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Secondary-Structure Predictions of Calcium-Binding Proteins? 

Patrick Argos* 

ABSTRACT: The known tertiary structure of carp muscle 
parvalbumin is consistent with an “EF-hand” architecture 
(helix-loop-helix) for each calcium-ion binding site. Pri- 
mary-sequence alignments have indicated four EF  hands in 
rabbit skeletal muscle troponin C and in rabbit myosin alkali 
light chains. Five secondary-structure prediction methods, 
based on amino acid sequence only, have been fully comput- 
erized and used to calculate joint prediction histograms for 
several calcium-binding proteins. The joint histogram can 
suggest directly the extent and sequence of the helical- and 
loop-structural elements, as well as any secondary structural 
distortions or evolutionary developments. Since the histogram 
predicted well the length and sequence of secondary structural 
elements in carp muscle parvalbumin, it seemed reasonable 

T h e  tertiary structure of carp muscle calcium-binding 
parvalbumin has been determined to 1.9 A resolution by x-ray 
crystallographic techniques (Kretsinger and Nockolds, 1973). 
Though its function is unknown, it is assumed to act as a me- 
diator of Ca2+ concentration within muscle (Kretsinger and 
Nockolds, 1973). CBPI contains six regions of a helix, A-F, 
connected by loops or turns. Two Ca2+ are coordinated, re- 
spectively, in the loops joining helices C and D and helices E 
and F. Helix C, the CD turn, and helix D are related to the 
corresponding EF  region by an intramolecular approximate 

.twofold axis, as shown and discussed by Kretsinger and 
Nockolds (1973). Such regions are referred to as “EF hands”. 
The helical lengths were observed as approximately 11  resi- 
dues, while turns were about 9 residues long. 

The coordination geometry of the calcium ions are repre- 
sented by octahedra, which are also related by a twofold axis 
between the C D  and E F  hands. At five of the six octahedral 
vertices (designated sequentially X, Y ,  Z, -Y,  -X, -Z from 
the amino terminus) oxygen-atom ligands are provided by 
appropriate amino acids, while the fourth ligand (-Y) ispro- 
vided by a peptide oxygen. 

Tufty and Kretsinger (1 975) have proposed that EF-hand 
regions can be recognized in any given protein amino acid se- 
quence if a minimum of 10 out of 16 critical structure-forming 
and liganding residues can be aligned to a 29-residue test se- 
quence determined from CBP. Based on such primary-se- 
quence comparisons, Tufty and Kretsinger and others (Collins, 
1974; Weeds and McLachlan, 1974; Kretsinger and Barry, 
1975) have proposed four EF hands in the calcium-binding 
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to calculate the joint distribution for other proteins that might 
bind calcium through the EF-hand configuration. The histo- 
grams indicated the four EF-hand regions speculated for rabbit 
skeletal muscle troponin C but suggested only three such hands 
in bovine cardiac muscle troponin C with a distorted fourth 
hand. Considerable secondary structural distortion is postu- 
lated for the alkali light chains. Possible EF configurations 
consistent with the histogram results are speculated for 
Escherichia coli acyl-carrier protein and bovine prothrombin 
fragment 1, which have been shown to bind calcium. The 
secondary-structure-prediction algorithms appear to be a 
useful adjunct to sequence-alignment techniques, especially 
in cases where the primary sequence homology is weak or the 
evolutionary distance is large. 

component of rabbit skeletal muscle troponin C and in al- 
kali-extractable light chains from rabbit skeletal myosin. 
However, the “10 of 16” test may be too simplistic to recognize 
EF hands in calcium-binding proteins distantly related to CBP 
(through deletions and insertions in the 29-residue segment) 
and, yet, containing the helix-loop-helix tertiary configura- 
tion. 

Several methods have been proposed to predict secondary 
structural regions (helices, /3 sheets, and loops) based only on 
a knowledge of amino acid sequence and have been recently 
applied to adenylate kinase (Schulz et al., 1974) and T4 phage 
lysozyme (Matthews, 1975). The prediction algorithms assign 
hierarchies to amino acid patterns that give rise to such sec- 
ondary structures in known proteins. A joint probability his- 
togram is obtained by summing the number of methods pre- 
dicting an amino acid to be in a certain secondary structural 
fold. By comparing the joint histogram predictions based on 
five methods with experimentally known protein structures, 
Argos et al. (1976) have shown that the joint probabilities 
predict well secondary structure in certain “favorable” cases, 
which include fish parvalbumins. Furthermore, the joint 
probability histogram can predict secondary structural regions 
at  least as well as the most successful predicting method for 
a given protein sequence. 

In the present work, the prediction histograms were first 
calculated for proteins suspected or known to bind calcium 
through the EF  architecture. Though the prediction of the 
length and sequence of the helix-loop-helix secondary struc- 
ture does not assure a tertiary EF configuration for calcium 
binding, it provides a sensitive test for those regions already 
predicted as calcium-binding sites by the Tufty-Kretsinger 
primary-sequence model. 

