 -2232 
r; -'C5 -2196 
S -413 -2220 
5 -286 -2C96 

GLY 95 

1551 
1523 
157A 
1438 

525 
569 
721 
781 
875 
724 

799 
772 
671 
55? 
723 

co2 
CE2 
CZ 
CEl 
co1 
CC 
CP 

968 
1053 
1073 
1008 

920 
903 
RDB 
759 
e72 
913 
Ol? 

1214 
1286 
1174 
1049 
IL?28 
ICI@ 

1536 
1529 
1387 
1303 
13E2 

1176 
9RO 

1122 
1208 
1229 
1212 
1101 
1322 

1439 
15ne 
1448 
1320 
I?04 
1213 
1394 

1536 
1518 
1618 
1632 

S -395 -2CC5 1492 
S -462 -1998 1520 

ALA 76 
5 -143? -519 
s -1299 -443 
I-1272 -526 
s -1247 -519 
I -1128 -604 

LEU 77 
I -731 -580 
I -749 -689 
I -826 -652 
I -922 -737 
I -1046 -680 

s -511 -1676 
I -285 -1864 

LYS 06 
c -307 -2054 
5 -30i -19@1 
s -435 -1917 
5 -433 -IA37 
I -292 -1843 
I -279 -1770 
I -14s -1690 
I -41 -1744 
I -162 -1562 

ICE Q? 
I -144 -1308 
I -ino -1419 
I -49 -1365 
I 93 -1312 
I -45 -1474 
I -45 -14PR 
J -149 -1364 
I 71 -1401 

1568 
1564 

2163 
2034 
2002 
1872 
I@10 
1677 

CP 
CO 
G 
N 

NZ 
CF 
CO 
CG 
CE! 
Ca. 
CO 
C 
N 

CD1 
CC1 
CR 
CC2 
CA 
CO 
0 
N 

S 452 -997 
T  441) -947 
s 546 -1012 
s 678 -936 
I 656 -7Rb 
c 667 -731 
I 
-VAL 

625 -722 
106 

I 390 -557 
I 566 -3'96 
I 529 -536 
I 600 -577 
I 740 -516 
5 765 -478 
I R29 -557 

LYS ic7 
s 1153 -130 
s 
i 

1388 -261 
1142 -363 

c 1049 -483 
5 1048 -566 
I 966 -508 
I 1027 -545 
5 1132 -491 
I 962 -637 

ALA 108 
s 1067 -563 
s 1011 -683 
s 1126 -7Ai 
s 1193 -817 

CALCIUM 
-717 -1205 

iii -1870 

659 
a94 
767 
714 
637 
587 
654 
469 

252 
189 
265 
41c 
39e 
441 
34c 

195 
265 
224 
199 
323 
320 
406 
191 

CD1 
CC 

CD 
co 1681 

lb58 
1704 

CP 
CA 
CC 
0 
N 

CG2 
OGl 
CF! 
CA 
CO 
0 
N 

CA 
co 
c1 
N 

0 
N 

137B 
1469 
1605 

I -1126 -808 
s -1219 -85E 

1104 
890 CGE 

CGI 
C? 

:: 
0 
N 

I -1e93 -856 
THR 78 

s -1220 -785 
s -1682 -965 
s -1197 -931 

LYS e7 
s -355 -1936 
c -329 -1087 
S -100 -1073 
S -152 -1821 
s -18 -1750 
S 9 -1680 
c 157 -1642 
S 246 -1719 
S I@0 -1524 

ALA 08 
s 312 -1328 
s 117 -1475 
s 396 -1478 
S 518 -1494 
I 325 -1461 

GLY P9 
S 3a0 -1461 
I 373 -1556 
c 371 -1548 
I 245 -1645 

.4 s P 9c 
I 35 -19PO 
s -128 -1911 
I -25 -1872 

KZ 
CE 
CC 
CG 
CP 
CA 
cc 
0 
N 

Cl? 
CA 
co 
0 
N 

417 
555 
581 

160% 
1716 

721 1853 
s -1159 -971 
s -1100 -1111 
S -986 -1135 
5 -1177 -12eTJ 

ASP 79 
2 -1158 -1625 
s -1349 -15PO 
S -1240 -1543 
5 -1201 -1400 
5 -1133 -1339 
I -981 -1335 
I -908 -1361 
s -935 -1304 

GLY f!O 
s -791 -1297 
S -684 -1235 
2 -596 -13:5 
I -694 -.1105 

GLU 81 
I -818 -690 
I -727 -567 
I -739 -665 

727 
t359 

1932 
1913 

846 
884 
792 

728 
772 
924 
904 

1013 

1146 
1252 
137P 
1209 

1448 
1323 
1348 
1259 
1301 

GLY 08 
S 85 -134C 
I 212 -1257 
I 275 -1220 
!:  248 -1229 

VAL 99 
S 442 -1351 
s 384 -1141 
s 437 -12Cl 
I 368 -1149 
I 478 -1139 
I 4h7 -1062 
s 502 -1217 

bSP ICO 

NZ 
CA 
cc 

2C46 
2060 
1961 
2194 

2342 
2470 
2330 
2212 
2l'ld 
2GlO 
2126 

CF 
cc 

002 
OCl 

0 
N 

CC2 
Cti 
CC! 
CA 
co 
0 
N 

CC 
CR 
CA 
co 
C 
N 

CP 
CA 
cc 
0 

GAG0 
CAEF 

1505 
1391 CG 

C@ 
CA 
co 
0 
N 

1256 
1217 
1188 

980 
105R 
1075 

978 

2237 
1714 

CA 
CC 
0 
N 

002 
OCI 
CG 
CP 
CA 
co 
0 
N 

s 812 -147c 2249 
S 805 -1266 2294 
s R04 -1356 2212 
S 787 -1336 2064 
S 6Q4 -1217 2032 
s hh3 -1224 1083 
t 721 -1149 1832 
s 573 -1313 1848 

CA 
co 

165 
254 
365 C 

N 
002 

272 

374 
215 
282 

OCl 
CG 

OE2 
OEI 
co 
CG 
CP 
CA 
co 
0 
N 

CR 
CA 
cc 
0 
N 

s 39 -1768 
I 185 -1742 s -b&8 -791 262 

I -643 -007 303 
I 276 -18h3 1290 
s 2?0 -1974 1259 

S -597 -1033 355 
I -570 -1096 492 
S -455 -1108 535 
I -677 -1135 558 

S 403 -1841 1317 

 by guest, on January 22, 2013
w

w
w

.jbc.org
D

ow
nloaded from

 

http://www.jbc.org/


3322 

both sides of the main chain. The heavy atom derivatives, HgBr 

aud C2H5HgCl can attach to the sulfur atom from either side, 

whereas chloromercuri-2-mcthyosypropyl urea is apparently too 
large to bind at the inuer site. 

The three helices, 13, D, and F, also show homologous con- 
tributions to the core. At the first inner turn of the helices there 

arc ~hen~lalanine-29,lrucine-63, and phenylalaaine-102. As was 
the case with leucine-15, the A aud the B helices are related 

slightly diffcrcntly from helices C, D, and helices E, F so that 
phenylalaniue-30 is also in the core while lysine-64 and threo- 

zinc-103 are not. In fact leuciue-15 twists away from the core 

iu the same sense am1 iu the same region that phenylalanine-30 

twists in toward the core. Phenylalanine-66 and Icucine-105 are 
homologous aud internal, as are valine-33,leucine-67, and valiue- 

106. Filially helix B crosses the eud of helix F with its phenyl- 

alaninc-30 in such a wag that helix F could continue at most 1 
small residue at positiou 109 in helical configuratiou. In fact 

the pike protein has alauine at position 109 (24). The terminus 
of helix D is not so physically blocked and can complete the last 

turu, contributing pheuylalauine-70 to the core. In summary, 

eveu though there are many hydrophobic atoms at the surface, 
even of residues like phenylalanine, leucine, isoleucine, and 

valise, there is a large, well defined hydrocarbon core. 

30 

a36A- 
FIG. 2. The muscle calcium-binding protein molecule has 

the general shape of a prolate ellipsoid of revolution. The in- 
tramolecular approximate a-fold axis corresponds to the long 
axis of the ellipsoid. The shell, 2.7 A thick, contains those 
atoms, exclusive of hydrogen, which would be exposed to the sol- 
vent if there were no surface indentations. There is an oblate 
ellipsoid hydrocarbon core consisting of side chains of phenyl- 
alanine, leucine, isoleucine, and valine. The volume of the en- 
tire molecule is 16,900 A3; of the molecule inside the 2.7-A shell, 
9700 A3; and of the core, 2400 A3. 