Many proteins contain helices and loops in sequence and yet 
do not bind calcium. However, if the predictive algorithms 
indicate the proper extent and sequence of secondary structural 
regions in proteins suspected of calcium binding, it is probable, 
or a t  least suggestive, that such regions form tertiary EF con- 
figurations. The predicted sites can then be chemically and 
crystallographically tested. It is in this spirit that predictions 
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SH refers to the numbei of prediction methods (maximum five) predicting a residue as helical. For this and all subsequent tables, single 
letters are used for amino acids according to the following code: Ala, A; Arg, R ;  Asn, N;  Asp, D; Cys, C; Gin, Q; Glu, E; Gly, G;  His, H; Ile, I; 
Leu, L; Lys, K:  Met, M; Phe, F;  Pro, P; Ser, S; Thr, T; Trp, W; Tyr, Y: Val, V. b ST indicates turn predictions with four as a maximum score. 
CAn H in the PS line indicates a predicted helical residue and T a residue predicted in a loop configuration. dThe  OBS line indicates observed 
helical structures in carp muscle calcium-binding protein as solid lines, while dashed lines refer to observed loop or turn regions. The EF-hand 
secondary structural elements are indicated by the A-S-B notation (helix-loop-helix) adopted in the text. The symbol L refers to the con- 
necting loop between hand pairs. 

of EF  hands through joint histogram calculations are made for 
E .  coli acyl-carrier protein and the vitamin K dependent 
fragment 1 portion of bovine prothrombin. 

Primary-sequence comparisons generally demand close 
evolutionary relatedness, while secondary structural homology 
does not, as evidenced in recent nucleotide-binding domain 
comparisons in dehydrogenases (Rossmann et al., 1974). The 
joint distribution may thus point to EF hands that primary- 
sequence comparisons cannot detect. Furthermore, prediction 
methods can indicate within a few residues the starting and 
terminating points of secondary structural elements in poly- 
peptide chains, rather than merely wide regions containing 
several secondary structure types as in E F  hands. Certain 
secondary structural distortions or evolutionary developments 
in the classic EF configuration can also be recognized through 
structure predictions and related to different Ca*+-binding 
affinities, or to a lack of such affinities. 

The present paper discusses the application of the joint 
prediction histogram to fish parvalbumins, muscle troponin 
C's, rabbit alkali light chain 2, E. coli acyl-carrier protein, and 
the vitamin K dependent fragment 1 portion of bovine pro- 
thrombin. The predictions for CBP indicate the efficacy of the 
joint histogram in determining the proper length and sequence 
of helices and loops. The four E F  hands speculated for skeletal 
muscle T N C  and ALC-2 through primary-sequence alignment 
are also suggested by the prediction schemes, though consid- 
erable distortion is indicated in cardiac T N C  and ALC-2. In 
ALC-2, the two regions having weak Ca2+ affinity are pre- 
dicted with larger loop regions than those for high-affinity sites. 
The F helix of the third hand and E helix of the fourth are 
predicted as fused, indicating either a possible hand-to-hand 
configuration different from that in parvalbumin, or the 
nonexistence of a fourth E F  fold. An EF hand is predicted for 
ACP, presently undetected by the sequence alignment tests. 
The joint histogram calculations for PT1 indicated helices and 
turns which might form eight E F  hands for calcium bind- 
ing. 

Met hods 
Several prediction schemes have been developed to deter- 

mine locations of secondary structure from amino acid se- 
quence. There are presently twelve methods available for he- 
lical predictions, eight for sheets, and four for loop determi- 

nations. Matthews (1975) references the available methods. 
The techniques attempt to predict regions of secondary 
structure by trying to correlate the patterns of amino acids 
which give rise to such structures in proteins of known struc- 
ture. 

The methods used here for helical predictions are those of 
Nagano (1973, 1974), Burgess et ai. (1974), Chou and Fasman 
(1  974a,b), Kabat and Wu (1 974), and Barry and Friedman 
(Schulz et al., 1974). Only the former four were used for sheet 
and turn predictions. The methods were fully automated 
(Argos et al., 1976) through computer programs but did not 
include an evaluation process made by some of the predictors 
themselves, who modify results obtained from a strict adher- 
ence to their rules due to overlapping regions of predicted 
helices, sheets, or turns. Despite elimination of this evaluation, 
it has been shown (Argos et al., 1976) that the five-method 
automated joint prediction histogram for helices in adenylate 
kinase is virtually equivalent to the ten-method histogram 
compiled from predictions by the authors themselves. Other 
methods were not used in the present work due to the extreme 
complexity in automating prediction rules (cf. method of Lim 
(1974a,b)) or to the unavailability of computer programs. 

Argos et al. (1976) have demonstrated that the joint pre- 
dictions are a t  least as good as the most successful individual 
prediction. However, by comparing the joint automated pre- 
dictions with about 40 known protein structures, the predic- 
tions were shown to be good in only about half the cases; yet, 
the best predictions were for helical secondary structures. 

The criteria used to indicate the accuracy of the predictions 
was the correlation coefficient, C (Matthews, 1975). The 
correlation, C, between helical prediction and observation is 
given by: 

where 1%' is the total number of residues in the protein, h is the 
- number of residues predicted and observed to be helical, and 
f f o b \ d  and are, respectively, the fraction of the protein 
observed and predicted to be helical. Similar definitions can 
be made for turn and sheet correlations. If 1 .O I C 1 0.4, the 
prediction is considered quite good or, at least, useful. A perfect 
prediction would give C = 1 .O, while a random one yields C = 
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TABLE 11: Tlie Predicted Secondary Structures of Rabbit Skeletal 
Troponin C 

2 3 4 
123456789012345678901234S678901234S6789 
LSEEM1AEFKAAFDMm)ADGGGDISVKELGTVMRMLGQT 
23445555445555332 1223444433333332 1 
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5 6 7 8 
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124444444444432  1122555555554555443323  
2 2 1  1 2  2 3 3 3 2 1 3443 
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--s2--! B* I _J_lrz- 
1 1 1 

9 0 1 2 
012345678901234567890123456789012345 
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344455554422221211123455555553331122 
2 1  111244443321  1 2 2 1  
THHHHHHHHX TTTTTTTTHHHHHHHHHHHTTTT 

- 1  A3 I - - - S d B 3 I L ? 4  

6789022 34S6789~1234567890123456769 
VTDEEIESLMKDGDKNNDGRIDFDEFLKNMEGVQ 
34455544431  11134445555321  

133244443311221  
HHHH"HHHH TTTTTTTTT HHXHHHHHH 

I A4 I S4 1 B4 

a SH refers to the number of prediction algorithms (maximum 
five) indicating a residue as  helical. Tlie sequences of the four EF 
hands are aligned according to Tufty and Kretsinger (1975). b ST 
indicates loop predictions with a maximum score of four. CThe line 
PS indicates residues as predicted helical (H) or in a turn configura- 
tion (T) from tlie joint histogram. dTlie line (PAA) is the prediction 
based on  amino acid aligments (Weeds and McLaclilan, 1974). 

0.0; total disagreement between observation and prediction 
would lead to C = - 1 .O. 

The correlation coefficients for helical predictions deter- 
mined from the joint automated histogram were, respectively, 
0.745,0.789, and 0.720 using the homologous hake (Capony 
et al., 1973), pike (Frankenne et al., 1973), and carp (Coffee 
and Bradshaw, 1973) muscle CBP amino acid sequences and 
the carp CBP known tertiary structure. The loop or turn cor- 
relation coefficients were, respectively, 0.788,0.704, and 0.679. 
No sheet regions were predicted. Table I lists the pike primary 
sequence, the number of methods predicting a particular res- 
idue as in a helix or loop, the predicted structure, and the ob- 
served structure based on the carp crystallographic results 
(Kretsinger and Nockolds, 1973). It is evident that the EF- 
hand secondary structure is a "favorable" prediction case; it 
thus appears reasonable that the joint histogram should predict 
the appropriate secondary structural regions for calcium- 
binding sites suspected in other proteins. 

The format used to obtain the best possible secondary- 
structure prediction from the automated histogram for the 
CBP's has been previously described (Argos et al., 1976). It 
should be noted that for all predictions ta be discussed here no 
residue scored more than one or two predictions for p sheet, 
while most residues in calcium-binding proteins scored zero. 
The sheet predictions will, thus, not be discussed further. 

Results and Discussion 
Troponin C Predictions. Troponin is a complex of three 

proteins (Greaser and Gergely, 1973) of which one component 
binds calcium (Hartshorne and Pyun, 1971) and is called 

TABLE 111: A Comparison of tlie Lengths of the Predicted 
Secondary Structural Regions for Rabbit Skeletal and Bovine 
Cardiac Muscle TNC from the Joint Prediction Algoritlims and for 
Rabbit Skeletal Muscle TNC from Amino Acid Sequence Alignment. 

Struc- 
turald 

(JP) Cardiaca (JP) Skeletalb (AA) Skeletalc Element 

31 -36 (6) 28-34 (7) 29-38 (10) S1 
38-48 (11) 
49-54 (6) 48-53 (6) 49-53 (5) L12 

65 -74 (10) 66-71 (6) 65-73 (9) s 2  
75-85 (11) 74-87 (14) 74-84 (11) B2 
86-92 (7) 88-92 (5) 85-93 (9) 523 
93-103 (11) 93-103 (11) 94-104 (11) A3 

113-123 (11) 112-122 (11) 114-124 (11) B3 
124-127 (4) 123-126 (4) 125-129 (5) L34 

4-28 (25)e 13-26 (14) 17-27 (11) A1 

37-47 (11) 39-48 (10) B1 

55-64 (10) 54-65 (12) 54-64 (11) A2 

104-112 (9) 104-111 (8) 105-113 (9) S3 

127-138 (12) 128-137 (10) 130-140 (11) A4 
139-150 (12) 139-147 (9) 141-149 (9) S4 
151-160 (10) 150-159 (10) 150-161 (12) B4 

aThe extent of tlie secondary structural elements indicated for 
rabbit cardiac muscle troponin C by the joint prediction algorithms 
(JP). bTlie extent of tlie secondary structural elements indicated for 
bovine skeletal muscle troponin C by the joint prediction algorithms 
(JP). CTlie lengths of tlie secondary structural elements indicated 
for rabbit skeletal muscle troponin C by amino acid sequence align- 
ment (AA). dThe letters A, s, and B refer, respectively, to  the first 
helix, Ca*'-binding site loop, and second helix of an EF hand, wliile 
L a n d  J indicate the loops connecting, respectively, hands or hand 
pairs. eTlie numbers in parentheses indicate the residue length of a 
secondary structural element. It must be noted that tlie amino acid 
numbering scheme follows that for cardiac troponin C (Van Eerd 
and Takahashi, 1975) and not tlie numerical scheme indicated in 
Table I1 for skeletal muscle troponin C. 