Summary of structural parameters and interactions 

Sequence numbers and residues (A, alanine; C, cysteine; I), 
aspartic acid; E, glutamic acid; F, phenylalanine; G, glycine; I-I, 
histidine; I, isoleiicine: K, lysine; L, leucine; N, asparagine; Q, 
glutamine; It, arginine; S, scrine; T, threonine; V, valine) are 
listed in three columns whose alignment corresponds to the three 
homologous regions of the protein. Question marks after residues 
1, 2, 3, 4, 5 and 36 indicate uncertainty as to their orientation. 
Regions enclosed by solid lines define helices A through F. 
Dashed lines indicate ambiguity in defining the termini of helices 

Table V-continued 

B and E. Column 5, headed BN, indicates receivers of hydrogen 
bonds from backbone nitrogen atoms. A number indicates which 
backbone oxygen receives a hydrogen bond; a blank indicates no 
bond formed. The column headed Side summarizes side chain 
interactions. For both BN and Side s means the proton available 
for hydrogen bonding is accessible to solvent. The following 
symbols preceded by numbers indicate hydrogen bond receivers: 
CO, backbone oxygen; 02, carboxylate oxygen; NO, carbamyl 
group oxygen; and OH, hydroxyl group oxygen. The symbols 1 
and A refer to hydrophobic side groups contributing wholly or 
partially to the core. Finally X, Y, and Z assign octahedral 
vertices to the calcium ligands. The axis is followed by the 
calcium-oxygen bond distance. 

1 A 85-149? 72 A -24 -26 s 

2 F 93-107? 34 G 50 63 73 D -93 -16 s 

3 A 48-1217 s 35 L-112 -58 30 8 7s A -47 152 71 

4G-97 31? s 36 T  -18 -57? s 75 R -69-179 s 18CO,l8CO 
RI 02s s 

5" 71155? 2 37 s -56 -27 s s 76 A-111 141 s 

6 L -83 -82 m 38 K -66 162 35 sss 77 I. -69 154 64 n 

7 N-151 62 SS 39 s -97 165 s s 78 T-la8 180 8102 s 

9 A 55 -42 s 

10 D 55 42 7 

43 " -41 -70 39 

12 A -55.37 * 44 K -43 -51 40 

13 A -54 -55 9 45 K -34 -50 * sss 

14 A -67 -80 10 46 A -59 -39 42 

15 L -31-39 11 47 F -53 -44 43 

16 E -59 -26 12 48 A -48 -39 44 

19 K -50 -32 

20 A -89 146 s 52 Q -48 -77 s 6202 s 91 S -39 -72 s s 

21 A -62 112 s 53 D -67 -15 5302 ~2.5 92 D -46 -16 10102 ~2.0 
2.2 

22 D 65 75 8102 54 K 76 18 51 4851CO s 93 G 54 69 90 

23 S-165 12 8102 20C0 55 S -43 -28 s 22.3 94 D-123 -1 7.2.8 

24 F-105 132 s . 56 G 113 -7 5102 95 G 79 45 s 

25 N-122 115 s 22C0 s 57 F-142 155 550H -Y2.1 96 K-160 145 sss-Y2.1 

58 I -99 89 97 m 97 I-131 136 m  

59 E -55 164 -X2.7 98 G-133-164 

27 K -52 -25 

30 F -70 -16 26 = 

65 L-140 48 s 

108 A 78 
L_-----------> 
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FIG. 3. Helix C, the CD calcium binding loop, and helix D are 
related t’o the EF regions by an approximat’e 2-fold axis. 

FIG. 5. The pre-A bend, A helix, AB bend, and B helix are in- 
dicated by solid lines between a carbons. The methyl carbon of 
the N-acetyl group is drawn as an a carbon to illustrate that it 
is tucked back into the interior of the protein. If the AB re- 
gion is symbolized by a right hand the forefinger and thumb 
must be drawn together almost parallel. 