troponin C. Troponin binds to actin and tropomyosin in the thin 
filaments of muscle. When calcium is released from the sar- 
coplasmic reticulum, it binds to T N C  resulting in a tropomy- 
osin shift relative to actin and thus allowing ATP hydolysis, 
the sliding of the thick filament relative to the thin filament, 
and muscular contraction (Weber and Murray, 1973). The 
amino acid sequences of rabbit skeletal (Collins et al., 1973) 
and bovine cardiac (Van Eerd and Takahashi, 1975) muscle 
TNC's have been determined and shown to be homologous 
(Van Eerd and Takahashi, 1975). 

Collins (1974), Weeds and McLachlan (1974), and Tufty 
and Kretsinger (1 975) have recognized through primary- 
sequence comparisons four EF hands in rabbit skeletal muscle 
TNC. This appears consistent with chemical data that T N C  
binds two Ca2+ with pKd N 6.5 and two with pKd N 5.0 
(Potter and Gergely, 1974; Kretsinger, 1975). Kretsinger and 
Barry (1975) have predicted C, coordinates for the tertiary 
structure of T N C  based on the assumption of four E F  hands 
arranged in two pairs with overall 222 symmetry. 

A joint automated histogram was calculated for both rabbit 
skeletal and bovine cardiac muscle TNC. Table I1 shows the 
joint histogram and resulting predicted secondary structure 
for skeletal muscle TNC. The amino acids of each EF hand are 
aligned according to that proposed by Kretsinger and Barry. 
Table I11 compares the predicted helices and turns in both 
cardiac and skeletal TNC with those proposed by Weeds and 
McLachlan (1 974) through primary-structure alignments. 

For all four EF  hands, the agreement between predictions 
made through primary sequence and the joint automated 
histogram is excellent, with the exception of the long A1 helix 
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TjiBLl: I V :  The Joint Automated Histogram Indicating tlie 
Predicted Secondary Structure of Rabbit Myosin Alkali Light 
Cliain 2. 
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(ISH refers to the number of prediction schemes indicating a resi- 
due helical. The sequences of the four EF-hand regions are aligned 
dccording to Kretsinger and Barry (1 975) .  Amino acid insertions in 
the second El: hand (G(51). S(54), K(62)) have been omitted. bST 
refers to  the turn-prediction score. CTlie line PS shows the residues 
predicted helical (H) or in loops (T) using the rules of Argos et al. 
(1976) as applied to tlie joint histogram. dPAA refers t o  tlie predic- 
tion based on primary sequences, according to Weeds and McLach- 
Inn (1974). with dashed lines for helical regions and solid lines for 
loop configurations. 

of the amino-terminal E F  hand in bovine cardiac TNC. Ebashi 
( 1972) has indicated through chemical experiments that there 
are 2.4 calcium binding sites per cardiac T N C  molecule. The 
amino acid sequences of the three C-terminal EF regions in 
cardiac T N C  are very similar to corresponding regions in 
skeletal TNC, while the amino-terminal hand of cardiac T N C  
contains seven amino acid replacements and one additional 
residue (Van Eerd and Takahashi, 1975). Furthermore, there 
is a reduction in the number of suitable ligands for calcium 
binding in this region (Kretsinger and Nockolds, 1973). The 
long A1 helix predicted for cardiac, but not skeletal, TNC may 
be sufficient to distort or disguise the classic E F  structure with 
the resulting loss of calcium-binding ability in this amino re- 
gion. 

These results clearly suggest that skeletal TNC and cardiac 
T N C  contain, respectively, four and three units of the type 
A-S-B, where A is the first helix of an E F  hand, B the second 
helix, and S the loop region providing the calcium-binding li- 
gands. Weeds and McLachlan (1974) propose that this 
structure arose by duplication of the calcium-binding com- 
ponents of CBP to produce a tetrahedral molecule of the form: 

with the new joining piece 523. They found that the only 
change required to fit the skeletal T N C  structure to CBP was 

(A 1 -S 1 -B 1 -L12-A2-S2-B2)-J23-(A3-S3-B3-L34-A4-S4-B4), 

TABLE V 4 Comparison of the Lengths of Secondnrq StruLturnl 
Elements Observed in Carp Muscle CBP n i t h  Those Predicted bq the 
Joint Histogrdm for Rdbbit Skeletal Vuscle Troponin C, Bovine 
Cardiac Muscle Troponin C. and Myosin 4lkali Light Chain 2 
_____ _ _  
S tructurd 
Element S-TNCa C-ThCD 4LC-2 ‘ CBPd -____ 

AI 14 25 12  1 1  
S1 7 6 8 7 
B1 11 11 6 1 2  
L12 6 6 5 8 
A2 12  10 8 1 0 
S2 6 10 6 10 
B2 14 11 18 9 
J 2 3  5 7 8 
4 3  11 11 9 
s 3  8 9 7 

11 B3 1 1  
L34 4 
4 4  10  12 
S4 9 12  5 
8 4  10  10 

4 (25)p 

7 

a Rabbit skeletal muscle troponin C. bBovine cardiac muscle 
troponin. Rabbit alkali light chain 2. dCarp muscle calcium-binding 
protein. eHelices B3 and A4 are predicted as fused in ALC-2. 

to shorten the link region between helices Bl and A2, and B3 
and A4. The secondary-structure predictions show these loop 
regions, L12 and L34, to contain fewer amino acids (6 and 4, 
respectively) than other turns in the skeletal and cardiac TNC’s 
(Table 111). 

Weeds and McLachlan (1974), as well as Kretsinger and 
Barry (1979, suggest further that calcium sites S1 and S2 are 
the high-affinity binding locations in skeletal TNC, while S3 
and S4 are the weaker ones, especially S4 with its many basic 
residues. The secondary-structure prediction results indicate 
that loops S1 and S2 have the least number of residues (a total 
of 13 in skeletal T N C  and 16 in cardiac TNC),  while S3 and 
S4 have a total of 17 and 21 residues predicted, respectively, 
in loop structures for skeletal and cardiac TNC’s. The weaker 
affinity may result from the greater openness of the 3 and 4 
binding sites. Furthermore, cardiac S4 has 12 predicted resi- 
dues in the turn configuration, more than any other S site. 

Alkali Light Chains. In  some primitive species, the regu- 
latory system of muscle contraction is associated with the light 
chains of myosin (Szent-Gyorgyi et a]., 1972), rather than 
through troponin-mediated calcium sensitivity. The regulatory 
functions of the myosin light chains are not well known; yet, 
some light chains have been implicated in calcium binding and 
regulation in muscle. The ethylenediaminetetraacetic acid 
extractable light chain in thick-filament-controlled muscles 
(Szent-Gyorgyi et al., 1973) appears to be modulated by Ca2+. 
The 5,5’-dithiobis(2-nitrobenzoic acid) extractable light chain 
does bind at least one Ca’+ (Weber et al., 1972; Collins, 1975), 
and may be phosphorylated in resting muscle (Collins, 
1975). 

Complete sequences have been determined for the alkali- 
extractable light chains from rabbit skeletal myosin (Weeds, 
1967; Weeds and Frank, 1972); however, alkali light chains 
do not bind calcium a t  physiological concentrations of mag- 
nesium and when isolated from the heavy chain of myosin. Yet, 
from primary-sequence alignment with CBP, Tufty and 
Kretsinger (1975) and Weeds and McLachlan (1974) have 
suggested alkali light chains contain four EF hands. 

The joint prediction histogram for the secondary structure 
of ALC-2 of rabbit myosin was calculated and is shown in 
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TABLE VI :  The Predicted Secondary Structure of E. coli AcylCarrier Protein 

1 2 3 4 5 6 7 
12 34567890  12 3456 789012 34567890  12 34567890  12 3456 7690  12 3456 7890 12 34567890  12 3456 7 
STIEERVKKIIGENLGVKNEWTDNASFVEDLGADSLDTVELVMALEEEFDTEIPDEEAEKITTVNAAIDY INGHOA 

(SH)a 2 2 3 3 3 3 3 3 3 2 2 1 1 1 1 1 2 3 3 4 4 4 3 3 3 3 3 3 3 3 2 2 1 1 2 2 3 3 4 4 5 5 5 5 5 5 5 5 5 4 4 3 3 1 2 4 5 5 5 5 4 4 4 4 4 4 4 4 3 3 2 1 1  
(ST)bc  11 123223321 
(PJT) I I - - - S L - l  

a SH refers to the score (maximum five) for helical predictions. bST refers to  the number of prediction methods (maximum of four) indi- 
cating a residue, as in a turn configuration. CTlie EF-hand region predicted by tlie ioint histogram. 

Table IV. The predicted regions do not seem to follow well the 
classic EF-hand secondary structure in two respects. The A 
and B helices in CBP’s and TNC’s generally contain 10 to 14 
residues and the S structures about 6 to 10 residues. As shown 
in Table V, the corresponding helices in ALC-2 contain as few 
as 6 residues (B l )  and as many as 18 residues (B2). Further- 
more, the B3-L34-A4 region is predicted as one long helix of 
25 residues. 

Weeds and McLachlan (1974) found it necessary to shorten 
the L12 and L34 links. The former shortening seems to agree 
with the ALC-2 histogram results which indicate 5 residues 
in L12; however, the L34 turn is predicted nonexistent with B3 
and A4 fused. This fusion may break the typical twofold 
symmetry found between EF  hands in CBP and lessen or 
eliminate calcium binding affinities in these latter two re- 
gions. 