FICA 6. The CD and EF calcium binding loops are viewed, as 
in Figs. 3,4, and 5, down the a-fold axis. CY carbons are indicated 
by stippling. The individual side chain atoms which coordinate 
the 2 calcium ions are drawn. The main chain carbonyl oxygen 
atoms of phenylalanine-57 and of lysine-96 coordinate the CD 
and EF calcium ions. There is a hydrogen bond from the pep- 
tide nitrogen of isoleucine-58 to the carbonyl oxygen of isoleucine- 
97. 

FIG. 4. The CD and EF regions are symbolized by a pair of 
right hands. Helix C (and helix E) runs from the tip to the 
base of the forefinger. The flexed middle finger corresponds to 
the CD (and the EF) calcium binding loop. Helix D (and helix 
F) runs to the end of the thumb. The thumb for helix D is 
tilted outward, representing the kink in this helix at leucine-65. 

Analysis of Hydrogen Bonding-Due primarily to the fact that 
oxygen atoms can accept 2 protons in hydrogen bonds, whereas 
hydroxyl oxygen and peptide nitrogen atoms can donate only 1 
proton to hydrogen bonds, most proteins have many more poten- 
tial hydrogen bond acceptors than donors. In muscle calcium- 
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Table VI 

Solvent Exposure 

atom 

BN 

BA 

BP 

BO 

S 01 

44 

67 

37 

67 

dipole 87 

KRH;;; 94 

FILV 

A 

C 

O-108 

APO 

Ca 

7 

43 

18 

2 

1 

0 

1 - 

int x 

64 108 

41 108 

71 108 

41 108 

19 106 

11 105 

98 141 

2 20 

0 2 

0 1 

3 3 

1 2 - - 

351 812 

TABLE VII 

Hydrogen Bond 

Donors and Receivers 

1 30 side 301 

18 

4 

2 

1 

1 

- 

56 

LO 

1 

1 

- 

12 

29 

35 

2 

2 

5 

4 

3 

5 - 

86 

fl0 

21 

- 

21 

z 

108 

39 

5 

2 

6 

5 

4 

5 - 

174 

FIG. 7. Glutamic acid-81 is near the NH2 terminus of helix E; 
its carboxyl group is shielded from the solvent by the AE% loop. 
Its charge is balanced by the partially buried guanidinium group 
of arginine-75. 

Backbone atoms are BN, BA, BP and BO. “dipole” 

designates all side chain nitrogen and oxygen atoms 

as we1 as the terminal carbons of carboxyl and 

carbamyl groups. “KRHDNSEQT” refers to the neutral 

carbon atoms of those side chains carrying a dipole. 

“FILV” refer to hydrophobic side chains; A, alanine; 

C cysteine. “0-108” is a C-terminal oxygen atom; 

“APO” is the N-acetyl group. 

H-bond donors are backbone nitrogen atoms and side 

chains of K,R,H,N,S,Q and T. Receivers are oxygen 

atoms of the backbone, side chain and solvent water, 

and for some internal BN’s none. 

binding protein the acceptor, donor ratio is 1.88 (329: 174). 
Obviously in a structure determined to only 1.85-A nominal 
resolution and not yet refined, there will be an uncertainty in 
atomic coordinates of some 0.4 A. Nonetheless, the generaliza- 
tions drawn from these detailed analyses of solvent accessibility 
and hydrogen-bonding are certainly valid. In particular, we 
have assumed hydrogen bonds if the nitrogen to oxygen distance 
is less than 3.4 A (standard value 2.9) and if the donor, assumed 
proton position, acceptor angle is greater than 145”. 

AU1 of the side chain proton donors, including the weakly hy- 
drogen-bonding cysteine sulfhydryl group, which is not counted 
in the 174 donors, are at the surface, except for arginine-75 
(Table VII). Near many of these donors as well as hydrogen 

bond receivers there is electron density tentatively identified as 
water. A description of surface water is not included in this 
report. There is no water seen inside the molecule, nor are 
there any internal cavities large enough to accept water. 

The hydrogen-bonding in the arginine-75 to glutamic acid-81 
region is intricate (Fig. 7). One carboxyl oxygen receives hy- 
drogen bonds from peptide nitrogens of aspartic acid-22 and 
serine-23. The other oxygen receives protons from the inside 
T-nitrogen of arginine-75 and from the peptide nitrogen of threo- 
nine-78. The 2nd proton of the inside T-nitrogen as well as the 
proton of the e-nitrogen are bonded to the carbonyl oxygen of 
cysteine-18. Finally, the peptide nitrogen of glutamic acid-81 
is hydrogen-bonded to a carboxyl oxygen of aspartic acid-22. 
Seven hydrogen bonds are formed in payment for bringing the 
carboxyl-guanidine dipole inside the protein. 