Given the erratic lengths of predicted helices in ALC-2, the 
structure may be sufficiently altered so as not to bind calcium, 
as presently observed for alkali light chains, or to bind fewer 
than four calciums, as appears to be the case for Nbs2. Weeds 
and McLachlan (1974) speculate that lessened calcium affinity 
in ALC-2 is a result of distorted binding sites: an extra glycine 
residue following Leu-A2(8), a distorting proline residue at 
B2(6), an extra basic residue in front of Ile-S2(8), and bulky 
valine and methionine residues in S3. Thus, despite the primary 
structural similarity, ALC and T N C  or CBP do not show as 
clear-cut a secondary structural similarity. Perhaps, ALC-2 
lost an original function of Ca2+ binding at one or more sites 
in its evolution and has achieved a completely or partially 
different function (possibly connected with ATPase activity 
in myosin) and yet maintains a structural memory of its ori- 
gins. 

Acyl Carrier Protein. Acyl-carrier protein has been isolated 
from Escherichia coli and shown to function as a coenzyme 
in fatty acid biosynthesis (Sauer et al., 1964; Majerus, 1968). 
The primary sequence of ACP, which consists of 77 amino 
acids, is known (Vanaman et al., 1968a,b; Weeds and 
McLachlan, 1974). The protein binds two calciums per mol- 
ecule at pH 6.6 (Schulz, 1972). 

Application of the Tufty-Kretsinger procedures to ACP 
does not indicate any region fulfilling the “10 of 16” criterion. 
The joint prediction histogram shown in Table VI points to a 
polypeptide region between residues 21 and 50 that may well 
be an EF  hand. Two helices and a loop are significantly pre- 
dicted. If Glu-30 is considered an insertion and if an Ile has 
been deleted between Leu-37 and Asp-38, the Tufty- 
Kretsinger score becomes 9 of 16 key residues with 4 of 5 cal- 
cium ligands provided by Asp-31, Asp-35, Asp-38, and Glu- 
41. 

There is a weak turn predicted between residues 52 and 56, 
which could point to an EF  hand in the region 38 to 66. The 
Tufty-Kretsinger criteria gave an 8 of 16 key residue score 
with three calcium ligands. Since ACP binds two calciums and 

since two EF  hands are predicted with an overlap region of 
residues 38 to 50, an “EFG fist” may exist between 21 and 66. 
An EFG fist is formed by two adjacent EF  hands that overlap 
in the second helix of the first hand and the first helix of the 
second hand to form two calcium binding sites through a 
helix-loop-helix-loop-helix structure. Such a fist has been 
recently speculated for bovine intestinal calcium-binding 
protein (Moffat et al., 1975). 

Schulz (1972) has suggested the importance of carboxyl 
groups for calcium binding in ACP. The chemical modification 
of the carboxyl groups of ACP (performed by reacting acety- 
lated ACP with l-ethyl-3-(3-dimethylaminopropyl)carbodi- 
imide and ethyl glycinate) indicates that the reactivity of at 
least one carboxyl group is decreased by the binding of Ca2+ 
to ACP and that the modification of this group results in ex- 
tensive ACP inactivation. Reaction of ACP with radioactive 
ethyl glycinate yields a single peptide between residues 29 and 
41 with largest radioactivity (Davie et al., 1969). Schulz 
suggests binding in the neighborhood of Ser-36. Since the joint 
histogram predicts strongly a loop region between amino acids 
31 to 38, the EF-hand region from residues 21 to 50 seems a 
likely Ca*+-binding site in ACP. 

Prothrombin. Vitamin K is required for the biosynthesis of 
three of the four blood-coagulation proteins (called factors): 
prothrombin, factor IX (Christmas factor), and factor XI 
(Stuart factor) (Davie et al., 1969). The primary structure is 
known for the entire bovine prothrombin chain (Magnusson 
et al., 1975) consisting of 582 residues, for the light chain of 
bovine factor X I  (Enfield et al., 1975) with 140 residues, and 
for amino-terminal portion of factor IX (Fujikawa et al., 1974) 
with only 14 known residues. These studies have demonstrated 
that the amino-terminal regions of the three blood-clotting 
proteins have considerable sequence homology and that the 
first 35 residues of factor XI light chain and prothrombin 
contain 10 y-carboxyglutamic acid residues. This modified 
amino acid is necessary for calcium binding by these proteins 
(Nelsestuen et al., 1975). 

The vitamin K dependent peptides obtained from pro- 
thrombin and factor X I  are the amino-terminal tryptic peptides 
which contain most of the GLA residues and adsorb quanti- 
tatively to barium citrate. Vitamin K is essential to the y car- 
boxylation of glutamic amino acids (Bajaj et al., 1975). Pro- 
thrombin fragment 1 is the product of thrombin action on 
prothrombin and consists of the 274 amino-terminal pro- 
thrombin residues (Magnusson et al., 1975). 

The GLA residues in the vitamin K dependent peptides are 
found primarily in pairs. A proposal based on model building 
involves a single calcium-binding site through coordination 
with the carboxyl groups of two adjacent GLA residues (En- 
field et al., 1975). A calcium-binding site has been identified 
in prothrombin at positions 7 and 8 as y-carboxyglutamic acid 
(Stenflo, 1974; Stenflo et al., 1974). Since three pairs of the 
GLA residues are homologous in the factor X I  and pro- 
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TABLE VI1 : The Secondary-Structure Prediction Histogram for the 
Vitamin K Dependent Portion of Bovine Factor X ,  Light Chain. 