In addition to hydrogen bonds of peptide nitrogens from 
aspartic acid-22, serine-23, and threonine-78 to the carboxyl 
oxygens of glutamic acid-U, there are seven peptide hydrogen 
bonds to side groups. In only four instances, in addition to 
arginine-75, do there appear to be intraprotein hydrogen bonds 
involving side chain donors. The hydroxyl proton of serine-23 
bonds to the carbonyl oxygen of alanine- in the AB loop where 
one might have expected a /3 bend. The peptide proton of 
glutamic acid-52 bonds to the carboxyl oxygen of glutamic 
acid-62 which does not coordinate to calcium. Lysine-54 bonds 
to the carbonyl oxygen of alanine- and possibly to the car- 
bony1 oxygen of aspartic acid-51 as well. Lysine-107 is in good 
position to bond the carbonyl oxygens of both threonine-36 and 
lysine-38. 

Of the 108 main chain amide protons in Table VII, 48 bond to 
main chain carbonyl oxygen atoms. Ten bond to side chain 
oxygens. Twenty-nine are exposed to solvent. Twenty-one 
are internal and appear to have no hydrogen-bond receiver. 
Table V lists the principal interactions of each amino acid. 
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Their alignment comes from the interpretation of gene triplica- 
tion (2). 

Ire/ices, Sheets, rind Bends-Each of the sis helices shows a 
sigirificant deviation from the canonical (Y helix. This ideal (Y 
hclis has rj~ and # values near - 60” and -40”. The amide nitro- 
gen of residue n forms a linear hydrogen bond to the carbonyl oxy- 
gen of residue n-4. In a 310 helix the amide nitrogen of residue 
n bonds back to the carbonyl oxygen n-3. For example, helix A 
both begins and ends with a 310 configuration. As seen in Table 
V, “N” of “C-18” bonds to “CO” of residue 15. Helix D has 
only 310 hydrogen-bonding, 63 to 60, 64 to 61, 66 to 63, and 68 
to 65. The helix bends at leucine-65, as exemplified by Cp = 
-140”, # = 48”. At the terminus of helix E glycine-89 (4 = 
-127”, 1c, = 5”) twists so as to formally end the helix, but then 
aspnrt,ic acid-90 forms a 3io-type hydrogen bond back to lysine- 
87, makiug helix E as long as t.he homologous helix C. 

In addition to these examples in helices D and E, alanine- 
and lysine-45 in the middle of helices B and C appear not to form 
hydrogen bonds. As can be seen the (p,# values of many nomi- 
nally helical residues differ significant’ly from the canonical -BOO, 
-40”. In view of these variations in hydrogen-bonding pat- 
terns and in 4,# values, it is often arbitrary as to where one 
assigns the helix termini. For example, aspartic acid-51 at the 
end of the C helix bonds back to phenylalanine-47. The + 
value is -71” whereas + is 86”. In contrast cysteinc-18 bonds 
back to leucine-15. The 4 value is - 117” and # is 11”. Helix 
F has a regular course; however, its 1st residue, valine-99 is 25” 
away from the accepted 4,# range. The COOH-terminal 
nlaninc-108 turns away from a hydrogen-bonding direction. A 
glycine or alanine could be added as residue 109, thereby oblig- 
ing alanine- to bond to alanine-104. 

There are two single antiparallel B-pleated sheet configuration 
hydrogen bonds: isoleucine-97 to its homologue, isoleucine-58, 
and leucine-77 to lysine-64. In both of these regions the P-bond- 
ing pat)tern could be extended to three amide groups with only 
minor changes in the configuration of the protein. 

Both the CD and the EF loops contain type I p bends (21) as 
indicntcd by the hydrogen bond .at lysine-54 to -51 and at its 
homologue lysine-93 to -90. In the homologous region of the 
Al3 loop the amide proton of aspartic acid-22, as well as that of 
serinc-23, arc bonded to the internal carboxyl oxygen of glutamic 
acid-81. Although each of the three loops, pre -%, BC, and DE, 
have one type I B bend, these bends do not occur at homologous 
sites. This is not surprising, since each of the loops have differ- 
ent environments. 

Calcium Coordination-The CD calcium is coordinated by 6 
osygen atoms in an octahedral arrangement (Fig. 6). Each of 
these ligands in the CD loop is indicated in Table V by &X or 
&Y or &Z to define a local coordinate system. The ligands of 
the homologous EF loop can also be visualized as occupying the 
corners of an octahedron. The approximate 2-fold axis which 
relates the CD and EF regions also relates the two octahedra. 
However the EF octahedron is distorted in that thereis no ligand 
in the -X direction; residue 98 is glycine. Nonetheless, the 
EF calcium ion is six-coordinate; aspartic acid-92 bonds to the 
calcium with both of its carboxyl oxygen atoms. The EF cal- 
cium ion appears to be accessible to the solvent in the -X direc- 
tion; however, there does not appear to be a bound water in the 
electron density map. The CD calcium is not exposed to sol- 
vent. 

III smaller organic and inorganic compounds calcium coordina- 
tion number and geometry are variable. Calcium is coordinated 
by oxygen as opposed to nitrogen ligands. In CaCl~~glycylgly- 

cylglycine-3Hz0, Van Der Helm and Willoughby (25) found 
calcium to be seven-coordinate with oxygen-calcium bond dis- 
tances ranging from 2.296 to 2.503 A, with an average distance 
of 2.390 A for the 2 water, 2 carbonyl, and 3 carboxyl oxygen 
atoms. The oxygen-calcium bond distances in muscle calcium- 
binding protein range from 2.01 to 2.78 A, as indicated in Table 
V, with an average for the 12 distances of 2.40 A. Considering 
the nominal resolution of this structure determination and the 
fact that the structure has not yet been refined, the bonding dis- 
tance of 2.0 A cannot be considered significantly different from 
2.4 A. At each site there are four carboxylate groups with no 
lysine or arginine residue near enough to make formal electrical 
neutrality. 

Calcium is bound by two other proteins arhose structures are 
known. In Staphylococcal nuclease (26) “the calcium ion is 
coordinated by an approximately square array of carboxylate 
groups with the distance to aspartic acid-19 being somewhat 
longer than that to the others in the array.” A peptide car- 
bony1 oxygen is in the primary coordination sphere in dis- 
placed octahedral geometry. Several other oxygen atoms, in- 
cluding one from water, form a secondary coordination shell. In 
thermolysin (27) there are 4 calcium ions. Two are at a double 
site with calcium-calcium distance 3.8 A. “This pair of ions is 
surrounded by a cluster of ordered water molecules and backbone 
carbonyl groups” and five carboxylate groups. One of the ions 
is not accessible to solvent. The coordination of both “may be 
octahedral.” “A third presumed calcium site is situated in an 
exposed region” near aspartic acid-57. Possibly a fourth cal- 
cium interacts with an exposed loop in the region 196 to 199. 

The important point is that even though the inner coordination 
shell about the calcium ion tends to be octahedral, the backbone 
polypeptide configuration varies widely among the sites in these 
three proteins. It seems highly improbable that the very similar 
configurations of the CD and EF regions result from convergent 
evolution. Their structural similarity results from their homol- 

WY. 
In most metal-binding proteins other than muscle calcium- 

binding protein t,he metal-coordinating residues come from dis- 
tant parts of the sequence: in carboxypeptidase: zinc, histidine- 
69, glutamic acid-72, and histidine-196, (28, 29); in insulin: zinc, 
histidine-BlO (trimer) (30) ; in carbonic anhydrase: zinc, histi- 
dine-93, histidine-95, and histidine-117 (31) ; in staphylococcal 
nuclease: calcium, aspartic acid-19, aspartic acid-21, aspartic 
acid-40, threonine-41, and glutamic acid-43 (26) ; in thermolysin: 
zinc, histidine-146, glutamic acid-166, calcium-calcium, aspartic 
acid-138, glutamic acid-177, aspartic acid-185, glutamic acid-190, 
and aspartic acid-191; in rubredoxin: iron, cysteine-5, -10, -38, 
-41; in high potential iron-sulfur protein: iron, cysteine-43, -46, 
-63, -77 (32). In contrast, ferredoxin coordinates 2 iron atoms 
with closely spaced cysteine sulfhydryl groups 8, 11, 14, 18, and 
35, 38, 41, 45. The similarity to muscle calcium-binding protein 
is incomplete in that cysteine-18 coordinates the second iron 
while cysteine-41 coordinates the first. However, in ferredoxin, 
as in muscle calcium-binding protein, the two metal-binding 
regions are related by an approximate 2-fold axis.8 It may well 
be that the linear proximity of the calcium coordination ligands 
in this protein increased the probability that a duplication in the 
gene coding for one section would meet with evolutionary suc- 
cess. 