GSH and ST are as defined in previous tables. The three pairs of 
adjacent GLA residues proposed as  calcium-binding sites are under- 
lined. They were considered as glutamic acids for the prediction 
schemes. 

thrombin sequences (Enfield et al., 1975) and since the max- 
imum amount of calcium bound by the vitamin K dependent 
peptide of prothrombin is about 3 mol/mol (Nelsestuen et al., 
1975), it would seem reasonable to infer three effective centers 
of calcium-ion chelation in the first 35 or so residues in pro- 
thrombin and factor X I  light chain. However, prothrombin will 
bind about 10 mol of calcium/mol (Bajaj et al., 1975), leaving 
seven calcium sites in the fragment 1 portion of prothrombin 
between residues 35 and 274. 

It has been shown that intact PT l  binds to phospholipid 
residues in the presence of calcium, while the vitamin K de- 
pendent peptide does not (Nelsestuen et al., 1975). This and 
other results led Nelsestuen et al. (1975) to the conclusion that 
the factors important for tight calcium binding by prothrombin 
in solution are also important for binding the protein to phos- 
pholipid. They state further that, since the presence of GLA 
residues do not provide particularly tight calcium-binding sites, 
secondary/tertiary protein structure is also required for 
binding prothrombin and factor XI to phospholipid. Their 
results do not eliminate the possibility that tight calcium 
binding can be provided by groups in fragment 1 other than 
by the carboxyl groups in GLA residues. 

Since tight calcium binding is typical of the EF-hand 
structure, the joint prediction histogram was calculated for the 

first 274 residues of prothrombin (fragment 1) in an attempt 
to recognize seven E F  calcium-binding sites supposedly not 
provided by the amino-terminal 35 residues, which contain 
three pairs of adjacent GLA acids. It must be emphasized that 
the implications f o r  calcium binding derived f r o m  the sec- 
ondary-structure prediction methods are highly speculative 
but are given in the spirit o f  instigating further inquiry into 
alternative calcium-binding mechanisms in prothrombin. 

Table VI1 gives the secondary-structure prediction scores 
for the first 44 amino acids of factor X I  light chain, which 
comprises the vitamin K dependent portion of the chain. The 
three pairs of adjacent GLA residues (6-7, 19-20,25-26) are 
predicted in helical structures. A similar prediction was ob- 
served for the homologous region in prothrombin, except for 
a slight turn indication between Pro-22 and Ser-24. In factor 
Xi Ala-21 is substituted for Pro-22, indicating its nonessen- 
tialness in calcium binding. Pro-22 probably causes a slight 
kink or distortion in the long second helix (residues 15-41 in 
factor X I ) .  The helix-loop-helix predicted for factor X I  is 
reminiscent of the E F  secondary-structure pattern. Perhaps, 
the vitamin K dependent portion of prothrombin and factor 
X I  evolved from the classic E F  structure found in other cal- 
cium-binding proteins. 

The predicted secondary structure for bovine prothrombin 
fragment 1 is given in Table VIII. The seven EF units are in- 
dicated according to the symbolic scheme adopted for TNC.  
The functional significance of this region is not yet clear 
(Magnusson et al., 1976) and is proposed here to bind seven 
calcium ions. Some of the helical regions are predicted poorly, 
or short in length: A2, B4, A5, A7, and B7. However, if some 
of the residues predicted in the N- and C-terminal points of the 
rather long loop predictions are considered to be in distorted 
helical configurations, the above helical regions seem reason- 
able. This is especially obvious in the case of A7. The turn 
predictions throughout the sequence are substantial, possibly 
indicating distorted helices as have been observed, for example, 
in the insulin structure (Hodgkin, 1974). These deviations from 

__ __ ~~ 

TABLE V I I I :  The Secondary Structure Prediction Histogram for Bovine Prothrombin Fragment 1. 
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a SH refers to the helical-prediction scores. b ST refers to the turn-prediction scores. CThe helix-loop-helix configuration of a predicted EF 
hand is indicated by the symbols A-S-B for each of the seven hands. The interliand loops are designated by L. 

670 B I O C H E M I S T R Y .  V O L .  1 6 ,  N O .  4 ,  1 9 7 7  



S T R U C T U R E  O F  C A L C I U M - B I N D I N G  P R O T E I N S  

TABLE IX:  Results of tlie Application of the Tufty-Kretsinger 
Procedure to tlie Primary Sequence of Bovine Prothrombin 
Fragment 1 .  

Residue 
Reeion Score0 

4-32 
33-61 
64-92 

106- 134 
144-172 
175-203 
211-239 
245 -21 3 

ascore refers to tlie number of residues of a maximum of 16  satis- 
fying the Tufty-Kretsinger criteria for a 29-residue segment. 

the classic EF  architecture might be expected given the 
phospholipid-binding properties of fragment 1 and the coop- 
erative nature of calcium binding (Nelsestuen et al., 1975). 

Residues 62-144 and 167-249 form two structures with 
mutual sequence homology (Magnusson et al., 1976) with 31 
of 83 residues being identical. The prediction histogram shows 
structuyal homology in these regions as the first contains E F  
hands two and three while the second is made up of hands five 
and six. 

Three spans are also predicted in a sheet configuration: 
122-130 and 141-148 with prediction scores of three for each 
residue and 170-173 with scores of four. However, each of 
these regions has a significant and overlapping prediction for 
either turn or helix. 

Application of the Tufty-Kretsinger test to the fragment 
1 sequence gave an average background value of about 3 of 16 
key residues. Table IX lists the test results for those regions 
proposed as EF hands which gave an average of 6 of 16 marker 
amino acids. It is interesting to note that the residue span 4-32 
had a score of 7 of 16. Given the evolution and functional dif- 
ferences of fragment 1, it would not be expected to score as well 
as other strictly calcium-binding proteins. Though this proposal 
is highly speculative, it would appear to be more than merely 
fortuitous given that exactly seven EF-like secondary structural 
sequences were reasonably well predicted and that each region 
generally had a Tufty-Kretsinger score considerably larger 
than those for the other possible 29-residue segments in 
PTI .  

Conclusions 
In certain favorable cases, secondary-structure predictions 

methods are a useful adjunct to primary-sequence compari- 
sons, especially in cases of ambiguous or tenuous alignment 
scores. Furthermore, prediction results can indicate variations 
in secondary structural elements with implications for function 
and evolutionary development. If the evolutionary distance is 
so large that the primary sequence homologies are not pre- 
served, secondary-structural sequence required by biological 
function may still appear and be detected. However, as cau- 
tioned by Argos et al. (1976), prediction methods should not 
be used in a flippant manner but only where chemical evidence 
and “favorable” predictions suggest their application. 

Kretsiriger (1975) has recently listed many other calcium- 
binding proteins that may contain one or more E F  hands. 
Among those noted as possible candidates are phosphodies- 
terase, phosphorylase b kinase, luciferin, aequorin, Nbsz, 
ethylenediaminetetraacetic acid extractable light chain, and 

so forth. The application of secondary-structure prediction 
schemes to these primary sequences when they become avail- 
able should prove useful. 
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Interactions of Platinum Complexes with the Essential and 
Nonessential Sulfhydryl Groups of Thymidylate Synthetase? 

John L. Aull,* Allison C. Rice,’ and Laura A. Tebbetts 

ABSTRACT: Thymidylate synthetase (methylenetetrahydro- 
fo1ate:deoxyuridylate C-methyltransferase) from Lactoba- 
cillus casei was progressively inactivated when incubated at  
25 OC, pH 6.8, in  the presence of trans-Pt(NH3)zCIz. The 
inhibition appeared to be irreversible, and the rate of activity 
loss was dependent on the inhibitor concentration. The corre- 
sponding cis isomer was incapable of inhibiting the enzyme 
under the same conditions. The presence of 2-mercaptoethanol 
protected the enzyme from inhibition, but did not reactivate 
enzyme preparations which had been inhibited prior to the 
addition of the thiol. The interactions of cis- and trans- 
Pt(NH3)2C12 with the enzyme’s sulfhydryl (-SH) groups were 
inferred from the results of spectrophotometric titrations of 
the enzyme with 5,5’-dithiobis(2-nitrobenzoic acid) and p- 

T h y  mid ylate synthetase catalyzes the reductive methylation 
of 2’-deoxyuridylate by (+)-5, IO-methylenetetrahydrofolate 
to form 2’-deoxythymidylate and 7,8-dihydrofolate (Huen- 
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hydroxymercuribenzoate. The results suggested that the cis 
isomer reacted with an average of 1.3 of the enzyme’s 4 -SH 
groups and that these were not essential for catalysis. The trans 
isomer reacted with a total of approximately 2.5 -SH groups, 
1.2 of which are essential for catalysis. Neither the trans isomer 
nor a combination of both isomers was able to react with 1.2 
of the 4 -SH groups. Further evidence that the Pt complexes 
are interacting with enzyme’s -SH groups was obtained by 
reversibly blocking the -SH groups of thymidylate synthetase, 
and demonstrating the resistance of these preparations to in- 
hibition by the trans Pt complex. Possible explanations for the 
preferential inhibition of thymidylate synthetase by only one 
of the two geometric isomers of Pt(NH3)2C12 are consid- 
ered. 

nekens, 1968; Blakely, 1969) as shown in eq 1. 

dUMP + (+)-5,lO-CH2H4-foIate - dTMP 
+ dihydrofolate’ ( 1  ) 

’ Abbreviations used are: 5,10-CH2H4-folate, 5,10-methylenete- 
trahydrofolate; FdUMP, 5-fluoro-2’-deoxyuridylate; pHMB, p-hydrox- 
yrnercuribenzoate; DTNB, 5,5’-dithiobis(2-nitrobenzoic acid); H,-folate. 
5,6,7,8-tetrahydrofolate; NaDodS04, sodium dodecyl sulfate. 
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