Summary of Xfruclural Characteristics-L41though denaturation 

8 L. Jensen, personal communication. 
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conditions for muscle calcium-binding protein have not yet been 
fully csplored, it does appear to bc a rather stable protein. The 
calcium form is reported to be stable in 8 M urea (7, 33). In the 
presence of calcium the protein is soluble up to 80 mg per ml; 
while ill its absence it is much less soluble. We have failed to 
grow crystals of the calcium-free form. However, we have 
grown crystals of the carp protein B after adding calcium to 
previously EGTA-treated protein, even after it stood at room 
temperature several days. Konosu et al. (7) observed a low in- 
trinsic viscosity of 2.3 ml per g and suggested that the protein 
“approximates more closely to the ideal case of the spherical 
protein molecule.” 

We have noted the apparent loss, relative to the denatured 
state, of 21 main chain hydrogen bonds. This inferred instability 
is apparently fully compensated by the formation of the large 
hydrocarbon core and by the coordination of the 2 calcium ions. 
There are from 57 to 64, depending on the definition of helix ter- 
mini, residues in six helices. They too appear to be stabilizing 
configurations, even though each of the helices has significant 
deviations from the ideal (Y helix. 

POSSIBLE FUNCTIONAL MECHANISMS 

The function of muscle calcium-binding protein remains un- 
known. Attempts to detect any catalytic activity have been 
unsuccessful (5). An examination of the surface reveals no pits 
or grooves characteristic of the enzymes of known structure. It 
seems reasonable then to explore the idea that the protein func- 
tions by mediating the concentration of calcium ions in muscle. 

The fact that the CD and EF calcium-binding loops are re- 
lated by an intraprotein a-fold axis suggests that one consider the 
possibility of cooperative binding between the two calcium sites. 
Benzonana et al. (34) studied calcium binding and state that “a 
closer inspection of” the Scatchard plots “suggests a downward 
curvature of the binding curves at low calcium concentration, an 
indication, generally of cooperativity between sites.” I f  this 
suggestion of cooperativity is confirmed by studies at lower cal- 
cium ion concentration, one might have an explanation for the 
glycine at position 98. That vertex, ‘I-X,” of the EF octa- 
hedron is open to the solvent. It may well be that the EF cal- 
cium is the first to diss0ciat.e. Even though the two sites are 
11.9 A apart, there is a direct link between them via the isoleu- 
tine-58 to isoleucine-97 hydrogen bonds (Fig. 6). The peptide 
nitrogen of valine-99 is only 4.8 A from the carbon)1 oxygen of 
glgcine-56. And the peptide nitrogen of isoleucine-97 is 4.4 A 
from the carbonyl oxygen of isoleucine-58. Hence the single 
hydrogen bond in @-antiparallel sheet configuration seen in the 
calcium-bound structure could easily be extended to three with 
a backbone movement of some 1.5 A. 

There is enough sequence and structure similarity between the 
.4B and the CD-EF regions to suggest a third homologous region 
in the protein (2). This interpretation demands a 2-residue 
deletion in the AB loop (Table V). Further, there is not a 3rd 
calcium ion bound in the AB loop. Instead, at the place where 
a calcium would be, by homology with CD or EF, is found the 
invariant internal salt bridge, arginine-75 to glutamic acid-81 
(Fig. 7). The suggested cooperativity between the CD and EF 
regions could reasonably be expected to extend to this AB loop. 
The D helix is uniquely distorted, particularly at leucine-65. 
The second P-antiparallel sheet-type hydrogen bond links the 
peptide nitrogen of leucine-77 (near the salt bridge) to the car- 
bony1 oxygen of lysine-64 (in the middle of the distorted D helix). 
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loop and expose glutamic acid-81 and arginine-75 to the solvent. 
In this new state the calcium-binding protein would have a 
different affinity for another muscle protein. 
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